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1. Introduction

Domestic food processing goes a long way back in time, for example, heat for cooking was used
1.9 million years ago. Nowadays, food and meal preparation seems to be moving out of the home
kitchen into factories, and pre-processed or processed/convenience foods are becoming a larger part
of the daily diet. In addition, consumers are progressively focusing on the impact of their food on
health, and demand foods that have a high nutritional quality, and aroma and natural flavor similar
to freshly-made products. Therefore, nutritional quality is concurrent with food safety, and sensory
perception is becoming an increasingly important factor in food choices. The human digestive tract
disintegrates food in order for nutrients to be released and be made available to the body. However,
nutrients can undergo unwanted degradation upon processing and subsequent storage, negatively
influencing the nutritional value of food and its physiological effects. Different processing techniques
will result in different food structures, thereby also affecting bioaccessibility, bioavailability, and overall
nutritional value. Hence, food scientists and industry have an increased interest in both conventional
and innovative processing methods that can provide products with good quality and high nutritional
value, along with a stable shelf life.

This Special Issue aims to shed some light on the latest knowledge and developments regarding
the effects of food processing and storage on biochemical and nutritional changes.

2. Effect of Processing and Storage on Biochemical and Nutritional Changes

The processing of food raw material often targets specific compounds in order to achieve the
desired texture and taste, for example, treatment of milk in order to coagulate proteins to form a cheese
and subsequent storage to develop flavor. In complex matrices such as meat and vegetables, the
processing will most likely also affect other compounds and hence produce biochemical changes
that may affect the product properties in a negative manner. In meats, the formation of unwanted
substances or safety concerns are sometimes related to processing conditions, for instance, the
formation of polycyclic aromatic hydrocarbons during intensive particular smoking processes, the
generation of heterocyclic aromatic amines in particular heating/ grilling conditions, and the release of
compounds from the oxidation reactions of lipids and proteins that can affect flavour and texture [1,2].
The opposite is also possible, and one can favor processes that boost the presence of nutritional valuable
components in meat products and/or facilitate digestion. For instance, through an extensive proteolysis,
the formation of bioactive peptides with different bioactivity such as antioxidant, antihypertensive,
immunomodulating, antimicrobial, prebiotic, and hypocholesterolemic properties can be enhanced in
a variety of fermented and aged meat products [3]. The application of mild preservation processes can
better preserve highly regarded nutrients such as vitamins.
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Obviously, the product goal can be reached without extensive detrimental effects by selecting
proper processing parameters. However, this is not a straightforward task, and more knowledge
at the molecular level is still needed. This Special Issue covers a total of six articles (five research
papers and one commentary report) concerning the effect of new processing technologies, packaging
methods, protein extraction, and color ingredients on products or compounds related to biochemical
and nutritional changes.

Juices are a well-known healthy food product, produced and enjoyed for centuries, but the juicing
process is in fact allowing contact between degradative enzymes and healthy phenolic compounds
leading to flavor and nutritional changes. The paper ‘Influence of Pulsed Electric Field and Ohmic
Heating Pretreatments on Enzyme and Antioxidant Activity of Fruit and Vegetable Juices’ provides
new and valuable information about the optimization of the pulsed electric field (PEF) and ohmic
heating (OH) treatments for reducing the energy requirements and process time and increasing yield
and quality. Thus, color, antioxidant activity (DPPH and ABTS method), and enzyme (peroxidase
and polyphenoloxidase) activity were investigated in carrot and apple juices subjected to various
PEF and OH treatments. In conclusion, both PEF and OH were found to positively contribute to
improved juice quality by enhanced ingredient release and retention. Fish is also a well-known
healthy food, but also highly perishable, and upon storage, protein oxidation and degradation have
severe negative effects on nutritional value. The paper ‘Effect of Different Packaging Methods on
Protein Oxidation and Degradation of Grouper (Epinephelus coioides) During Refrigerated Storage’
shows how different packaging methods such as air packaging (AP), vacuum packaging (VP), and
modified atmosphere packaging (MAP) affect protein oxidation and degradation of grouper fillets
during refrigerated storage. By monitoring changes in total sulfhydryl and disulfide bonds, carbonyl
content and hydrophobicity, ATPase activity, soluble peptides, myofibril fragmentation index, free
amino acids, protein secondary structure, and total protein electrophoresis, the authors showed that
the degree of grouper fillet protein oxidation was increased upon storage. Moreover, it was found
that protein oxidation and degradation were highly correlated. In conclusion, the high-carbon-dioxide
MAP packaging method played a positive role in the inhibition of myofibril degradation and oxidation
for refrigerated grouper fillets. Likewise, it is now well-known, for instance, that the use of rich oxygen
MAP in other muscle foods such as red meat accelerates oxidative processes that affect color, flavor, and
texture. Recent research has found that by application of proper antioxidant strategies and reducing
the oxygen concentration in the package, it is possible to mitigate this problem and obtain a product of
superior quality at the point of sale [4,5]. The two papers published in this special Issue are examples
of how the investigation of mechanism at a molecular level can contribute to an overall assessment of
applied technology and packaging on product quality and nutritional value. Both papers are generic
in its methodology, which can be transferred to other raw food materials.

Color is an important quality attribute of food products for consumer acceptability. In this issue,
two papers provide information about the stability of two natural colorants, namely carotenoids
and anthocyanins, which both also have health promoting properties. The paper ‘Stabilization of
Crystalline Carotenoids in Carrot Concentrate Powders: Effects of Drying Technology, Carrier Material,
and Antioxidants’ seeks to stabilize carrot carotenoid crystals by spray- and freeze-drying, addition
of functional additives, and oxygen free storage. An analytical approach was applied in order to
qualitatively assess the physical state and the pigment concentration during production and storage.
In conclusion, the exclusion of oxygen clearly had the most profound effect on carotenoid stability
during storage. On the other hand, in the paper ‘The Influence of Chemical Structure and the Presence
of Ascorbic Acid on Anthocyanins Stability and Spectral Properties in Purified Model Systems’ the
influence of anthocyanins’ structure, pH, and ascorbic acid on the stability and spectral properties of
anthocyanins during simulated shelf life was investigated by spectral and high performance liquid
chromatography-mass spectrometry analyses. The systematic stability study showed a higher stability
in acidic medium and enhanced stability with increasing size of conjugated sugar, and a rapid and
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high anthocyanin degradation when stored without cooling and with the addition of ascorbic acid,
which both should be avoided to protect anthocyanins from degradation.

The growing population has put a focus on the question of whether there is enough protein to feed
the increasing number of humans and animals. Therefore, the examination of protein raw materials is
of both scientific and applied interest. The paper ‘Variations in Amino Acid and Protein Profiles in
White versus Brown Teff (Eragrostis Tef) Seeds, and Effect of Extraction Methods on Protein Yields’
compares the nutritional qualities by amino acid composition among six teff seed types and three
different protein extraction methods. Maybe not surprisingly, a clear genetic variability between white
and brown teff seed types was established. Interestingly, brown teff had higher content of essential
amino acid than the white type. Moreover, the extraction method gave different results concerning the
type of protein extracted and can thus be used to tune the quality or functional differences among teff
protein fractions or meals.

The understanding of the digestibility of different foods can also play a decisive role in providing
recommendations for nutritional guidelines and how to make the best use of the available food
resources. The review paper ‘The Effect of Processing on Digestion of Legume Proteins’ highlights
that protein digestibility increases after processing using different processing methods. However,
since both the type of legume and the applied methods differed, it cannot be concluded which specific
method is best for each individual legume type. Therefore, further research is required at the legume
type level to provide processing recommendations that maximize bioavailability.

Biochemical and nutritional changes during food processing and storage have important
implications for both consumer protection and health as well as food quality. We forecast many more
studies coming up to address the optimization of processing conditions, possibly with the incorporation
of novel mild processing methods and packaging processes as a way for food authorities and industry
to minimize the presence of unwanted compounds and maximize the quality and nutritional value
of food.

We would like to acknowledge all the authors and reviewers for their excellent contribution, effort,
and comments.

Author Contributions: V.O. and T.B. wrote the paper.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This study investigates the effect of different packaging methods—namely, air packaging
(AP), vacuum packaging (VP), and modified atmosphere packaging (MAP)—on the protein oxidation
and degradation of grouper (Epinephelus coioides) fillets during refrigerated storage. The carbonyl
group, myofibril fragmentation index, free amino acids, FTIR of myofibrillar proteins, and total
protein SDS-PAGE were determined. The results showed that the protein oxidation degree of the
fillets gradually increased as the storage time increased. The FTIR results indicated that the secondary
structure transformed from an α-helix to an irregular curl. SDS-PAGE confirmed the degradation of
the myosin heavy chain, and that myosin gradually occurred during refrigerated storage. Meanwhile,
protein oxidation and degradation were highly correlated. Protein degradation was accelerated by
protein oxidation in myofibrils, which included the increase of protein surface hydrophobicity and
changes of the secondary structure. In fact, the protein oxidation and degradation of the grouper
fillets were effectively inhibited by MAP and VP during refrigerated storage, and MAP (30% N2 and
70% CO2) had the best results.

Keywords: grouper; refrigerated storage; packaging methods; protein oxidation; protein degradation

1. Introduction

Grouper (Epinephelus coioides), which belongs to the order Perciformes and the family Serranidae, is
a warm-water, offshore demersal fish that is referred to as “marine chicken” because of its considerable
similarity in taste to chicken meat. With the development of artificial breeding and breeding technology,
grouper has become an important economic fish along the coast of China [1]. Furthermore, the living
standards of residents have been significantly enhanced as the economy has developed. Due to the
quickening pace of life of the younger generation, fresh fish fillets are becoming the main marketing
form of fish products [2,3]. However, grouper can easily decompose, because of its abundant nutrition,
high water content, and excellent protease activity. Protein is one of the most important nutrients in
aquatic products. During cold storage, the changing forms of protein mainly include protein oxidation
and degradation. Carbonyl compounds formed by protein oxidation can change the cell structure
of the myofibrillar protein, affecting the hydrophobicity index of fish protein [4,5]. Soon after fish
die, the protein initially breaks down into many intermediates with the hydrolysis of endogenous

Foods 2019, 8, 325; doi:10.3390/foods8080325 www.mdpi.com/journal/foods5
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protease [6,7]. In the later stages, the enzymes produced by microbial reproduction lead to protein
degradation, resulting in spoilage of the fish. Therefore, the change of biochemical characteristics of
proteins in aquatic products is an important reason for the deterioration of such products’ quality
during cold storage [8]. Refrigerated fish fillets need to be packaged to ensure their freshness and
to meet the needs of different customers. Presently, the main packaging methods of grouper are
air packaging (AP), vacuum packaging (VP), and modified atmosphere packaging (MAP). AP and
MAP have been considered to be effective ways of preserving food, due to the excellent isolation of
oxygen and food [9,10]. MAP, due to the bacteriostatic effect of CO2 inducing anaerobic conditions
into the packaging environment, can effectively reduce apparent changes of aquatic products [11].
In our previous study, it was found that a high concentration of CO2 in MAP (30% N2 and 70% CO2)
could prolong the shelf life of cold-stored grouper. Currently, research on the effects of VP and MAP
on the quality of aquatic products mainly focuses on the quality attributes, shelf-life assessment,
changes of proteins in aquatic products during storage, and the denaturation of proteins [12–14]. Also,
trichloroacetic acid (TCA)-soluble peptides, the myofibril fragmentation index (MFI), free amino acids
(FAAs), SDS-PAGE, and FTIR of myofibrils are usually evaluated during storage.

However, the relationship between protein oxidation and degradation is controversial. On the
one hand, the hydrophobicity caused by protein oxidation increases protease recognition and the
subsequent oxidation of protein degradation [15]. On the other hand, the polymer caused by protein
oxidation between protein crosslinking could affect the further degradation of proteins, and is a poor
substrate of protease [16]—something which has not been studied in research on grouper. It is not
clear if MAP or VP can isolate oxygen as an effective method of food preservation and slow down
the progress of protein oxidation in grouper. Therefore, the purpose of this study is to investigate the
relationship between protein oxidation and degradation, and to compare the preservation effects of
protein oxidation and degradation among AP, MAP, and VP refrigerated storage on grouper fillets.

2. Materials and Methods

2.1. Sampling

Fresh grouper (weight: 500 ± 50 g; length: 35 ± 5 cm) were purchased from the wholesale aquatic
market of Luchao Port (Shanghai, China) and immediately transported to the laboratory in crushed ice
within 0.5 h.

Based on the cleaning process, the head, bone, and skin of the grouper were removed and drained
under refrigerated temperatures. Afterwards, the dorsal part of the fish fillets were cut to 2 × 2 ×
2 cm and packaged in polyethylene bags (low-density polyethylene; relative density of 0.917–0.924,
30 × 20 cm). The samples were respectively packaged in AP (meaning they were exposed to air), VP,
and MAP (with 30% N2 and 70% CO2). All the fillets samples were refrigerated at 4.0 ± 0.5 ◦C. Relative
indexes were evaluated regularly at 0, 3, 6, 9, 12, 15, and 18 days. The AP group was terminated at the
12th day due to the deterioration of the grouper fillets.

2.2. Extraction of Myofibrillar Protein

The extraction of myofibrillar protein was carried out according to the method of Ogawa et al. [17].
Briefly, 2 g fillets were weighed and washed by a fivefold volume of Tris-HCl buffer (pH 7.0, 10 mmol/L).
Then, a fivefold volume of KCl-Tris buffer was added to the abovementioned solutions, followed
by homogenization in an ice bath for 90 s (12,000 rpm), with a brief pause in the middle of the
homogenization process to prevent overheating. The homogenate was centrifuged three times at
5000× g for 10 min. Subsequently, a fivefold volume of 10 mmol/L Tris-HCl buffer (0.6 mol/L NaCl,
pH 7.0) was added and centrifuged repeatedly for 10 min at 5000× g. The supernatant was a myofibrillar
protein extract, which was stored at −80 ◦C in a refrigerator for further use.

Protein concentration was determined by the method of Abbey et al. [18]. Standard curves
were prepared by BSA (Bull Serum Albumin). Protein solution (0.05 mL) was added to 3 mL of
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Bradford reagent, mixed, and kept still for 10 min. The OD (optical density) value was measured by a
spectrophotometer at 595 nm. At the same time, the following protein concentrations were determined
by the same method.

2.3. Carbonyl Content

The carbonyl content was determined by following the procedures mentioned by Oliver et al. [19].
The myofibrillar protein extract was adjusted to a concentration of 5 mg/mL with phosphate buffer
solution (pH 7.0), and incubated in 1 mL 0.01 mol/L 2, 4-dinitrophenylhydrazine solution at 37 ◦C for
30 min. Then, 3 mL of 20% trichloroacetic acid was added and centrifuged at 8500× g for 5 min. The
supernatant was removed and the precipitate was washed six times with an ethyl acetate and ethanol
mixture solution (1:1, v/v). Finally, the precipitate was dissolved in 5 mL of guanidine hydrochloride
solution (6 mol/L) and incubated for 15 min under a 37 ◦C water bath, which was centrifuged for
10 min at 8500× g. Finally, the absorbance of the supernatant was measured at 370 nm. The carbonyl
content was expressed as nmol carbonyl/mg protein.

2.4. Surface Hydrophobicity

Surface hydrophobicity was measured as described by Chelh et al. [20]. The abovementioned
extracted myofibrillar protein was adjusted to 1 mg/mL with phosphate buffer solution (pH 7.0).
Two hundred milliliters of bromophenol blue (1 mg/mL) were mixed with 1 mL of protein solution,
followed by constant oscillation for 15 min to react sufficiently. As for the control group, the same
procedure was implemented using phosphate solution to replace the extracted myofibrillar protein.
Then, centrifugation was done at 4 ◦C and 2000× g for 15 min. The supernatant was diluted 10 times,
the absorbance of which was measured at 595 nm. Surface hydrophobicity was expressed by the
following formula: bromophenol blue/mg protein = 200 μg × (OD control − OD sample)/OD control.

2.5. Total Sulfhydryl and Disulfide Bond Content

Total sulfhydryl and disulfide bond content was evaluated according to the method of
Benjakul et al. [21]. One milliliter of myofibrillar protein solution (4 mg/mL) was added to 9 mL
0.2 mol/L Tris-HCl buffer (pH 6.8, 8 mol/L urea, 2% SDS, and 10 mmol/L EDTA (Ethylene Diamine
Tetraacetic Acid)). Then, 0.4 mL 5,5-dithio-bis (2-nitrobenzoic acid) (0.1%) was added to the resulting
mixture and incubated for 25 min at 40 ◦C. The absorbance was measured at 412 nm. At the same time,
0.6 mol/L KCl as a blank was also subjected to this step. The extinction coefficient of 13,600 mol−1 cm−1

was used to calculate the total -SH group content. The content of the disulfide bond was calculated
according to the method described by Thannhauser et al. [22].

2.6. Ca2+ ATPase Activity

The Ca2+ ATPase activity was determined by the method described by Benjakul et al. [23].
The content of inorganic phosphate in the supernatant was determined by the method of
Thanonkaew et al. [24]. The activity of Ca2+ ATPase was defined as the milliliter (nmol/mg protein) of
inorganic phosphate produced by 1 mg of protein in 1 min.

2.7. Trichloroacetic Acid-Soluble Peptide Content

According to the method of Sriket et al. [25], a 3 g sample was added to a 27 mL TCA solution
(5%), which was homogenized by a high-speed tissue homogenizer for 1 min at 12,000 rpm and then
placed in an ice bath for 1 h. Repeated centrifugation was carried out at 4 ◦C and 5000× g for 5 min.
The result was expressed as umol tyrosine/g muscle.

7
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2.8. Myofibril Fragmentation Index

The method of Culler et al. was used to evaluate the MFI [26]. Briefly, the concentration of protein
solution was adjusted to 0.5 mg/mL; then, the absorbance was measured at 540 nm, and the MFI value
was equal to the OD value multiplied by 200.

2.9. Free Amino Acid Content

Samples of free amino acid extracts were prepared according to the method of Yu et al. [27].
Mobile phase 1 of an automatic amino acid analyzer (L-8800, Hitachi Co. Ltd., Tokyo, Japan) consisted
of the buffer of sodium citrate and citric acid; the pH of the mixed buffers were 3.2, 3.3, 4.0, and 4.9,
respectively. Mobile phase 2 was prepared by 4% ninhydrin (v/v). The test parameters were as follows:
column (4.6 × 150 mm, 7 μm); column temperature (50 ◦C); channels 1 and 2 flow rates (0.4 mL/min
and 0.35 mL/min, respectively).

2.10. FTIR Measure

The grouper fillets were powdered with KBr after being freeze-dried (MINFAST04, TIANLI
Executive and Administration Management, Beijing, China); then, the mixed sample was pressed into
flakes. An FTIR (Nicolet iS5, Thermo Scientific Inc, Waltham, MA, USA) spectrometer was used for
the measurements. Infrared spectra were recorded with 32 scans in the 400–4000 cm−1 range with a
resolution of 4 cm−1; also, the operating environment was set at 25 ◦C. The recorded spectra were
analyzed by Omnic professional software (Omnic professional, v 9.2, Thermo Nicole Inc., Waltham,
MA, USA), and Gaussian fitting was used to analyze the second-derivative spectrum in the range of
1600–1700 cm−1 by PeakFit software (v 412, Systat Software Inc., San Jose, CA, USA).

2.11. SDS-PAGE

First, 3 g of minced samples and 30 mL of 50 g/L SDS solution were homogenized at 85 ◦C.
Then, the mixture was subjected to heat preservation for 1 h after high-speed homogenization for
5 min (12,000 r/min), and the supernatant was taken after 5000× g for 20 min [28]. SDS-PAGE was
performed at a 4–20% gradient, and a real-band, three-color, high-range protein marker purchased
from Sangon Biotech (Sangon Biotech Co., Ltd., Shanghai, China) was adopted. A sensitive protein
fast staining kit was used for staining, and the decolorized gel was scanned by a gel image scanning
system after electrophoresis (GelDoc XR, Bio-Rad Inc., Hercules, CA, USA). Background subtraction,
band matching, and optical density calculation were analyzed by Quantity One software (Quantity
One 4.0, Bio-Rad Inc., USA).

2.12. Statistical Analysis

Three replicates were used for all samples with three parallel tests. SPSS 8.0 (SPSS, Chicago,
IL, USA) was used for statistical analysis. Univariate ANOVA was used to determine the statistical
differences in different treatment groups. Duncan’s multiple range test was used to determine the
significant difference between the averages (p < 0.05). The data were expressed as the mean and
standard deviation (SD), and Origin 8.5 (OriginLab, Northampton, MA, USA) was used for illustration.

3. Results and Discussion

3.1. Changes in Total Sulfhydryl and Disulfide Bonds

Figure 1 shows the changes of sulfhydryl and disulfide bonds in each group. As shown in Figure 1,
the content of the total sulfhydryl groups in each treatment group presented a downward trend with
the extension of storage time, which is similar to trends found in other studies on grouper (He et al.,
2018). The sulfhydryl content of the AP group decreased to 49.05 nmol/mg of protein on the sixth day,
which was significantly different compared with the VP and MAP groups. In contrast, the differences
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between the VP and MAP groups were not significant. The sulfydryl content in the VP group was
slightly lower than that in the MAP group after nine days.

Figure 1. Changes in sulfhydryl (top) and disulfide (bottom) bond contents of grouper myofibrillar
protein (AP: air packaging; VP: vacuum packaging; MAP: modified atmosphere packaging). Different
lower-case letters in different groups from same day indicate a significant difference (p < 0.05).

The sulfhydryl group of myofibrils can be oxidized by reactive oxygen species (ROS) that produce
disulfide bonds, sulfonic acid, and other oxidation products during refrigerated storage [29]. Protein
oxidation can be reflected by the loss of the sulfhydryl group [30], which contains a disulfide bond; this
is a common oxidation product that can gradually increase with the oxidation of the sulfhydryl group.
The disulfide bond content in each group increased gradually with the oxidation of the sulfhydryl
group (Figure 1), and the content of the AP group increased significantly, from 44.5 to 82.5 nmol/mg
protein. It is worth noting that the disulfide bond contents of the AP and MAP groups decreased
slightly starting from the ninth day, which may have been caused by the degeneration of myofibril.

As shown by the two-way analysis of variance, the storage time and packaging methods
significantly affected the total sulfhydryl and disulfide bonds of the grouper fillets (p < 0.01). There
was a significant difference between the VP and AP groups, and between the AP and MAP groups
(p < 0.01); however, there was no significant difference between the VP and MAP groups (p > 0.05).

3.2. Changes in Carbonyl Content and Hydrophobicity

Protein carbonylation is one of the most important changes in the oxidation of muscle proteins,
especially the extensive modifications caused by the oxidation of myofibrils. In particular, from the
formation of carbonyl compounds [31], changes in the content of carbonyl compounds are usually
used to represent the oxidation rate of proteins. In Figure 2, it can be seen that the change of carbonyl
content in each group increased with the cold storage time. The initial carbonyl content of the fresh
fish was increased 10 times in the AP group on day 6. The two-way analysis of variance revealed that
protein carbonylation was significantly affected by storage time and packaging methods (p < 0.05).
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The specific binding of bromophenol blue with myofibrillar is considered to be a simple and reliable
method for the determination of surface hydrophobicity. The hydrophobicity of the protein surface can
be determined by the degree to which bromophenol blue binds specifically to myofibrillar [20]. Due to
the conformational changes induced by hydroxyl radicals, oxidized myofibrillar protein undergoes
extensive exposure of hydrophobic groups [32]. This phenomenon was confirmed in our experiment.
The degree to which bromophenol blue bound specifically to myofibrillar became serious in all three
groups, which showed no significant differences in the first six days (p > 0.05). In the AP group, the
content reached 102.98 μg, which was slightly higher than those of the other two groups. However, the
VP group was slightly higher than the MAP group on day 15. The change of the surface hydrophobicity
of the protein may have been caused by the entry of nonpolar amino acid molecules into hydrophobic
clusters [33]. The expansion or rearrangement of protein molecules could lead to a change of the
secondary and tertiary structures of the proteins. VP and MAP significantly delayed the oxidation
of protein in grouper meat, similar to what has been found in other fish studies [34]. The two-way
analysis of variance showed that the storage time and packaging methods significantly affected the
carbonyl content and hydrophobicity of the grouper fillets (p < 0.01). There was a significant difference
between the VP and AP groups, and between the AP and MAP groups (p < 0.01); however, there was
no significant difference between the VP and MAP groups (p > 0.05).

Figure 2. Changes in carbonyl content (bar graph) and protein surface hydrophobicity (expressed as
Bound BPB, line graph) of grouper myofibrillar protein. (AP: air packaging; VP: vacuum packaging;
MAP: modified atmosphere packaging; BPB: bromophenol blue).

3.3. Changes in Ca2+ ATPase Activity

Ca2+ ATPase mainly concentrates in the globular heads of myosin. The hydrophobic interactions,
hydration of polar residues, and hydrogen bonds influence the stability of the three-dimensional
structure of the protein. Since the three-dimensional structure of the protein determines the
physiological activities of the protein itself, the activities of the protein may be lost or changed
because of changes in the microstructure. The Ca2+ ATPase activity of actomyosin can be used as an
important indicator for assessing the degree of protein denaturation, as it can indirectly reflect the
integrity of myofibrillar protein [35].

Figure 3 shows that the Ca2+ ATPase activity of the grouper fillets respectively decreased in
all samples. The two-way analysis of variance showed that storage time and packaging methods
significantly affected the Ca2+ ATPase content of the grouper fillets (p < 0.05). On the 12th day, the
content of the Ca2+ ATPase activity in the AP group decreased about 75.16%. There was a significant
difference between the VP and AP groups and between the AP and MAP groups (p < 0.01), but there
was no significant difference between the VP and MAP groups (p > 0.05). However, the VP and MAP
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groups were about 45.83%, which was consistent with the existing reports of other aquatic products [36].
It has been reported that the sulfhydryl group is abundant in the center of Ca2+ ATPase [21]. In our
experiment, we found that the activity of Ca2+ ATPase was closely related to the sulfhydryl group.
The correlation coefficients of the AP, VP, and MAP groups were 0.983, 0.946, and 0.984, respectively,
and the Ca2+ ATPase activity was highly correlated with the change of the sulfhydryl group content. It
was speculated that the oxidation of the sulfhydryl group in the active center resulted in a decrease of
Ca2+ ATPase activity.

Figure 3. Changes in Ca2+ ATPase activity of grouper myofibrillar protein. (AP: air packaging; VP:
vacuum packaging; MAP: modified atmosphere packaging).

3.4. Trichloroacetic Acid-Soluble Peptide Analysis

TCA-soluble peptides can reflect the degree of protein degradation. As shown in Figure 4, the
TCA-soluble peptide content in all groups was obviously elevated during the entire storage period.
The results showed that proteolysis occurred in succession and was similar to the trend reported
by Yu et al. for grass carp fillets under refrigerated storage [37]. The initial number of TCA-soluble
peptides of the grouper fillets was 0.42 μmol tyrosine/g sample, while the value reached 1.44 μmol
tyrosine/g sample after six days storage for the AP group, which had the largest rate of increase among
the three groups. The two-way analysis of variance revealed that the storage time and packaging
methods significantly affected the TCA-soluble peptides of the grouper fillets (p < 0.01). The increase
of TCA-soluble peptides might have initially been due to the activity of the endogenous enzyme [38].
Then, protein degradation was accelerated under the combined action of endogenous enzymes and
microorganisms. The final TCA-soluble peptide content of the VP and MAP groups was significantly
lower than that of the AP group (p < 0.05). The content of TCA-soluble peptides of the MAP group
was lower than that of the VP group, but there was no significant difference between the two groups
(p < 0.05), indicating the effective inhibition of proteolysis by VP and MAP, which might have been due
to the growth of microorganisms and inhibition by the anoxic environment in the VP and MAP groups.
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Figure 4. Changes in trichloroacetic acid (TCA)-soluble peptides of grouper myofibrillar protein
(AP: air packaging; VP: vacuum packaging; MAP: modified atmosphere packaging).

3.5. Myofibril Fragmentation Index Analysis

As shown in Figure 5, the MFI maintained increasing trends among all groups. However,
compared with the other two groups, the AP group rose significantly, with 97 mg/100 g being reached
on day 3 (p < 0.05). No obvious change of the MFI in the VP and MAP groups was discovered at
the corresponding time. The two-way analysis of variance revealed that storage time and packaging
methods significantly affected the MFI of the grouper fillets (p < 0.01). There was no significant
difference between the VP and MAP groups on the 12th day, but the MFI of the AP group was
very significantly higher (p < 0.01) than those of the VP and MAP groups. This indicates that the
internal integrity of myofibrillar in the AP group was the most destructive during refrigeration storage,
while the destruction of the internal structure of myofibril was delayed by MAP and VP. Myofibril
fragmentation refers to the phenomenon of myofibril breaking into shorter segments near the Z disk
or Z line. The MFI was calculated from the percentage of myofibrils that were 1–4 sarcomeres long,
which was mainly due to degradation of the connectin and actin of sarcomeric I. The MFI reflects the
structural integrity of the myofibril during refrigerated storage [39].

Figure 5. Changes in the myofibril fragmentation index (MFI) values of grouper myofibrillar protein.
(AP: air packaging; VP: vacuum packaging; MAP: modified atmosphere packaging).
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3.6. Free Amino Acid Analysis

The concentrations of FAAs in grouper fillets on the first, sixth, and twelfth days of refrigerated
storage are shown in Table 1. The degradation of protein was the main reason for the variation of
FAAs [37], so the degree of protein degradation could be reflected by the changes of the FAA content.
A similar trend was also reported by Shi et al. for grass carp [40]. Table 1 shows that the content of FAA
rapidly increased with storage time in the AP group, which might have been due to the degradation
of protein caused by protein oxidation. However, the content of histidine in the grouper fillets was
far below that found in grass carp, as reported by Yu et al., during refrigerated storage, which might
be ascribed to the muscle composition of grouper. Aspartic acid, glutamic acid, and glycine are the
main flavor contributors in the fillets, and the change of glycine was the most obvious among all
groups. Glycine in the AP group increased from 91 mg/100 g on day 0 to 153 mg/100 g on day 6, then
it dropped to 78 mg/100 g on day 12. The corresponding contents in the VP and MAP groups were
88 and 108 mg/100 g, respectively. The total FAA contents in the AP group were significantly higher
(p < 0.05) compared with the other groups on day 6, and this phenomenon indicates that the degree of
protein degradation was the greatest in the AP group. The number of FAAs was closely related to
the storage time (p < 0.05), and the packaging method had no significant effect on it, as shown by the
two-way analysis of variance (p > 0.05). The final FAA content was reduced among all groups, which
when compared to day 6, might have been due to the degradation of enzymes caused by microbial
growth [41].

Table 1. Changes in free amino acid (FAA) content (mg/100 g) of grouper muscle during refrigerated
storage at 4 ◦C.

FAA Day 0 AP Day 6 AP Day 12 VP Day 6 VP Day 12 MAP Day 6 MAP Day 12

Asp 5.69 ± 0.13 a 1.93 ± 0.12 c 1.09 ± 0.06 c 3.15 ± 0.12 b 1.71 ± 0.12 c 1.49 ± 0.05 c 3.32 ± 0.10 b

Thr 14.24 ± 0.48 b 20.57 ± 1.55 a 13.41 ± 1.10 b,c 20.84 ± 1.42 a 12.71 ± 0.14 c 12.65 ± 0.23 c 13.09 ± 0.15 b,c

Ser 20.24 ± 0.60 b 25.79 ± 0.16 a 13.78 ± 0.25 b,c 21.87 ± 1.57 a 12.25 ± 0.07 c 12.19 ± 0.11 c 14.01 ± 0.12 b,c

Glu 8.71 ± 0.30 d 27.20 ± 0.09 a,b 18.59 ± 0.31 c 18.34 ± 1.3 c 22.06 ± 0.1 b,c 30.98 ± 0.10 a 22.73 ± 0.01 b,c

Gly 91.14 ± 2.98 b 153.15 ± 1.21 a 78.74 ± 0.81 c 114.93 ± 7.94 a,b 88.33 ± 0.1 b,c 84.20 ± 0.85 b,c 108.33 ± 1.75 a,b

Ala 23.54 ± 0.78 b,c 43.80 ± 0.40 a 25.55 ± 0.25 b,c 27.65 ± 1.89 b,c 22.88 ± 0.04 b,c 30.04 ± 0.84 b 28.55 ± 0.49 c

Cys 1.23 ± 0.03 a 0.95 ± 0.11 a,b 0.48 ± 0.07 c 0.78 ± 0.09 a,b 0.24 ± 0.20 d 1.56 ± 0.09 a 0.48 ± 0.05 c

Val 3.69 ± 0.14 c 4.99 ± 0.12 b,c 3.90 ± 0.09 c 5.52 ± 0.38 b 2.91 ± 0.06 c 7.81 ± 0.04 a 5.77 ± 0.12 b

Met 1.70 ± 0.19 d 2.18 ± 0.20 c 1.90 ± 0.13 d 2.87 ± 0.11 b,c 1.16 ± 0.10 d 6.25 ± 0.11 a 3.25 ± 0.08 b

Ile 2.64 ± 0.15 c 3.43 ± 0.03 b,c 2.74 ± 0.11 c 3.89 ± 0.41 b 2.03 ± 0.13 c 5.47 ± 0.82 a 3.85 ± 0.03 b

Leu 4.18 ± 0.03 c 5.54 ± 0.09 b 4.44 ± 0.09 c 6.28 ± 0.49 b 3.12 ± 0.05 c 9.05 ± 0.03 a 6.39 ± 0.12 b

Tyr 1.61 ± 0.28 c 2.64 ± 0.26 b,c 1.55 ± 0.49 c 2.64 ± 0.37 b,c 1.62 ± 0.12 c 6.05 ± 0.85 a 2.93 ± 0.02 b,c

Phe 4.15 ± 0.39 d 5.34 ± 0.21 c,d 5.98 ± 0.14 c 6.57 ± 0.85 b,c 5.91 ± 0.39 c 9.54 ± 0.94 a 7.01 ± 0.42 b,c

Lys 33.66 ± 1.04 b 39.20 ± 0.29 a,b 30.85 ± 0.33 c 38.60 ± 2.87 a,b 36.00 ± 0.20 b 43.79 ± 0.27 a 28.30 ± 0.46 c

His 3.39 ± 0.25 c 5.27 ± 0.18 a 3.09 ± 0.91 c 4.74 ± 0.38 b,c 2.16 ± 0.10 c,d 4.61 ± 0.46 b,c 3.82 ± 0.34 b,c

Arg 4.57 ± 0.12 c 9.38 ± 0.48 a 7.61 ± 1.85 a,b 8.81 ± 0.49 a 5.82 ± 0.36 b,c 7.76 ± 0.37 b,c 5.24 ± 0.14 a,b

Pro 7.55 ± 0.26 d 10.67 ± 0.19 b 8.76 ± 0.15 c,d 17.42 ± 1.30 a 9.28 ± 0.07 b,c 18.78 ± 0.07 a 8.04 ± 0.37 c,d

total 231.91 ± 6.67 c 362.03 ± 4.03 a 219.49 ± 3.25 c 304.89 ± 21.5 b 230.19 ± 0.51 c 292.23 ± 6.03 b,c 265.09 ± 3.92 b,c

Results are expressed as means in mg per 100 g of sample with standard errors. Different lower-case letters (a, b, c

and d) in different groups for same amino acid indicate a significant difference (p < 0.05). AP: air packaging group;
VP: vacuum packaging group; MAP: modified atmosphere packaging group.

3.7. FTIR Analysis

The secondary structure of the protein was composed of an α-helix, a β-sheet, a β-turn, and a
random coil. The function of a protein and its biochemical properties change with the variation of
the secondary structure, which is due to the oxidation of the protein. As one of the main methods
of studying the secondary structure of proteins, FTIR can be used to analyze changes in protein
structure and the spatial distribution of proteins [42]. The amide I band of a protein (from 1600 to
1700 cm−1 of mid-infrared spectroscopy) can reveal a wealth of information about the constituents of
the secondary structure in proteins. The peaks at the wavenumbers of 1600–1640, 1640–1650, 1650–1660,
and 1660–1700 cm−1 are for the β-sheet, random coil, α-helix, and β-turn, respectively [43]. As shown
in Figure 6, the second-order, second-derivative, mid-infrared spectra of the Gaussian fitting drawn by
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PeakFit (PeakFit v 412, Systat Software Inc., USA) was used to analyze the protein secondary structure
changes of each group at days 0 and 12.

Figure 6 shows that the peaks of each packaging group had a certain weakening on the 12th day.
The change from the range of 1650–1660 cm−1 was significant compared with that of day 0, indicating
that the levels of the random coil had increased. As shown in Figure 6A–D, the absorption peak of the
spectrum shifted to the high-wavenumber area. The reason for this phenomenon was reported as the
hydrogen bond of the protein structure being destroyed during refrigerated storage [44]. Since the
spectrum diagram of the MAP group on the 12th day was most similar to that on day 0, compared to
the other treatment groups, it indicates that the destruction of the secondary structure of the protein
was inhibited in refrigerated grouper fillets in the MAP group.

 

 

 
Figure 6. Cont.
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Figure 6. The second-order, second-derivative, mid-infrared spectra by PeakFit. (A: 0 days; B: AP
group on the 12th day; C: VP group on the 12th day; D: MAP group on the 12th day).

The change in the secondary structure for all groups is shown in Figure 7. The random coil
increased, and the α-helix content decreased during refrigerated storage, which might have been due to
the breakage of the hydrogen bonds. Further, the surface hydrophobicity increased, and a disordered
state gradually became present in the protein. The random coil increased by 34.8% on the 12th day
compared to day 0 in the AP group, which was significantly higher than that of the VP and MAP
groups (p > 0.05). The results showed that the protein structure was partly inhibited by VP and MAP.
The β-sheet of each group also increased to a certain extent (p > 0.05), due to the change of the peptide
chain folding structure caused by the gradual formation of sulfhydryl oxidation and disulfide bonds.

Figure 7. Changes in secondary structure contents of grouper protein during refrigerated storage
(A: the change in the random coil content under different treatments, B: the change in the α-helix
content under different treatments, C: the change in the β-turn content under different treatments,
D: the change in the β-sheet content under different treatments). (Air: air packaging; VP: vacuum
packaging; MAP: modified atmosphere packaging).

3.8. SDS-PAGE Analysis

The total protein electrophoresis results of the different treatment groups are shown in Figure 8.
The results of the band optical density analysis using Quantity One 4.0 showed that the content of
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the myosin heavy chain (MHC) and actin increased between 0 to 6 days in different groups. Then,
different degrees of degradation appeared in different groups after six days. At day 12, the intensity of
the MHC in the AP, VP, and MAP groups was 355, 555, and 643, respectively (p < 0.05). The MHC,
which is very easily oxidized, is crosslinked by disulfide and non-disulfide covalent bonds which
contribute to the formation of high-molecular-weight polymers and aggregates [45]. The degradation
of MHC was inhibited significantly by VP and MAP. The degradation of protein was probably due
to MHC oxidation, and oxidative damage of proteins may have also led to protein degradation and
the crosslinking and aggregation of actin, which corresponds to the results of Lu et al. [46]. The
actomyosin (42 kDa) band gradually became shallow over time. The change ranges of the VP and
MAP groups were significantly smaller than that of the AP group, the main reason for which being the
hydrolysis of cathepsin L; the change range of the MAP group was the smallest, indicating that the
activity of cathepsin L in the MAP group was inhibited. Band III (13 kDa) of the AP group at day 12
was significantly different than the other two groups, and was highly correlated with reduced actin
(correlation coefficient of 0.89), which we concluded was due to the degradation product of actin.

Figure 8. Effects of three packaging methods (AP, VP, and MAP) on total protein degradation of
grouper samples during refrigerated storage at 4 ◦C. (AP: air packaging; VP: vacuum packaging; MAP:
modified atmosphere packaging).

It has not been reported in previous works that all of the intensities of band II (34 kDa) in the
three groups showed an increasing trend in the first 12 days. It can be concluded that the intensity of
band II, which was speculated to be an indicator protein of grouper freshness before the 12th day, had
a highly linear relationship with storage time (R2 = 0.97), as analyzed by Quantity One 4.0. However,
in the VP and MAP groups, the intensity of band II decreased after 12 days. The possible reason for
this is that the protein belongs to a water-soluble protein, and the rate of drip loss increases at the later
stage of storage [47]. The concentration of protein decreased with water loss, due to the type of protein
belonging to water-soluble proteins; such changes can also be observed in bands I and III.

This study showed that the increase of protein oxidation was reflected by the content and
distribution of carbonyl and sulfhydryl content changes. Table 2 shows that the carbonyl and
sulfhydryl contents of protein oxidation indexes in each group were highly correlated with protein
degradation, TCA-soluble peptides, and MFI. This indicates that protein oxidation promotes the
degradation process during refrigerated storage of grouper fillets. Compared with AP, VP and MAP
exhibited significant positive effects with regard to reducing protein oxidation. However, the MAP
group showed better effectiveness than the VP group, which may have been due to the higher residual
oxygen and oxygen transmission rate in VP. When vacuum pumping cannot make a complete vacuum
environment, which results in residual air, the external oxygen gradually permeates into the packaging
under the effect of internal and external pressure differences.
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It is also speculated that a high concentration of carbon dioxide not only controls the growth
of microorganisms, but also changes the pH on the surface of the fish, thus changing the activity of
protease and affecting the degradation of myofibrils.

Unlike the results of Lametsch and Lonergan, which showed that protein oxidation reduces the
activity of μ-calpain cysteine [48], thus inhibiting the degradation of muscle fibril in pork, the reason
here may be that the low rate of protein oxidation could enhance the sensitivity of proteolytic enzymes
for myofibril [14], and the activity of protease loss is not obvious under weak oxidation. Thus, fish and
other meat proteasome systems also show large differences, which also might be the reason for the
difference between the experimental results. Therefore, further research is needed on the metabolic
pathway of how the protein oxidation of grouper muscle affects protein degradation.

Table 2. Correlation analysis between protein oxidation and the degradation of grouper in three groups.

Group
Indicator of Protein

Oxidation
Indicator of Protein

Degradation
Pearson Correlation

Coefficient

AP Carbonyl content TCA-soluble peptide content 0.683
AP Total sulfhydryl content TCA-soluble peptide content −0.981 **
AP Carbonyl content Myofibril fragmentation index 0.956 *
AP Total sulfhydryl content Myofibril fragmentation index −0.961 *
VP Carbonyl content TCA-soluble peptide content 0.941 *
VP Total sulfhydryl content TCA-soluble peptide content −0.975 *
VP Carbonyl content Myofibril fragmentation index 0.940 *
VP Total sulfhydryl content Myofibril fragmentation index −0.975 **

MAP Carbonyl content TCA-soluble peptide content 0.793
MAP Total sulfhydryl content TCA-soluble peptide content −0.982 **
MAP Carbonyl content Myofibril fragmentation index 0.934 *
MAP Total sulfhydryl content Myofibril fragmentation index −0.929 *

AP: air packaging; VP: vacuum packaging; MAP: modified atmosphere packaging. * correlation ** strong correlation.

4. Conclusions

This study shows that the changes of carbonyl, sulfhydryl, and Ca2+ ATPase activity greatly varied
with prolonged storage time, and demonstrates that the degree of grouper fillet protein oxidation was
increased. The amide I band absorption peak of the infrared moved towards a higher wavenumber,
while the secondary structure of the α-helix gradually transformed into a random curl. It has been
shown that great changes of protein structure took place in grouper fillets during refrigerated storage. By
combining indexes of protein degradation, such as MFI, SDS-PAGE, and TCA-soluble peptide content,
it is concluded that myofibril oxidation could promote protein degradation in grouper fillets during
refrigerated storage, which could be observed in each group (AP, VP, and MAP). High-carbon-dioxide
MAP played a positive role in the inhibition of myofibril degradation and oxidation for refrigerated
grouper fillets.
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Abstract: Coloring concentrates of carotenoid-rich plant materials are currently used in the food
industry to meet the consumer’s demand for natural substitutes for food colorants. The production
of shelf-stable powders of such concentrates comes with particular challenges linked to the sensitivity
of the active component towards oxidation and the complexity of the composition and microstructure
of such concentrates. In this study, different strategies for the stabilization of crystalline carotenoids
as part of a natural carrot concentrate matrix during drying and storage were investigated. The
evaluated approaches included spray- and freeze drying, the addition of functional additives, and
oxygen free storage. Functional additives comprised carrier material (maltodextrin, gum Arabic, and
octenyl succinic anhydride (OSA)-modified starch) and antioxidants (mixed tocopherols, sodium
ascorbate). Degradation and changes in the physical state of the carotenoid crystals were monitored
during processing and storage. Carotenoid losses during processing were low (>5%) irrespective of
the used technology and additives. During storage, samples stored in nitrogen showed the highest
carotenoid retention (97–100%). The carotenoid retention in powders stored with air access varied
between 12.3% ± 2.1% and 66.0% ± 5.4%, having been affected by the particle structure as well as the
formulation components used. The comparative evaluation of the tested strategies allows a more
targeted design of processing and formulation of functional carrot concentrate powders.

Keywords: spray drying; freeze drying; antioxidants; carotenoid aggregates; coloring foods

1. Introduction

With consumer demands shifting towards more natural ingredients and clean labeling, functional
vegetable concentrates containing a high carotenoid content present an attractive coloring alternative
to natural and artificial color additives. Compared to the use of isolated carotenoids as food colorants,
the advantage of “coloring foods” such as carrot concentrates, lies in the recovery without a solvent
dependent, selective extraction step of the main coloring components, which is often perceived as
more natural by consumers.

However, the replacement of artificial colors with coloring vegetable concentrates comes with
certain challenges, which are linked to the oxidative susceptibility and the crystalloid nature of the
carotenoids as active ingredient as well as the complex matrix containing multiple carrot derived
co-components [1,2]. Carrot carotenoids (e.g., β-carotene, α-carotene, lutein), are lipophilic pigments
which tend to form supramolecular aggregates in hydrophilic environments [3]. In raw carrots (Daucus
carota), most of the carotenoids are present in a crystalline state derived from accumulated carotenoid
aggregation in carrot chromoplasts [4]. The presence of crystalline carotenoids as well as a small
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fraction of monomolecular (dissolved) carotenoids is responsible for the typical orange hue of the
carrot, whereas a yellow hue occurs when the carotenoid pigments are completely dissolved in organic
solvents or lipids [5]. Thus, when color is a target function of carrot concentrate powders, both the
monitoring of this supramolecular conformation as well as the total pigment concentration during
processing and storage is of importance.

In some of their physical properties crystalline carotenoids differ from the lipid-dissolved
carotenoids and have also shown to react differently to certain processing conditions such as heat [3,6,7].
While emulsions, in which carotenoids are dissolved in oil droplets, are suitable delivery systems
for carotenoids, the emulsification process mostly requires dissolving crystals, upon which the
characteristics (particulate character and hue) of the crystalline carotenoids are lost. For the preservation
of the desired properties, processing and drying requires an approach with a minimal effect upon
the crystalline structure. Understanding the impact of formulation and powder processing on the
crystalline structure of the carotenoids, as well as their degradation during processing and storage
is crucial in order to provide high quality functional food systems. Only limited information on the
mechanism and the role of different impact factors for the stabilization of carotenoid in powders
made from complex vegetable concentrates is available and the relevance of the crystallinity has never
been studied in this context. Additionally, the analysis and identification of crystalline carotenoids
within the complex matrix of plant concentrates still presents an analytical challenge, since their
concentration within the concentrates is too low to apply methodology which can be used for the
determination of crystallinity of pure and highly concentrated components (e.g., X-ray diffraction
analysis and differential scanning calorimetry).

Due to a change in the optical properties of carotenoids when they change from the dissolved to
the aggregated or crystalline state, their macromolecular conformation can be determined by optical
methods such as UV/Vis spectroscopy and circular dichroism spectroscopy [8]. The measurement
of the crystalline carotenoids in a hydrophilic dilution is hindered by the high turbidity of the
carrot concentrate dispersion. On the other hand, carotenoid extraction through organic solvents,
or concentration which is necessary for most carotenoid quantification methods, leads to a crystal
dissolution, which prevents a characterization of the physical state. Hence, suitable analytical
procedures have to be developed to derive information about the macromolecular conformation and
its changes through processing within the turbid sample matrix.

The present study investigated the stability of carotenoid crystals as part of a natural carrot
matrix during the preparation of spray dried (SD) and freeze dried (FD) powders and during further
storage. Different process and recipe-based approaches to increase the shelf life of functional carrot
concentrate powders were evaluated with regard to their effect on carotenoid stability and integrity of
their crystalline state. Whereas the general impact of the investigated approaches is already known for
many monomolecular active ingredients, the aim of this study was the quantification of the effect of
aforementioned factors for the given complex food system containing crystalline carotenoids. Since
the shelf life of carrot concentrates is strongly linked to the preservation of the hue provided by
the crystalline state of the carotenoids as well as by their concentration, both the stability of the
physical state and the pigment concentration during production and storage were monitored. An
analytical approach was applied which allowed for the qualitative assessment of the physical state of
the carotenoids based on their UV/Vis spectrum. Thereby, it was possible to specifically monitor the
impact of the different formulation strategies on the stability of the macromolecular conformation.

2. Materials and Methods

2.1. Materials

Orange carrot concentrate (69 ◦Bx), provided by GNT Group B. V. (Mierlo, The Netherlands)
was used as a basis material for the production of carrot concentrate powders. Maltodextrin (MD)
with a dextrose equivalent (DE) 12 (Glucidex IP12, Roquette, Lestrem, France) was used as a standard
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carrier for all trials when not otherwise stated. The antioxidants being tested were mixed tocopherols
(Toc) (L-70 IP, Jan Dekker, Amsterdam, The Netherlands) and sodium ascorbate (SA) (Roth, Karlsruhe,
Germany,). According to the manufacturer the mixed tocopherols contained D-beta-, delta-, alpha-,
and gamma-tocopherol and sunflower oil (<30% w/w). The surface-active carriers used were octenyl
succinic anhydride (OSA)-modified starch (C*emcap 12635, Cargill, Redon, France) and gum Arabic
(GA) (Seyal, Encapsia, Nexira, Rouen, France).

2.2. Tested Recipe Parameters

Tested recipe parameters and their concentrations are shown in Table 1. Reference samples
(SD-Ref) were produced with the carrot concentrate at the beginning, during, and at the end of sample
production with MD as the sole carrier. Samples with surface-active carrier material were produced by
substituting 50% and 100% (w/w) of the MD in the recipe with the respective carrier. To evaluate the
effect of antioxidant addition (AO), a hydrophilic (sodium ascorbate) and lipophilic (mixed tocopherols)
antioxidant was chosen. The antioxidants were added in low concentrations (250–500 μg/g) or high
concentrations (2500–5000 μg/g), whereas the concentration refers to the theoretical concentration in
the dry matter. The high concentrations tested in this study were derived from preliminary trials in
which they showed no pro-oxidant effect.

Table 1. Concentration of tested recipe components in the produced carrot concentrate powders.
Residue dry matter (DM) consists of carrot concentrate constituents.

Sample Code
Toc 1 SA 2 MD 3 OSA 4 GA 5

(μg/g DM) (μg/g DM) (g/g DM) (g/g DM) (g/g DM)

SD-Ref a/FD b/SD-no-HPH b/SD-E a - - 0.5 - -
SD 50% GA b - - 0.25 - 0.25
SD 100% GA b - - - - 0.5
SD 50% OSA b - - 0.25 0.25 -

SD 100% OSA b - - - - 0.5
SD-Toc-low c 250 - 0.5 - -
SD-SA-low c 500 0.5 - -

SD-Toc-high b 2500 - 0.5 - -
SD-SA-high b 5000 0.5 - -

SD-Toc-SA-low b 250 500 0.5 - -
SD-Toc-SA-high c 2500 5000 0.49 - -

1 mixed tocopherols, 2 sodium ascorbate, 3 maltodextrin DE 12, 4 OSA-starch, 5 gum Arabic, Letters indicate the
amount of process replicates (n) for the trial: a: n = 3; b: n = 2; c: n = 1. SD: spray dried; FD: freeze dried; SD-Ref:
spray dried reference; SD-no-HPH: samples without high-pressure homogenization; SD-E: spray dried powder
collected from the drying chamber.

2.3. Slurry Production

From the carrot concentrate, a batch of 2.5 kg slurry with a total dry matter content of 35% (w/w)
was prepared for each trial. To avoid structural collapse due to humidity caking during storage, the dry
matter of the carrier material accounted for 50% of the slurry dry matter. To ensure complete hydration,
solutions of OSA-starch and GA were prepared 4 h prior to being mixed with the concentrate and other
ingredients. Distilled water was heated up to 70–85 ◦C and mixed with the carrier and concentrate by
means of a rotor-stator dispersing unit (Ultra-Turrax 50, IKA, Staufen, Germany) at 2000 rpm until
the slurry was visually homogenous (5–7 min). Each batch was further homogenized for 10 min at
7000 rpm to ensure complete dissolution and homogenous distribution of the recipe components. Toc
were added during slurry preparation along with the carrier material, while the more heat sensitive
SA was stirred in by hand after 10 min of homogenization. Except for specific samples which were
produced without high-pressure homogenization (SD-no-HPH), the slurries were further subjected
to high-pressure homogenization in a two-stage homogenizer (Gaulin, APV, Luebeck, Germany) at
35/7 MPa.
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2.4. Spray Drying and Freeze Drying

Freshly prepared slurries were stirred on a magnetic-stirrer and spray dried (SD) using a pilot
scale spray dryer (Anhydro, Søborg, Denmark) equipped with a two-fluid nozzle. The spray drying
was carried out in a co-current mode and conditions were kept constant in all trials at 195 ◦C inlet air
temperature and 80 ◦C outlet air temperature. The atomizing pressure was set at 0.15 MPa, the feed
flow rate was 40 g/min, and an amount of 1.5 kg of each batch was dried in one run. Produced powders
were collected in a sampling container attached to a cyclone separator. For selected trials, an additional
fraction (SD-E), consisting of dried particles with a larger median particle size, was recovered from the
drying tower after completion of the process by gently sweeping the wall of the drying tower with a
brush and subsequently collecting the thus attained powder. Freeze drying was performed to compare
spray drying to a low temperature drying process. Slurries were poured into plastic containers to a
total high of 8 mm and frozen in a shock freezer to −40 ◦C. The frozen slurries were then kept at −30 ◦C
until freeze drying in a laboratory freeze dryer (Labconco Coop, Kansas City, MO, USA) at 0.0133 MPa
for 5 days. After freeze drying, powders were milled in a blender (Nutribullet, Trencin, Slovakia) to a
particle size below 200 μm.

2.5. Dry Matter Content

The dry matter content (DM) of the powders and the concentrate was determined gravimetrically.
Powder samples of 3 g were dried for 24 h at 89 ◦C and the DM was calculated as ratio of the sample
weight before drying and after drying. Concentrates and slurries were dispersed in dried sand to
increase the total surface area before drying.

2.6. Assessment of the Physical State of Carotenoids

In order to measure the UV/Vis absorbance spectra of the unextracted carrot crystals, concentrate
and powder samples were dissolved in water and further diluted in a hydrophilic medium. The
dilution of samples with a concentrated sugar solution (69 ◦Bx, Grafschaft Krautfabrik, Meckenheim,
Germany), successfully led to significantly reduced turbidity and light scattering interference compared
to samples diluted with water. Figure 1 shows the UV/Vis spectra of the carrot concentrate diluted
with water (A), sugar solution and water (B, 1:1 v/v), and pure sugar solution (C). Carrot concentrate
diluted in sugar solution displayed a pronounced reduction of matrix interference while providing a
reproducible measurement, which could then be used to derive further information concerning the
physical state of the carotenoids.

Figure 1. UV/Vis spectra of a carrot concentrate diluted in water (A), diluted in a water: sugar solution
(1:1) (B), and diluted in a 69 ◦Bx sugar solution (C).
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Carotenoid crystals display a pronounced absorbance peak at 520–545 nm while monomolecular
carrot carotenoids exhibit an absorbance maximum at 440–460 nm (Figure 2) [9,10]. The change in
absorbance at 440–460 nm in relation to the absorbance at 520–545 nm is thus further utilized in the
qualitative determination of dissolution (increase of absorbance at 440–460 nm) as well as crystallization
(increase of absorbance at 520–545 nm).

Figure 2. UV/Vis spectra of carrot carotenoids in sugar solution (A), the baseline measured after
carotenoid extraction (B) and dissolved carrot carotenoids in sunflower oil (C).

For the analysis, 3 g of the samples were dissolved in 27 mL of distilled water and further diluted
with a concentrated sugar solution by means of a laboratory blender (Waring 8011 EG). The final
concentration of the sample in sugar solution (1.48 mg/mL) was constant for all samples analyzed in
this study. The dilutions were transferred into centrifugal vials and centrifuged (rcf = 2800 g, 10 min)
to eliminate air. An absorbance spectrum was recorded with a UV/Vis Spectrophotometer (Shimadzu
1800), from 380 to 700 nm, whereas the pure sugar solution was used as a blank. The UV/Vis spectra
are a result of light absorption and scattering due to the pigments as well as the co-components in
the sample. Figure 2 shows a typical UV/Vis spectrum of the carrot concentrate (Figure 2). To clearly
identify the effect of the parameters studied on the physical state of the carotenoids, the absorption
spectra were corrected for the absorbance and scattering through hydrophilic co-components (baseline
in Figure 2). Qualitative information regarding the dissolution and crystallization of the carotenoids
during processing and storage was derived from the comparison of the absorbance maxima at 440–460
nm and at 520–545 nm and from the shape of the UV/Vis absorbance curves.

2.7. Total Carotenoid Content

The total carotenoid content (TC) in the powders and the concentrate was determined
spectrophotometrically after an extraction step in sunflower oil. Sample dilutions which had already
been prepared (see previous section) in concentrated sugar solution, were consequently mixed with
a known volume of sunflower oil (Cargill, Amsterdam, The Netherlands) in a laboratory blender
for 90 s. To accelerate phase separation, the viscous mixture was transferred to centrifugal vials
and centrifuged for 20 min (rcf = 2800 g, Eppendorf, Wesseling, Germany). After centrifugation the
absorbance spectrum of the oil phase was recorded from 380 to 700 nm (Figure 2) and the absorbance
at λmax (458 nm) multiplied by the dilution was used to calculate the TC.

Initially, two methods were applied to quantify carotenoids in samples in the range of 0.2–2.2 mg/g
powder. The first method was the extraction of the carotenoids from the sugar mixture and measurement
in oil. The second method was carried out based upon the extraction procedure described by
Sadler et al. [11], with some modifications. Briefly, 1–3 g of the sample was dissolved in 100 mL of
distilled water prior to extraction. A total of 10 mL of extraction solvent (Acetone:Ethanol:Hexane, 1:1:2,
0,1% (w/v) BHT) were added to 2 mL of sample dilution and shaken for 1 min. After phase separation,
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the hexane phase was washed with 3 mL distilled water and transferred to a 25 mL volumetric flask.
The extraction step was repeated at least two times by adding 5 mL of hexane. The hexane phases were
combined in the volumetric flask and the volumetric flask was topped offwith hexane to the mark and
shaken before measuring the absorbance of the hexane phase in the spectrophotometer. Equation (1)
was used to calculate the total carotenoid content.

TC
[

mg
g

]
=

A × V × 103

1%
1 cmE × 2 mL × m

(1)

where A = absorbance at λmax, V = the total volume of the extract (mL), 1%
1 cmE = the average extinction

coefficient of carotenoids in hexane 2500 [12] and m = the sample weight in g. The results from two
methods correlated linearly (R2 = 0.996) as shown in the Appendix A (Figure A1). Therefore, due to its
non-toxic and non-volatile properties, oil was selected as a suitable extraction solvent. For calculations,
the linear regression was used to calculate the TC in powders from absorbance values obtained from
the carotenoid measurement in oil.

2.8. Surface Carotenoid (SC) and Encapsulated Carotenoids (EC)

The surface carotenoids (SC) were determined according to Wagner and Warthesen [13] with
some adaptations. A total of 20–50 mg (m) of the powder sample were weighed into centrifugal vials
and extracted with 10 mL hexane (0.1% w/v BHT). For the extraction of surface carotenoids, samples
with the hexane were shaken for 5 min and subsequently centrifuged (rcf = 2800 g) for two min. The
absorbance (A) of the hexane phase was measured spectrophotometrically at λmax with hexane as
sample blank. The SC were calculated according Equation (2).

SC
[

mg
g

]
=

A × 102

1%
1 cmE ×m

. (2)

1%
1 cmE and λmax were equivalent to Equation (1). The amount of encapsulated carotenoids (EC)

was defined as the difference of TC to SC.

2.9. Carotenoid Recovery, Encapsulation Efficiency, and Carotenoid Retention

To estimate the carotenoid losses during processing, the carotenoid recovery (CRec) was calculated
according to Equation (3) from the theoretical carotenoid content in the liquid slurry formulation (TCs)
and the measured carotenoid content in the powder after drying (TCp) in relation to the respective dry
matter content of the powder (DMp) and the slurry (DMs).

CRec [%] =
TCp

DMp
×
( TCs

DMs

)−1
× 100%. (3)

The encapsulation efficiency (EE) expresses the percentage of effectively encapsulated carotenoids after
the drying process and can be calculated by Equation (4).

EE [%] =
EC
TCp

× 100%. (4)

The carotenoid retention (CRet) after storage is the ratio of total carotenoids measured in the samples
after 91 days of storage to the initial content which was measured 2–6 h after production.

2.10. Particle Size and Morphology

The particle size distribution (PSD) of the dried powders was determined by laser diffraction
using a laser particles size analyzer with a powder feed unit (LA-960, Horiba, Kyoto, Japan). Particle
morphology and carotenoid crystal distribution within the dried matrices were analyzed using a
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light microscope (Olympus BX51, Tokyo, Japan) with adapted camera system (Olympus XC50, Tokyo,
Japan). The size of the carotenoid crystals was measured using the image analysis software cellSens
Dimension (version 1.12) which enables size measurement during microscopy. Selected samples were
examined in a benchtop scanning electron microscope (SEM) (JCM-6000, JEOL, Peobody, MA, USA)
operating at 15 kV after sputter coating with gold for 30 s.

2.11. Storage Study

The produced powders were stored in closed PET containers (70 g/250 mL) with excess headspace
and kept at 35 ◦C in a climate chamber (Ehret KBK 4200) for 91 days. The relative humidity in the
climate chamber was 33% ± 4% during the storage period. The PET containers were opened and
shaken weekly to avoid relevant oxygen decrease within the container. For oxygen-free storage,
powders were filled into ceramic coated PET bags, flushed for 5–10 min with pure nitrogen, and sealed
immediately. Oxygen sensors (OpTech®-O2 Platinum, Mocon, Brooklyn Park, MN, USA) were placed
in the packaging to monitor the oxygen concentration during storage.

2.12. Statistical Analysis

The experimental plan was based upon a modified design of experiments, including a variable
number of independent process replicates, generally in duplicate and triplicate (Table 1). Sampling
and analyses were carried out in triplicate. Statistical analyses were performed using STATGRAPHICS
Centurion XVII, version 17.1.04 (Statpoint Technologies, Inc., Warrenton, VA, USA). Results of all
parameters are expressed as mean ± standard deviation. A one way ANOVA (p = 0.05) and Tukey’s
HSD were used to determine statistical significant differences between processes and formulations.
The standardized effect size of the tested measures on the carotenoid retention after storage (CRet)
was estimated according to Glass’ Δ whereas the reference powder (SD-Ref) was taken as control
group [14].

3. Results and Discussion

3.1. Powder Particle Morphology and Component Distribution

Powders were analyzed for their morphology (SEM, light microscopy) and PSD to evaluate the
impact of the drying technology on the powder structure (Figure 3). Particles produced by the spray
drying process and collected after the cyclone separator were spherical, often exhibiting small dents
and a mean diameter (d4,3) ranging from 15 to 21 μm. The particle size and shape of the FD powder is
determined by the milling process and resulted in angular particles with a mean diameter (d4,3) of
112 ± 21 μm. The powder fraction, collected from the drying chamber of the spray dryer (SD-E), had a
considerably larger particle size (d4,3 51–92 μm). The increased particle size can be explained by two
factors: (a) the slower drying of bigger particles and therefore increased retention in the drying chamber
and (b) particle agglomeration due to collision close to the drying wall [15,16]. SEM images confirmed
the presence of both single spherical particles with a high particle diameter, and agglomerated fractions
in SD-E powders.

27



Foods 2019, 8, 285

 

Figure 3. Microscopic images (top: light microcopy, bottom: SEM) of carrot concentrate powders:
freeze-dried (FD; left), spray dried reference (SD-Ref; middle), and spray dried powder collected from
the drying chamber (SD-E; right).

Light microscopic images revealed the presence of carotenoid crystals in the size range of 0.5–4 μm
evenly dispersed in the carrier matrix. The detected amount of SC shows that considerable fractions of
the carotenoids, were not effectively encapsulated in the matrix, but present on the particle surface
after drying (Tables 2 and 3).

Table 2. Carotenoid recovery (CRec), surface carotenoid (SC) content after production, and carotenoid
retention (CRet) after 91 days storage (35 ◦C, air) of carrot concentrate powders produced without
added antioxidants.

Sample Code CRec (%) SC (%) CRet (%)

SD-Ref 99.4 ± 0.8 e 29.2 ± 1.3 e,d 44.9 ± 0.8 c

FD 98.9 ± 1.3 c,d,e 26.3 ± 3.9 d,e 12.3 ± 2.1 a

SD-no-HPH 98.3 ± 0.4 c,d 32.9 ± 0.8 f 38.1 ± 0.5 b

SD-E 97.1 ± 0.5 a,b 14.1 ± 2.5 a 66.0 ± 5.4 h

SD 50% GA 98.8 ± 0.7 d,e 23.6 ± 1.0 c,d 52.6 ± 1.2 d

SD 100% GA 95.9 ± 0.8 a 19.6 ± 0.6 b,c 60.1 ± 1.3 e

SD 50% OSA 99.4 ± 0.5 e 16.3 ± 0.6 a,b 54.6 ± 1.2 d

SD 100% OSA 98.0 ± 0.5 b,c,d 12.2 ± 0.1 a 61.6 ± 1.3 e

Means within the same column followed by different letters are statistically significant different (p ≤ 0.05).

Table 3. Carotenoid recovery (CRec), surface carotenoid (SC) content after production, and carotenoid
retention (CRet) after 91 days storage (35 ◦C, air) of carrot concentrate powders produced with different
levels of antioxidants.

Sample Code CRec (%) SC (%) CRet (%)

SD-Ref 1 99.4 ± 0.8 c 29.2 ± 1.3 c,d 44.9 ± 0.8 a

SD-Toc-low 97.8 ± 0.2 a,b 25.4 ± 0.6 a 52.5 ± 0.5 c

SD-SA-low 96.8 ± 0.5 a,b 26.5 ± 0.8 a,b 49.7 ± 0.6 b

SD-Toc-high 97.2 ± 1.0 a 28.5 ± 1.0 b,c 59.8 ± 1.8 e

SD-SA-high 97.7 ± 0.5 a,b 25.1 ± 0.7 c 54.1 ± 1.9 c,d

SD-Toc-SA-low 98.8 ± 1.2 b,c 28.2 ± 2.0 b,c 49.3 ± 0.4 b

SD-Toc-SA-high 97.8 ± 1.4 a,b 30.1 ± 0.3 d 60.2 ± 1.3 e

1 SD-Ref values are included for direct comparison and represent the same dataset as in Table 2. Means within the
same column followed by different letters are statistically significant different (p ≤ 0.05).
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3.2. Impact on Processing on Carrot Carotenoid Content and UV/Vis Absorbance

The recovery of total carotenoids (CRec) in the produced powders can be derived from Tables 2
and 3. A high carotenoid recovery of >95% was measured in FD and SD powders, indicating a high
stability of the carrot carotenoids throughout both drying processes. CRec was significantly lower
(p ≤ 0.05) in the powder collected from the spray-drying chamber (SD-E), although the small difference
compared to SD-Ref was surprising (<3%) considering that SD-E was continuously exposed to the hot
air flow during powder production.

These results are in contrast with high degradation rates of carotenoids during sample production
reported by some authors. In spray drying β-carotene crystal dispersions with maltodextrin as a carrier,
Desobry et al. [17] measured a process loss of total carotenoids of 11%. Even higher values of up to 85%
carotenoid degradation were ascribed to the spray drying process when β-carotene nano-emulsion
was dried, in a recent study [18]. Nevertheless, the high CRec is reasonable as carotenoids degrade
typically upon high or prolonged heat impact, which is limited during spray and freeze drying when
product recovery is rapid after drying. Additionally, the presence of carrot derived antioxidants such
as tocopherols as well as the initial supramolecular structure, might increase the stability of carrot
carotenoids during processing [7,19].

UV/Vis spectra derived from measurement of the carrot concentrates in concentrated sugar
solution, corresponded well with the in situ UV/Vis spectra of carotenoids in carrot tissue [8]. The
difference between the spectra of the concentrate and the powders were generally low, indicating
that the carotenoids retained their naturally occurring state during processing. Variations were
most pronounced between powders produced by the two different drying technologies. In Figure 4
the differences in the UV-Vis spectra of a FD powder and a SD-Ref is shown. At equal carotenoid
concentrations (TC = 1.94 ± 0.02 mg/g and 1.93 ± 0.3 mg/g in the SD and FD powder respectively),
absorbance intensity of the monomeric carotenoid fraction SD powders compared to FD powders,
while FD powders showed a higher absorbance around 539 nm. The observed changes from FD to SD
powders suggest an increased dissolution of β-carotene crystals in the SD samples [7].

Figure 4. UV/Vis spectra of carrot concentrate powder after spray drying (solid line) and freeze drying
(dashed line).

3.3. Impact of Ambient Oxygen on the Carotenoid Degradation during Storage

To determine the impact of ambient oxygen on carotenoid degradation during storage, samples
with and without antioxidants were additionally stored in a nitrogen atmosphere. The oxygen level
in the nitrogen flushed packaging was below 1% for all discussed results. The CRet in SD-Ref was
97.0% ± 0.5% after 91 days storage at 35 ◦C, which was surprisingly high considering that nitrogen
flushing was not expected to remove residual oxygen within the particle vacuoles and pores. No
decrease in carotenoid content was detected in powders stored in the nitrogen flushed packaging
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containing low levels of mixed AO (SD-Toc-SA-low). In contrast, CRet was below 66.0% ± 5.4% for
all powders stored at ambient atmosphere as shown in Tables 2 and 3. The availability of external
oxygen can thus be regarded as main factor in the initiation and promotion of carotenoid degradation
during storage at 35 ◦C. This is in agreement with observations made by Stevanovich and Karel [20]
who investigated β-carotene degradation kinetics in dry model systems. The authors concluded in
their study that oxygen diffusion through the different layers of the dry particle is a limiting factor for
carotenoid degradation.

Despite the high stability at oxygen free storage, the presence of lipid dissolved oxygen, and
oxygen enclosed within particle pores cannot be excluded in the tested carrot concentrate powders.
Both factors have shown to accelerate lipid oxidation during the storage in SD powders [21]. However,
the effect on the CRet was negligible in the tested carrot concentrate powders. Endogenous antioxidants
of the carrot components [19] might have protected the carotenoids within the powders from the effect
of dissolved or enclosed oxygen or other reactive species and thus contributed to the measured CRet.

While no significant changes in the TC were detected in SD-Toc-SA-low samples, when stored
with exclusion of ambient oxygen, small changes in the macromolecular conformation could be derived
from the comparison of UV-Vis spectra, before and after the storage at 35 ◦C (Figure 5). A simultaneous
increased absorbance after storage at 539 nm and decrease in absorbance at 450–460 nm was observed.
The observed shift was low, but significant (p ≤ 0.05) and is a strong indicator for aggregation of
carotenoid molecules [22]. We therefore conclude that some carotenoids which are monomolecular
after spray drying, aggregate or assemble to crystals during storage in the carrot concentrate powders.
However, the observed effect was minor and implications for the bioavailability and color hue need to
be assessed in order to estimate the relevance of the carotenoid aggregation for product quality.

Figure 5. UV/Vis spectra of a spray dried carrot concentrate powder containing mixed tocopherols and
sodium ascorbate as antioxidants (SD-Toc-SA-low) after production (A), after storage in air (B) and
after storage in nitrogen flushed packaging (C) for 91 days at 35 ◦C.

3.4. Encapsulation Efficiency and Drying Process as Impact Factors for Carotenoid Retention during Storage

When stored under ambient atmosphere, degradation of surface carotenoids (SC) as well as
encapsulated carotenoids occurred in all samples, with a significant faster degradation of SC (p ≤ 0.05).
In samples produced with MD as carrier and without additional AO, the amount of remaining SC after
storage ranged from 2.6% to 4.9% of the initial value. Although slower, also carotenoids enclosed in the
particle matrix (EC) degraded. This implies that oxygen diffusion must also have occurred throughout
the particle matrix, initiating degradative reactions of EC in all tested samples. Figure 6 shows
the carotenoid retention of powders produced without antioxidants as a function of encapsulation
efficiency. CRet increased with increasing EE of spray dried particles but varied widely between
particles produced by differing drying methods.
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Figure 6. Carotenoid retention (CRet) in carrot concentrate powders after storage (91 days, 35 ◦C, air)
as a function of the encapsulation efficiency (EE). Each data point represents the mean of a triplicate
analysis. Error bars fall below the size of the symbols in some cases.

After storage (91 days, 35 ◦C, air), 87.5% ± 1.3% of the carotenoids were degraded in FD
powders while only 44.9% ± 0.8% were degraded in the SD-Ref. Other authors have shown that the
microstructure and inner porosity of FD particles, influences the diffusion of oxygen through the dried
particle and thus the oxidation of an encapsulated component [23]. The fast oxidation of carotenoids
in the FD matrix compared to the SD powder is likely to be caused by increased mobility of external
oxygen in the porous FD particle [24]. Contrary, carotenoids in powders collected from the drying
chamber of the spray dryer (SD-E) showed a significant higher stability during storage compared
to the powders collected after the cyclone separator (p ≤ 0.05). This result was surprising, since
SD-E powders were subjected to increased heat during production. However, SD-E powder particles
were also significantly larger compared to powder particle collected after the cyclone separator. The
superior size of SD-E particles, most likely, provided increased protection to oxygen diffusion during
storage, due to their lower specific surface area, and increased particle wall diameter [25]. Additionally,
Maillard reaction products might have been produced during the prolonged heat impact, which would
exhibit antioxidant activity, resulting in a combined effect of newly formed antioxidants and improved
physical barrier in SD-E powders [26].

3.5. Impact of Functional Additives on the Stability of Carotenoids in Carrot Concentrate Powders

3.5.1. Effect of Surface-Active Carrier

The substitution of 50% and 100% of MD with a surface-active carrier (GA or OSA-starch),
generally improved the EE, as well as the CRet (Table 2). GA and OSA-starch have shown to positively
influence the physical properties carotenoid-rich spray dried plant extracts and concentrates [27].
However, the reported effect on EE and shelf life of plant concentrate powders in comparison to a
non-surface active maltodextrin varies widely and is thus currently not conclusive [28].

The substitution of MD with OSA-starch and GA improved the EE and CRet significantly with
higher concentration (100% substitution) being more beneficial. The fraction of surface carotenoids
was reduced from 29.2% ± 1.3% (w/w) for maltodextrin-based powders to 19.6% ± 0.6% (w/w) and
12.2% ± 0.1% (w/w) GA and OSA-starch respectively, which further influenced the retention of total
carotenoids (CRet) during storage (Table 2). OSA-starch was more effective in reducing surface
carotenoids compared to GA, whereby the higher resulting EE did not lead to a higher CRet after 91
days storage.
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In the encapsulation of active components by means of emulsification and spray drying, GA and
OSA-starch have shown to improve the oxidation stability compared to maltodextrin, which is ascribed
to their function as emulsifiers, their film forming properties during the drying process and in cases
superior barrier properties [29,30]. Both, OSA-starch and GA contain a polysaccharide backbone and
lipophilic side chains which attach to the lipid/water interface and enable the production of emulsions
with small droplet size.

A small droplet size distribution of emulsions prior to spray drying has shown to be a main impact
factor for EE with smaller droplets leading to a higher EE [31]. In SD emulsions which are stabilized by
additional emulsifiers, GA has shown to be of no advantage concerning EE and oxidation stability
compared to MD [32]. This indicates that the emulsifying properties of the surface active material are
mainly beneficial in systems lacking other surface active components. A corresponding mechanism of
GA and OSA-starch for the stabilization of crystalloid or particulate active ingredients during spray
drying is likely but cannot be derived from current scientific literature. The proposed stabilizing
mechanism of OSA-starch and GA in the carrot concentrate powders is the structural stabilization
of small carotenoid crystals or residue lipid fractions during the processing. While this hypothesis
is supported by the lower amount of SC in samples with GA and OSA-starch, a smaller PSD of the
carotenoid containing phase in the respective samples was not unambiguously established.

3.5.2. Effect of Antioxidant Addition

The CRet of the SD sample produced with various levels of antioxidants are shown in Table 3.
Antioxidants reduced the carotenoid degradation in encapsulated carotenoids (EC) and surface
carotenoid (SC) fraction, resulting in significantly higher CRet after storage in samples produced
with AO (p ≤ 0.05). Notably, the effect was more pronounced in SC compared to EC. The addition
of antioxidants decreased the degradation of SC resulting in a retention of SC ranging from 8.1% to
44.5% compared to 2%–4% in samples without AO. The highest retention of SC was measured in
SD-Toc-SA-high samples (44.5% ± 1.2%) and the lowest in SD-SA-low (8.1% ± 2.0%), indicating that
the high levels chosen for this study were effective for reducing the oxidation of the most exposed SC.
Surprisingly, the retention of EC in samples produced with low levels of antioxidants did not differ
significantly (p ≤ 0.05) from the retention of EC in the SD-Ref and only an increase from 62.8% ± 2.5%
in SD-Ref to a maximum of 74.2% ± 3.2% in samples produced with high levels of antioxidants was
observed. Similar observations were made by Velasco et al. [33] who tested the effectivity of an
antioxidant system (ascorbic acid, lecithin, and tocopherol) on encapsulated and surface fat of spray
dried fish oil emulsions. In their study, the tested antioxidant system effectively reduced lipid oxidation
of the surface oil fraction while no significant effect on the encapsulated oil droplets could be observed.
Further studies of this working group support their initial observation of the heterogeneous aspect of
lipid oxidation in dried dispersed systems [34].

An additive or synergistic effect of Toc and SA, which is often described for bulk oil or emulsion
systems, was not observed in this study. After the storage period, the UV/Vis spectra of samples
with high amounts of antioxidants showed significant differences in the absorbance at 460 nm at
similar carotenoid concentrations, compared to samples spray dried with a surface-active carrier when
measured in sugar solution. In Figure 7 the UV/Vis spectra of a sample produced with Toc and SA
and a sample produced with OSA-starch as carrier material are compared. The sample containing
antioxidants shows a pronounced higher absorbance at 460 nm compared to the sample stabilized
with OSA-starch and GA, which cannot be explained by a higher total carotenoid content. A possible
explanation would be that the tested antioxidants have a stronger protective effect on the carotenoid
fraction dissolved in the carrot concentrate powder compared to the crystalline fraction.
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Figure 7. Variation in UV/Vis spectra of spray dried carrot carotenoids formulated with antioxidants
(mixed tocopherols and sodium ascorbate) and maltodextrin as carrier material (SD-Toc-SA-high) and
no antioxidants and octenyl succinic anhydride-modified starch as carrier material (SD 100% OSA)
after storage (35 ◦C, 91 days, air).

The mechanism and synergism of the tested antioxidant system was thoroughly investigated
for bulk oils and emulsions while comprehensive data on their efficacy and mechanism of action in
dried systems is still deficient [35]. Recent studies on the mechanism of anti- and pro-oxidants in dried
dispersed systems indicate that their respective mechanism and efficacy can vary widely compared to
liquid systems [36,37]. Possible reasons are the decreased mobility for all components, the increased
role of physical barriers which govern oxygen diffusion, and the increased contact area with ambient
oxygen in dry products. In a complex food system like dried carrot concentrate, variable factors can
impact the lipid or carotenoid oxidation including interfacial areas between carotenoid crystals and
the carrier and an uneven distribution of antioxidants throughout the system.

4. Conclusions

Crystalline carrot carotenoids showed high stability during slurry processing and drying, followed
by pronounced degradation during storage in the presence of oxygen. Of the tested strategies for
carotenoid stabilization, the exclusion of oxygen clearly had the most profound effect on carotenoid
stability during storage. In conclusion, carotenoid degradation in differently stored samples was
mainly promoted by ambient oxygen and its diffusion through the matrix. Freeze drying had the
most pronounced, but negative, effect on the storage stability of the powders when it was used as
alternative technology instead of spray drying. A possible explanation is the increased inner porosity
of FD samples compared to SD samples which provides lower protection for the carotenoids towards
ambient oxygen. The large differences in carotenoid retention in SD and FD powders indicate a high
impact of the particle morphology on the embedded carotenoids.

Added functional ingredients were effective in reducing the degradation of crystalline carotenoids
but showed clear limitations. The substitution of MD as standard carrier with a surface-active carrier
(GA or OSA-starch) reduced the initial amount of surface carotenoids (SC) which resulted a higher
carotenoid retention during storage. However, even in samples with solely GA or OSA-starch more
than 38% of the carotenoids were degraded after 3-month storage (35 ◦C) demonstrating that additional
protective measures are necessary for encapsulated carotenoids in order to inhibit degradation.
Antioxidants showed to be effective to improve CRet, especially when applied in high concentration
of 2500–5000 μg/g, but were not able to inhibit carotenoid degradation when exposed to ambient
oxygen. Further research is needed in order to elucidate the interaction of carotenoid crystals in a
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dried, dispersed system and added antioxidants as well as to find optimized concentrations. In order
to reach a higher shelf-stability at ambient environment of functional carrot concentrate powders, a
combined approach with an optimized particle morphology as well as carrier and antioxidant system
should be considered.

This study successfully revealed the role of different impact factors for the stabilization of
carotenoids in powders made from vegetable concentrates. Furthermore, an appropriate method for
the analysis and identification of crystalline carotenoids within the complex matrix of plant concentrates
was developed. The results obtained form the basis for further research and formulation for the
production of high-quality functional food systems.
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Figure A1. Correlation between the specific absorbance of carrot concentrate powders after extraction
in sunflower oil and total carotenoids determined by solvent extraction in hexane. Sample points
represent the mean of a triplicate analysis.
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Abstract: The objective of this work was to optimize pulsed electric field (PEF) or ohmic heating (OH)
application for carrot and apple mashes treatment at different preheating temperatures (40, 60 or
80 ◦C). The effect of tissue disintegration on the properties of recovered juices was quantified, taking
into account the colour change, the antioxidant activity and the enzyme activity of peroxidase (POD)
in both carrot and apple juice and polyphenol oxidase (PPO) in apple juice. Lower ΔE and an increase
of the antioxidant activity were obtained for juice samples treated with temperature at 80 ◦C with or
without PEF and OH pretreatment compared with those of untreated samples. The inactivation by
90% for POD and PPO was achieved when a temperature of 80 ◦C was applied for both carrot and
apple mash. A better retention of plant secondary metabolites from carrot and apple mashes could be
achieved by additional PEF or OH application. Obtained results are the basis for the development of
targeted processing concepts considering the release, inactivation and retention of ingredients.

Keywords: PEF; OH; POD; colour; extraction

1. Introduction

Low-intensity pulsed electric field (PEF) can enhance the mass transfer during extraction by
increasing cell membrane permeability, known as electroporation. Therefore, PEF treatments can
enhance the release of specific intracellular compounds from plant tissues [1–4].

At the same time, ohmic heating (OH) as an alternative thermal pretreatment could be used
prior to extraction. The volumetric energy dissipation and the rapid and uniform heating represent
advantages, especially for viscous particulate products such as fruit or vegetable mash [5]. In addition,
the short processing times during the OH treatment may cause less degradation of colour- and
heat-sensitive substances.

In plant cells, antioxidant compounds are mainly located in the vacuoles, whereas the enzymes
peroxidase (POD) and polyphenoloxidase (PPO) are found in plastids [6].

Processing of plant tissues compromises the internal compartmentalization that allows the contact
between degradative enzymes and their substrates (phenolic compounds), implying the reaction
known as enzymatic browning. In the case of POD, phenolic compounds are oxidized at the expense of
H2O2, leading to flavour changes [7]. Instead, PPO is an oxidoreductase which catalyses the oxidation
of phenolic compounds in o-quinones, which are subsequently polymerized into brown pigments [8].
Therefore, the inactivation of POD and PPO enzymes is a crucial prerequisite and indicator of quality
in the processing of fruit and vegetables.

Foods 2019, 8, 247; doi:10.3390/foods8070247 www.mdpi.com/journal/foods37
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Moreover, the activation of enzymes, including an increased release and the enhancement of
enzymatic reactions by the cell disintegration applied at early stages during fruit and vegetable
processing might be a limitation for the shelf-life of recovered juices. Thermal treatment has been used
in order to reduce the enzyme activity, but it causes negative effects on quality and related nutritional
compounds [9]. Nonthermal food preservation technologies are considered to be more efficient in terms
of required energy and in terms of avoiding heat-induced changes of colour, flavour and nutritional
value [10]. However, enzyme inactivation achieved during the nonthermal preservation of juices is
rather limited [11].

Carrot and apple are good sources of carotenoids and phenols, which are located in the
chromoplasts and in the vacuoles of the plant cells, respectively [12,13]. They are considered to
provide health benefits due to the antioxidant properties that also contribute to the colour and sensory
quality of fresh and processed products [14].

To promote the selectivity of the extraction of bioactive compounds from plant tissues, pulsed
electric field [15–17] and ohmic heating [18,19] treatment have been already investigated.

Bhat et al. [18] applied thermal and OH treatment (60–90 ◦C; 1–5 min) to bottle gourd and
compared the effects on total phenolic content and colour of obtained juices. The total phenolic content
increased with OH and thermal application at 80 ◦C for 4 min and 90 ◦C for 5 min, respectively, and
the best colour retention was observed for OH-treated juice at 80 and 90 ◦C.

Saxena et al. [20] reported the effect of OH treatment on PPO activity in sugarcane juice. A high
PPO inactivation was observed by applying 32 V/cm at 90 ◦C for 5 min.

However, for the optimization of the PEF and OH process parameters with regard to reducing the
energy requirement and process time and increasing yield and quality, more information is required.
Subsequently, the impact on enzyme activity and the recovery of bioactive compounds from the raw
material need to be investigated. A first part of the study focused on juice yield and selected ingredients
extraction by taking into account the induced cell disintegration effects [21]. This second part of the
work aimed at understanding the effects of PEF and OH treatments on antioxidant properties, colour
and enzyme activity such as peroxidase (POD) for both juices and polyphenoloxidase (PPO) for apple
juice. The optimization of the two processing technologies was performed by the modulation of process
parameters as well as treatment temperatures, by applying a preheating step (40, 60 or 80 ◦C) in order
to evaluate the effects of thermal and electric field on antioxidant and enzyme activity of recovered
apple and carrot juices.

2. Materials and Methods

2.1. Plant Raw Material and Mash Preparation

Raw materials (carrots and apples) were bought from the local market in Vienna (Austria).
They were washed and cut into smaller pieces. A mill (Alexanderwerk, Remscheid, Germany) with
replaceable stainless-steel screens with a grinding level of 2 mm for carrots and 5 mm for apples was
used in order to produce the mash.

2.2. Mash Pretreatment and Juice Production

For PEF treatment of apple and carrot mash, a batch PEF system (DIL, Quakenbrück, Germany)
was used. The distance between parallel plate electrodes in the treatment chamber was set to 5 cm.
50 exponential decay pulses (discharge capacity 0.5 μF, pulse energy 4 J, pulse width 10 μs) were
applied to 400 g of mash. The output voltage was set to 4 kV in order to achieve in the treatment
chamber an electric field strength of 0.8 kV/cm. A total specific energy input (Wspecific) of 0.5 kJ/kg
was applied. The total treatment time of 0.5 ms was calculated by multiplying the pulse width with
the number of pulses.

OH treatment was performed in the same treatment chamber as for the PEF treatment by using
a generator (DIL, Germany) to apply the electric field (1.1 A, 572 V, 12 kHz, 0.6 kW), resulting in an
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electric field of 114 V/cm. Different temperature–time profiles were acquired depending on the selected
temperatures for the different carrot and apple mashes [21].

For preheating to the different initial temperatures (40, 60 and 80 ◦C), microwave (MT 267,
Whirlpool, München, Germany) heating with a power of 850 W was applied for different predefined
times. Temperatures were measured with a PT100 thermocouple directly during the treatment [21].

After the different pretreatment, all mash batches were cooled to room temperature and pressed
using a manual laboratory juice press (Hafico, Germany) with textile cloth; eleven juice samples were
obtained for both carrot and apple, in three replicates each (Table 1).

Table 1. Overview on mash-treatment conditions applied for apple and carrot mash. Pulsed electric
field (PEF), ohmic heating (OH).

Treatment Sample Wspecific (kJ/kg)

Untreated Control 0
PEF at 20 ◦C PEF (20 ◦C) 0.5

Preheating 40 ◦C + PEF 40 ◦C-PEF 192.5
Preheating 60 ◦C + PEF 60 ◦C-PEF 382.5
Preheating 80 ◦C + PEF 80 ◦C-PEF 765.5
OH from 20 ◦C to 40 ◦C (20 ◦C–40 ◦C) OH 110
OH from 20 ◦C to 60 ◦C (20 ◦C–60 ◦C) OH 222
OH from 20 ◦C to 80 ◦C (20 ◦C–80 ◦C) OH 355

Preheating 40 ◦C + OH to 80 ◦C 40 ◦C–80 ◦C OH 402.5
Preheating 60 ◦C + OH to 80 ◦C 60 ◦C–80 ◦C OH 497.5

Preheating 80 ◦C 80 ◦C 765

The obtained juices were evaluated regarding different analytical parameters. Colour measurement
was performed directly in the fresh juice. For the determination of antioxidant activity (DPPH and
ABTS method) and enzymatic activity such as peroxidase (POD) for both juices and polyphenol
oxidase (PPO) for apple, juice samples were preserved in the frozen storage (−30 ◦C) until their use for
the analysis.

2.3. Colour Measurements

Juice colour was measured using a Digieye colour measurement system (Verivide, UK). For each
juice sample, L*, a* and b* parameters from CIELAB scale were measured. Total colour difference
ΔE between untreated and treated juice samples and browning index (BI, for apple juice only) were
calculated by equations (1) and (2), respectively. It has to be stated that the untreated juice showed a
high degree of colour change due to oxidation and enzymatic browning. Hence, larger ΔE values, i.e.,
larger deviations from the untreated juice represent the preferred colour for high-quality juices.

ΔE =
√

ΔL2 + Δa2 + Δb2, (1)

BI =
[(100(x− 0.31)]

0.172
(2)

where:
x = (a + 1.75L)/(5.645L + a− 3.012b) (3)

The colour analyses were carried out in fifteen repetitions from each carrot and apple juice sample.

2.4. Antioxidant Activity (DPPH and ABTS Method)

The carrot and apple juices were centrifuged for 15 min at 10000 × g in a centrifuge (Eppendorf,
Germany). The supernatants were for the antioxidant activity analysis by two methods, DPPH
and ABTS.
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The DPPH scavenging activity was evaluated according to [22]. A spectrophotometer (Photometer
model U-1100, Hitachi, Ltd. Tokyo, Japan) set at wavelength of 517 nm was used to measure the
absorbance. Quantification of the antioxidant activity was made by plotting a Trolox calibration curve
(r2 = 0.9880), and the results were expressed as mmol Trolox/L of juice.

The ABTS+▪ scavenging activity was carried out as described by [23]. The absorbance was
measured with a spectrophotometer (Photometer model U-1100, Hitachi, Ltd. Tokyo, Japan) at 734 nm
for a total time of 6 min. The results were expressed as mmol Trolox/L of juice by the quantification
with Trolox standard curve (r2 = 0.9946).

The values obtained are the average of three replicates from each juice sample.

2.5. Enzyme Activity

2.5.1. POD Assay

Carrot and apple juices were centrifuged at 10,000 × g and 4 ◦C for 15 min. The supernatant was
collected and analysed for POD activity at 470 nm and 25 ◦C, as described by [24]. The enzymatic
extract was obtained by mixing 6.25 mL of juice sample with 12.5 mL of cold potassium phosphate
buffer 0.1 M (pH 6.5) for 2 min. The POD substrate solution was prepared by mixing 0.1 mL of 99.5%
of guaiacol, 0.1 mL of 30% of hydrogen peroxide and 99.8 mL of 0.1 M of potassium phosphate buffer
(pH 6.5). POD activity was assessed by adding 150 μL of enzymatic extract to 3.35 mL of substrate
solution in 10 mm pathlength glass cuvettes. POD activity for carrot and apple juice was calculated
based on the slope (ΔA/min) of the linear portion of the plot of absorbance compared with time. An
enzyme unit is defined as the enzyme activity that catalyses the conversion of 1 μmol of substrate into
product in one minute.

2.5.2. PPO Assay

4-Methylcatechol 80 mM prepared in Mcllvaine’s buffer solution at pH 7.5 was used as substrate,
and 12.5 mL of cold Mcllvaine’s buffer solution at pH 7.5 was added to 6.25 mL of enzymatic extract.
PPO activity for apple juice was determined by reading the absorbance at 420 nm and 25 ◦C and
calculated on the basis of the slope of the linear portion of the curve (ΔA/min). An enzyme unit is
defined as the enzyme activity that catalyses the conversion of 1 μmol of substrate into product in
one minute.

2.6. Data Analyses

The obtained data were analysed using parametric analysis of variance (ANOVA) using Tukey’s
HSD post-hoc test, performed with confidence level (p < 0.05). Conversely, when the normality of
the distribution and the homogeneity of the variances were not satisfied, nonparametric ANOVA
(Kruskal–Wallis) along with Holm’s post-hoc tests were carried out (p < 0.05). All the statistical analyses
were performed by using R statistical software R x64 3.4.3 (R foundation for statistical computing,
Vienna, Austria).

3. Results and Discussion

3.1. Colour

Colour changes represent an indicator for enzymatic browning, as well as for process-induced
browning due to heat-induced formation of Maillard products. Total colour variation (ΔE) between
untreated and treated carrot and apple juice samples was analysed and is shown in Figure 1.
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Figure 1. Total colour variation—ΔE between apple and carrot juices obtained from untreated and
treated mash. Different letters indicate significant differences (p < 0.05) between samples.

Larger ΔE values represent a positive deviation from the untreated control sample that showed
undesired browning due to enzyme activity and oxidation.

Juices from both raw materials pretreated at 80 ◦C with or without PEF showed higher ΔE values
compared with those of control samples. According to the classification of [25], ΔE changes above 6
indicate great visible changes. The increase in ΔE reflects the increase in the lightness and decrease in
the a* value of samples [26]. Since the untreated juice, which is considered as control sample in this
case, showed unwanted browning and colour change due to enzyme activity and oxidation, higher ΔE
values, i.e., higher deviation from the control juice colour indicated beneficial quality.

Lower ΔE values were observed for mash pretreated with PEF at room temperature and at 40 and
60 ◦C with OH.

The lowest ΔE values (4.36–5.49) were observed for preheated juice samples at 40 ◦C and 60 ◦C
coupled with PEF, and the highest total colour differences were observed for samples preheated to
80 ◦C with or without additional PEF treatment (18.49 and 17.15, respectively).

The detected ΔE values between untreated and treated samples were even more pronounced for
carrot compared with those for apple juice. In general, for both juices, higher L* values promoted also
higher total colour differences compared with those of the control one. The browning index (BI) is a
common parameter to describe colour and juice quality for apple. A decrease of the BI was found
for apple samples preheated at 80 ◦C, coupled with or without PEF or OH treatment, in which was
observed to reach BI from 115 to 119, compared with the untreated juice with much higher values of
142 (Figure 2).

Bhat et al. [18] reported similar results for bottle gourd treated with OH at 80 ◦C for 1 and 2 min
(BI of 111 and 101, respectively). The progressive decrease in BI with increasing treatment temperature
in apple mash indicates the relevance of enzymatic browning in untreated samples and the role of the
temperature during mash treatment for the avoidance of unwanted reactions.

The main groups of pigments that are responsible for the characteristic colours in fruits and
vegetables are carotenes and carotenoids, anthocyanins, chlorophylls and phenolic compounds.
The main enzymes involved in biochemical degradations of plant compounds are peroxidase and
polyphenoloxidase [6]. Moreover, another main cause of brown colour formation is nonenzymatic
browning occurring in vegetable and fruit products. However, in the current study, the benefit from
short-time thermal treatment of the juice of up to 80 ◦C for the inactivation of oxidative enzymes was
more pronounced than the occurrence of detrimental colour changes due to nonenzymatic browning.
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Figure 2. Browning index—BI in apple juice obtained from pretreated apple mash. Different
letters indicate significant differences (p < 0.05) between samples. pulsed electric field (PEF); ohmic
heating (OH).

3.2. Antioxidant Activity (DPPH and ABTS Method)

Figures 3 and 4 report the results of antioxidant activity, obtained with DPPH and ABTS antiradical
activity methods, of differently obtained carrot and apple juices, respectively.

 
Figure 3. Antioxidant activity (DPPH and ABTS method) of carrot juices obtained from pretreated
mash. Different letters indicate significant differences (p < 0.05) between samples.
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Figure 4. Antioxidant activity (DPPH and ABTS method) of apple juices obtained from pretreated
mash. Different letters indicate significant differences (p < 0.05) between samples.

For carrot juice (Figure 3), a significantly higher antioxidant activity was obtained for carrot juices
preheated to 80 ◦C with or without additional PEF or OH treatment with the ABTS method. Higher
retention of bioactive compounds with DPPH method was observed for carrot mash pretreated at
80 ◦C coupled with PEF treatment. However, detected with DPPH method, the application of OH
treatment reaching 40 and 60 ◦C reduced the antioxidant activity, in comparison with that of juice from
the untreated control carrot mash. With ABTS method, no significant difference was found (Figure 3).

Significantly higher antioxidant activity, detected with both DPPH and ABTS methods, was
obtained for apple juices preheated to 80 ◦C with or without additional PEF or OH treatment
(Figure 4). Instead, OH reaching 40 ◦C and 60 ◦C reduced the antioxidant activity, with both used
method, compared with that of the apple control juices, which might be due to the activation of
degradative enzymes, such as peroxidase and polyphenoloxidase that lead to bioactive compounds’
oxidative degradation.

Fruits and vegetables are good sources of natural antioxidants, containing carotenoids, vitamins,
phenolic compounds, flavonoids, dietary glutathione and endogenous metabolites. However, the
majority of the antioxidant activity of fruits and vegetables is derived from phenolic compounds
(hydroxycinnamic acids, flavan-3-ols, anthocyanidins, flavonols and dihydrochalcones) rather than
vitamin C and E, or β-carotene, due to their stronger activity against peroxil [27]. The peroxidase and
polyphenoloxidase enzymes lead to the degradation of phenolic compounds and a subsequent loss of
nutritional and sensorial values such as browning and off-flavour [28]. Moreover, heat treatment may
influence the binding properties of bioactive compounds causing their higher release, but at the same
time increase enzymatic or nonenzymatic degradation processes that can cause subsequent negative
effects on quality of processed products [15].

In fact, higher temperature leads to the inactivation of the oxidative enzymes, thus reducing
degradation effects and resulting in higher antioxidant activity in the juice. Moreover, additional effects
other than those from thermal treatment need to be taken into account, since the electropermeabilization,
induced by PEF and OH treatment, may contribute to the increased release of antioxidant compounds.

The detected difference between the two different methods used could be due to the fact that
DPPH method is more sensitive to detect flavanones, while ABTS for the radical scavengers such as
vitamin C [29].
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For carrot and apple juice, PEF treatment without preheating did also not affect the extractability
of bioactive compounds, which is in accordance with Shilling et al. [15], who reported no significant
differences on total antioxidant activity between control and PEF-treated apple mash for different
electric fields (1, 3 and 5 kV/cm).

3.3. Enzyme Activity

3.3.1. POD Activity

Process pretreatment for the juice production is an important operation in order to improve
the quality of the vegetable and fruit raw materials as well as to avoid the activation of degradative
enzymes such as POD and PPO that consequently provoke pigments and nutrients loss [30].

Peroxidase (POD) activity for differently obtained carrot juice is shown in Figure 5.
y y j g

 
Figure 5. Peroxidase (POD) activity in carrot juice obtained from pretreated mash. Different letters
indicate significant differences (p < 0.05) between samples.

This study revealed that the effect of only PEF treatment at 20 ◦C and 40 ◦C preheating could
not reduce the activity of POD in both carrot (Figure 5) and apple juice [26], while for the samples
preheated at 60◦C, the reduction of POD activity was observed.

The highest POD inactivation could be reached by preheating to 80 ◦C with and without additional
PEF or OH treatment. All pretreatment conditions with temperature at or up to 60 ◦C and 40–80 ◦C
by OH treatment led to a decrease in POD activity in the carrot juice, while for apple juices, a greater
reduction of the activity (from 50% to 90%) was achieved by 60 and 80 ◦C preheating temperatures
with and without additional PEF or OH application. Enzyme inactivation in the juice, after higher
PEF treatment intensities, for microbial inactivation and preservation purposes, is mainly related
to secondary effects such as local temperature distributions, electrochemical reactions or formation
of free radicals, instead of primary effects of electric field. For the treatment of mash, the PEF
treatment intensity can be considered 10-fold lower and having no direct effect on fruit and vegetable
mash ingredients.

POD activity decreased with increasing temperature, and almost no POD activity was detected in
juice extracted when the treatment temperature reached 80 ◦C, especially in apple juice samples. High
temperature leads to an increase in the internal energy of the enzymes, thus consequently causes the
break of bonds that determine the three-dimensional structure of enzymes [18].
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Moreover, with the increasing of temperature, the enzyme activity decreased and required a
particular temperature–time combination for complete inactivation. Inadequate temperature led to a
decrease in the enzyme activity time rather than complete inactivation, which may cause browning
effect. In fact, Bhat et al. [18] reported similar results for OH-treated bottle gourd juice, where the
temperature of 60 and 70 ◦C seemed to be not enough for complete enzyme inactivation, which instead
was observed at 80 ◦C for 4 min.

Icier et al. [31] showed that OH treatment could be used for POD inactivation on pea puree at
the range of 30–50 V/cm combined with the water blanching. Elez-Martínez et al. [32] reported a
completely POD deactivation in orange juice after the application of PEF treatment at 35 kV/cm for
1500 μs.

Moreover, the variations of colour for carrot and apple juice pretreated with 80 ◦C with both
PEF and OH applications could be explained by the decrease of enzyme activity, in fact, a correlation
between colour and POD activity was found to be 0.8902 and 0.5166, respectively, for carrot and
apple juice.

3.3.2. PPO Activity

Polyphenoloxidase (PPO) activity of differently obtained apple juice samples is shown in Figure 6.

 
Figure 6. Polyphenoloxidase (PPO) activity of apple juice obtained from pretreated mash. Different
letters indicate significant differences (p < 0.05) between samples.

PPO is an oxidoreductase enzyme which catalyses the oxidation of phenolic compounds in
o-quinones, which are subsequently polymerized into brown pigments [33]. Heating treatment seems
to be the most effective applied treatment for the stabilization of food products against microbial and
enzyme activity. Nevertheless, thermal treatment has been shown to cause negative effects on quality
and related nutritional compounds [9]. The mechanism of enzyme inactivation is not completely clear.
Current results show empirical proof of protein modification by electrical fields [34] that may provoke
a deformation or structural change of a protein, due to the interaction between the external electric
field and the functional groups of the protein that allow its unfolding [32].

PPO activity was significantly decreased by PEF application at room temperature compared
with that of the untreated control sample. In addition, a greater inactivation was achieved when the
treatment temperature reached 80 ◦C, as well as with OH treatment and just preheating. Moreover, PPO
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inactivation was even more effective when a combination of temperatures and PEF or OH applications
were used.

Similar results were reported by Turk et al. [35]. PPO activity was reduced in apple cider mash
pretreated with PEF at 1 kV/cm for 100 μs. The loss of PPO activity could be explained also by the
inhibition of the enzyme with oxidised phenolic compounds, in particular procyanidins [36].

Previous work reported similar results for PPO deactivation; the residual PPO activity was 35%
after 14 min with OH treatment at 70 ◦C, by applying 35 V/cm in grape juice [30].

Liang et al. [37] found a significant decrease (33%) in PPO activity in freshly squeezed apple juice
when preheated at 50 ◦C and treated with PEF at 27 kV/cm for 58.7 μs.

Saxena et al. [20] found a reduction of PPO activity up to 97.8 % by applying 32 V/cm with OH
treatment at 90 ◦C for 5 min in sugarcane juice. Moreover, a greater increase in residual PPO activity
was visible at 90 ◦C by increasing the holding times of OH treatment (5, 10, 15 and 20 min). The
increase of the enzyme activity with the holding time at constant temperature was attributed to the
pulsating OH treatment that may cause biochemical reactions by changing the molecular spacing and
may result in a better interaction between substrate and enzyme [38]. A recent review on the impact of
electric fields on enzymes is provided by [39].

4. Conclusions

Obtained results emphasize the role of thermal treatment for the inactivation of enzymes, reflected
by improved colour values for juices exposed to 80 ◦C, independent of the PEF or OH application. The
inactivation of POD and PPO was more pronounced when a temperature of 80 ◦C was achieved for
both carrot and apple mash (around 90%).

However, a better retention of plant secondary metabolites from carrot and apple mashes could be
achieved by additional PEF or OH application. PEF treatment was found to improve the release of such
compounds, whereas OH contributed to a very fast volumetric heating that reduced the overall thermal
load that the sample was exposed to. Based on the results, a combination of thermal and electric field
pretreatments is required for the controlled release, inactivation and retention of ingredients. Thermal
effects contributing to the colour, bioactive compounds retention and enzyme inactivation were found
to be still important when applying nonthermal cell disintegration techniques such as PEF. However,
both electrotechnologies, PEF and OH were found to positively contribute to improved juice quality by
enhanced ingredient release and retention.
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Abstract: The loss of color pigment is an important quality factor of food products. This work
aimed to systematically study, in purified model systems, the influence of anthocyanins’ structure
(by increasing the size of the conjugated sugar) and the presence of ascorbic acid on their stability
and spectral properties during storage at two pH levels relevant to medium and high acid foods
(6.5 and 4.5, respectively). Anthocyanins (cyanidin (Cy), cyanidin 3-O-β-glucoside (Cy3G) and
cyanidin 3-O-β-rutinoside (Cy3R)) displayed first-order degradation rates, presenting higher stability
in acidic medium and enhanced stability with increasing size of conjugated sugar. The addition of
ascorbic acid resulted in significantly enhanced degradation. Changes in ultra violet visible (UV-VIS)
spectral properties presented a decrease in typical color intensity and pointed towards formation of
degradation products. Identification and kinetics of formation for cyanidin degradation products
were obtained by high performance liquid chromatography system-mass spectrometry (HPLC-MS).

Keywords: anthocyanins; ascorbic acid; UV-Vis; HPLC-MS; kinetics; shelf life

1. Introduction

Color is an important sensory characteristic that consumers rely on when making food choices,
and even the slightest changes due to processing or during shelf life can deter a potential buyer and
alter the consumer’s perception of product quality. The loss of color pigment is an important shelf life
factor for many food products, especially for those undergoing thermal treatment [1]. Anthocyanins
are a large group of natural water-soluble pigments that are responsible for red, blue and purple
colors in many fruits, vegetables, flowers, leaves, stems and roots [2,3], and their deterioration is an
important factor in loss of color in many food products [1]. The bright colors of the pigments are due
to the conjugated double bonds that are responsible for the absorption of visible light [4], and the
pH dependent equilibrium allows their utilization as natural food colorants [3,5]. These pigments
usually occur in the glycosylated polyhydroxy and polymethoxy form of 2-phenylbenzopyrylium salts
(flavylium ion skeleton). Beyond their effect on color, the increasing interest in the research of these
molecules stems from their reported various health promoting properties such as anti-inflammatory [6],
anti-cancer [7] anti-cardiovascular [8] and other bioactivities [8–11]. As members of the polyphenol
group, anthocyanins and anthocyanidins (the aglycone form of anthocyanins) possess antioxidant
properties [8,9], the conjugated sugar moiety of the anthocyanins is known to reduce the radical
scavenging activity as compared to aglycone [8,12]. It was suggested that attached sugar unit reduces
the ability of the anthocyanin radical to delocalize electrons [8].

While anthocyanins are widely occurring in food products, they tend to be unstable during
processing and storage and to be degraded and/or decolorized. Some studies explore the chemistry
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and stability of anthocyanins, mostly in fruit and vegetables and their processed products, but also in
some model systems [9,12–16]. The stability is reported to be affected by pH, temperature, chemical
structure of the pigment, concentration, solvents, oxygen, light, enzymes, etc. [2,3,9,17,18]. During
processing and storage, anthocyanins degradation increases with the rise in temperature [13,19].
At room temperature, color is reported to be stable only in acidic media. In alkaline media, cleavage
of the pyrylium ring takes place and decrease in color intensity is noticed [20]. It might be assumed
that thermal degradation of anthocyanins begins in the opening of the heterocycle and the formation
of the chalcone form [21,22]. Heating shifts the equilibrium towards the chalcone and the reversion
of chalcone to flavylium is slow to impossible [22]. Thermal degradation of anthocyanins follows
first-order reaction kinetics [23–25] and can be reduced by decreasing the pH [1,25]. Another suggested
mechanism excludes the formation of chalcone glycoside form, and by combination of heat and
pH levels (2–4) hydrolysis of the glycosidic bond occurs, followed by conversion of the aglycone to
chalcone and then to degradation products [22]. At aqueous solution at pH 2–4, temperature elevation
leads to the hydrolysis of glycosidic bond, resulting in the loss of sugar moieties of the anthocyanins,
leading to further loss of color as the anthocyanidins are much less stable than anthocyanins [20].
The presence of the sugar group is responsible for increased water solubility and stability (compared
to aglycone) [4,26], with the number of sugar rings also suggested to influence the stability [22,27,28].

Many food products, especially juices, are fortified with ascorbic acid (AA), a natural antioxidant,
to protect against oxidation and to increase the nutritional value [29,30]. AA might have several negative
influences on anthocyanins’ stability. In the presence of oxygen, AA can accelerate the degradation of
anthocyanins and enhance the formation of polymer pigment, which results in anthocyanins pigment
bleaching [29–31]. The exact mechanism is still controversial and addition of AA to anthocyanins results
in increase of the degradation rate of both molecules. The postulated mechanisms are either direct
condensation of AA with anthocyanins or formation of hydrogen peroxide and oxidative cleavage of
the pyrylium ring by peroxide [26,29,31]. In previous works, the focus of anthocyanins stability in the
presence of AA is explored in food matrixes [32,33] or with a focus on specific molecules [29,31].

The aim of this study was to explore, systematically, in purified model systems, the influence
of anthocyanins’ structure (by increasing the size of the conjugated sugar), pH (6.5 and 4.5) and
the presence of ascorbic acid on their stability and spectral properties during simulated shelf life.
The degradation was tested in purified model systems to avoid possible interferences from food matrix.
In addition, we aimed to better understand the kinetics of the formation of degradation products for
the most sensitive of the tested anthocyanins—cyanidin. To our knowledge, no other work examines
the stability of series of three molecules that differ only by the presence and type of sugar moiety,
by high performance liquid chromatography system-mass spectrometry (HPLC-MS) analysis and
quantification, monitoring of the spectral properties and identification of the degradation products in
purified system.

2. Materials and Methods

2.1. Materials

Cyanidin chloride (Cy) was purchased from Tokiwa phytochemical Co., LTD (Tokyo, Japan)
(CAS number: 528-58-5). Cyanidin 3-O-β-glucopyranoside (CAS number: 7084-24-4) and Cyanidin
3-O-(6′′-O-α-rhamnopyranosyl-β-glucopyranoside) (CAS number: 18719-76-1) were purchased from
Polyphenols AS (Sandnes, Norway). l-(+)-Ascorbic acid 99+%, was purchased from Alfa Aesar
(Heysham, England) (CAS number: 50-81-7). 2,4,6-trihydroxybenzaldehyde (CAS number: 487-70-7)
and 2,4,6-trihydroxybenzoic acid (CAS number: 71989-93-0) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). 3,4-dihydroxybenzoic acid was purchased from Fluka Chemika (Buchs, Switzerland)
(CAS number: 99-50-3).
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2.2. Methods

2.2.1. Buffered and Stock Solutions

Stock solutions of Cy3G, Cy3R, 2,4,6-trihydroxybenzaldehyde, 2,4,6-trihydroxybenzoic acid and
3,4-dihydroxybenzoic acid (2.5 mM) were prepared in pure methanol. Cy stock solution (2.5 mM) was
prepared in methanol and 1% (v/v) formic acid. All stock solutions were covered with aluminum foil
and stored at −40 ◦C. Acetate buffered solution (20 mM, pH = 4.5) was prepared using acetic acid
and sodium acetate. Phosphate buffered solutions (20 mM, pH = 1.5 and pH = 2.5) were prepared
using phosphoric acid. Phosphate buffered solution (20 mM, pH = 6.5) was prepared using sodium
phosphate, monobasic and dibasic.

2.2.2. Preparation of Anthocyanins Model Solutions

The stability of Cy, Cy3G and Cy3R was conducted by diluting the Cy, Cy3G, and Cy3R stock
solutions in phosphate buffered solution pH = 6.5 and acetate buffered solution pH = 4.5 for final
concentration of 0.1 mM (4% methanol). For exploring the influence of AA, similar solutions were
prepared with an addition of AA (200 mg/L) the pH of the samples was adjusted correspondingly.
Appropriate controls of AA without anthocyanins and pure buffered solutions were prepared. The
samples were vortexed and stored at least in duplicate in the dark at 15, 23 and 37 ◦C. Immediately
after preparation (t = 0) and after 6 h, 27 h, 32 h, 72 h and 146 h, the samples were diluted with acidic
buffered solutions (pH = 1.5 for Cy and pH = 2 for Cy3G and Cy3R) for final concentration of 0.05 mM
(2% methanol) to get the maximum stability of the anthocyanins for HPLC-MS analysis. The samples
when then frozen and stored at −40 ◦C until analysis.

2.2.3. Quantification of the Model Solutions Degradation and Degradation Products

The acidified samples were filtered by a 0.45 μm PVDF syringe filters (Merck Millipore LTD.,
Carrigtwohill, Ireland) and injected to an Agilent 1260 high performance liquid chromatography
system with mass spectrometry (HPLC-MS) 6120 Quadrupole (Santa Clara, CA, USA) equipped with
InfinityLab Poroshell 120 EC-C18 column (2.1 × 150 mm, 1.9 micron) protected by guard column
(Agilent, Santa Clara, CA, USA). The injection volume was 10 μL. The flow rate was 0.19 mL/min,
column temperature was set to 30 ◦C and the sampler temperature was set to 4 ◦C. The mobile phase
included: an aqueous solution of 1% formic acid (A) and an aqueous solution of 50% 1% formic acid,
25% methanol and 25% acetonitrile (B). A gradient of 25% B for 0–15 min, 100% B for 15–17 min, 25%
B for 17–22 min and 25% B for 22–23 min was used. The chromatograms were acquired at 270 nm,
to detect not only the anthocyanins and at 516 nm for anthocyanins quantification. All analysis in
the HPLC-MS were carried out in full scan mode from 150 to 870 m/z API-ES source in negative and
positive mode. The capillary: negative 3500 V, positive 4000 V, nebulizer gas (N2) 60 psi, dry gas (N2)
13 (1/min), dry temperature 350 ◦C. Validation of the Cy, Cy3G, and Cy3R peaks was performed by
negative (286, 448, and 594) or positive (288, 450, and 596) selected ion measurement (SIM), respectively.
Relative concentration of the remaining anthocyanins for each sample were calculated as the peak
area of experimental samples divided by the average area of the same sample at t = 0 min at 516 nm.
For the quantification of Cy degradation products, relative concentration of degradation products
was calculated at 270 nm as the average peak area of experimental samples divided by the maximum
average area of the samples over the experimental time.

2.2.4. Qualitative Spectroscopic Analysis of Model Solutions

For qualitative study of the color stability, all samples of model solution were loaded on a 96-well
quartz microplate. The appropriate controls containing AA in buffered solutions without anthocyanins
and pure buffered solutions were prepared and also loaded on the microplate. The samples’ ultra
violet visible (UV-VIS) absorbance was recorded as a function of time at the range of 250–600 nm
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using a Synergy H1 hybrid multi-mode reader (Biotek, Winooski, VT, USA) connected to a computer.
The plate was stored in the dark at all the examined temperatures.

2.2.5. Calculation of Reaction Rate Constants

The first-order reaction rate constants (k) were calculated by nonlinear curve fitting using Origin
2018 (OriginLab, Northampton, MA, USA).

2.2.6. Statistical Analysis

The significance of the influence of chemical structure on stability was calculated using the
nonlinear model to compare multiple databases by Origin 2018 (OriginLab), assessing if two datasets
were significantly different from each other by an F-test (p < 0.05).

3. Results and Discussion

3.1. Degradation of Cyanidin

3.1.1. Stability of Stock Solution

One of our goals was to characterize the degradation of cyanidin by spectral changes and the
formation of degradation products. Therefore, we first aimed to find the most stable conditions for
preparation of Cy stock solution. From the tested solvents and storage conditions, only storage in
methanol with 1% formic acid at −40 ◦C allowed conservation of more than 95% of Cy after 30 days.
In all other tested stock solutions (pure methanol or methanol:water (20:80 and 50:50) with 1% formic
acid, buffers at pH 2–7 stored at −20 ◦C and −40 ◦C), degradation of Cy was detected by HPLC-UV
resulting in formation of new peaks.

3.1.2. Stability of Cyanidin and the Formation of Degradation Products

Anthocyanins are more stable in acidic solutions than in alkaline or neutral media [22]. In solution
media, four main equilibria forms are known: flavylium cation, quinoidal base, carbinol pseudobase
and chalcone (cis or trans). In acidic solutions up to pH 3, the main form is flavylium cation (red
color). By raising the pH above 4, the color pigment and concentration of the flavylium cation
decrease and the color can turn blue due to quinoidal base or even colorless or yellowish pigment
due to chalcone and pseudobase. The process might be reversible until the point where the pH value
is too high and unstable ionic chalcone is formed. At this stage, the regeneration of color cannot
be achieved. The chalcone was suggested to further degrade to 2,4,6-trihydroxybenzaldehyde and
phenolic compound or coumarin [3,34]. In many food products containing anthocyanin, the pH range
is 2–4 resulting in the flavylium cation as the main specie [34,35].

The stability of Cy during 146 h at 37 ◦C and two pH values, 4.5 and 6.5, relevant to mild
and low acid foods, was monitored by HPLC-UV-MS (Figure 1). The presented chromatograms in
Figure 1A,C clearly shows the degradation of Cy (Rt = 15.9, peak number (4)) over time at both pH
values. No significant difference between the degradation of Cy in pH = 4.5 compared to pH = 6.5
was noticed, possibly due to the quick degradation at both pH conditions. The chromatograms also
clearly present, for the first time in non-highly acidic conditions, the kinetics of formation of the
degradation products. Reported works identify possible degradation products of Cy as chalcone
(cis or trans), 3,4-dihydroxybenzoic acid, 2,4,6-trihydroxybenzaldehyde and 2,4,6-trihydroxybenzoic
acid (Figure 2) yet in pH values not relevant for food products [13,19]. In this study, three main
degradation products were identified and monitored over time (Figure 1B,D): 3,4-dihydroxybenzoic
acid (Rt = 3.8, peak number (1)), 2,4,6-trihydroxybenzaldehyde (Rt = 11.9, peak number (2)) and
chalcone (cis or trans, Rt = 12.2, peak number (3)). The peaks of 3,4-dihydroxybenzoic acid and
2,4,6-trihydroxybenzaldehyde were compared to standards and identified by retention time (Rt),
absorption spectra and mass spectral analysis. In both distinct pH levels, the same formed degradation
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products were observed and the general trend of their formation and further degradation was similar.
At pH = 4.5 and pH = 6.5, the chalcones appeared up to 32 h and 6 h respectively, and then decreased
with time. These results support previous suggested mechanism [13] showing that chalcones are being
consumed in subsequent degradation process and are intermediate deterioration products. At the same
time, the amount of the other two products continuously increased with time. Additional suggested
secondary degradation product, 2,4,6-trihydroxybenzoic acid [13,19], was not identified in any of the
systems during the examined time. After 146 h, a new peak (5) (Rt = 9.5) appeared at both pH values
only at the chromatograms acquired at 270 nm with fragmentation of 289 (as the major mass in the
mass spectrum), but it was not identified.

Figure 1. Stability of Cy and the formation of degradation products in buffered solutions stored at
37 ◦C: (A) a typical HPLC chromatogram at 270 nm of Cy solution (pH = 4.5) after 0, 6 and 146 h;
(B) relative concentration (Ct/Cmax) of Cy and Cy degradation products (pH = 4.5); (C) a typical
HPLC chromatogram at 270 nm of Cy solution (pH = 6.5) after 0, 6 and 146 h; and (D) relative
concentration (Ct/Cmax) of Cy and Cy degradation products (pH = 6.5). Compounds identification:
(1) 3,4-dihydroxybenzoic acid (Rt = 3.8); (2) 2,4,6-trihydroxybenzaldehyde (Rt = 11.9); (3) chalcone
(Rt = 12.2); (4) Cy (Rt = 15.9); and (5) unidentified degradation product (Rt = 9.5). Quantification was
made by HPLC-UV absorbance of the peak at 270 nm. Error bars represent standard error (n = 2).
In some cases, they are smaller than the symbols. The lines in (B,D) are to guide the readers’ eye.
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Figure 2. Chemical structure of anthocyanins and suggested degradation products: (1) 3,4-dihydroxy
benzoic acid; (2) 2,4,6-trihydroxybenzaldehyde; (3) chalcone; (4) Cyanidin (Cy); (6) Cyanidin 3-O-
β-glucoside (Cy3G); and (7) Cyanidin 3-O-β-rutinoside (Cy3R)). Structures were obtained using
SciFinder® application.

The visual appearance of the Cy stock (2.5 mM) and Cy sample (0.1 mM) solutions over time are
presented in Figure 3. Cy concentrations were below the reported maximal solubility of Cy (0.17 mM)
which is the least soluble from the three studied molecules [36]. The color of Cy immediately changed
from red into blue-purple at both pH values. After 6 h, the formation of insoluble purple sediment
was observed at all studied temperatures (15 ◦C, 23 ◦C, and 37 ◦C). While chemical instability of
anthocyanins is well documented, to the best of our knowledge, the formation of physical instability
(sediment) during shelf-life/storage is not reported before. We suggest that the observed sediment is, at
least partially, the outcome of chemical instability resulting in the formation of insoluble degradation
products that would not be detected in the chromatograms in Figure 1A,C, although we cannot exclude
involvement of Cy molecules themselves. The identification of the purple residues, the kinetics and
factors affecting their formation should be further studied as the sediment may have a major impact on
both sensorial and nutritional properties.

Figure 3. Visual color of Cy stock solution and Cy in buffered solution pH = 4.5 and pH = 6.5, stored at
37 ◦C after 5 min, 6 h, 42 h and 143 h.
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3.2. The Influence of Chemical Structure of Anthocyanins on Stability and Spectral Properties

3.2.1. Stability of Stock Solutions and Buffered Solutions

Cy3G and Cy3R stock solutions were prepared in pure methanol and stored at −40 ◦C allowing
the conservation of more than 98% of the original compounds after 30 days. In buffered solutions
that were also tested for stock formation, the lowest degradation of these molecules was observed in
phosphate buffered solution pH = 2.5.

3.2.2. The influence of the Sugar Moiety Size

To understand the influence of the size of the conjugated sugar moiety, the stability of Cy, Cy3G
and Cy3R was monitored at different pH conditions (4.5 and 6.5) and temperatures (37 ◦C, 23 ◦C, and
15 ◦C). Figure 4 presents stability results as the relative concentration of the peak area divided by the
initial peak area at 516 nm for the compounds stored at 37 ◦C. In addition, the changes in the spectral
properties were monitored by collecting UV-VIS absorbance spectra over time.

Figure 4. Stability (by HPLC) and changes in the absorbance spectrum of Cy, Cy3G and Cy3R stored
at 37 ◦C: (A) average absorbance spectrum of Cy (pH = 4.5); (B) average absorbance spectrum of
Cy3G (pH = 4.5); (C) average absorbance spectrum of Cy3R (pH = 4.5); (D) relative concentration
(compared to t = 0) of Cy, Cy3G and Cy3R over time (pH = 4.5); (E) average absorbance spectrum of Cy
(pH = 6.5); (F) average absorbance spectrum of Cy3G (pH = 6.5); (G) average absorbance spectrum of
Cy3R (pH = 6.5); and (H) relative concentration (compared to t = 0) Cy, Cy3G and Cy3R over time
(pH = 6.5). Quantification was made by HPLC-VIS absorbance of the peak at 516 nm and presented as
percentage of the peak area divided by the initial peak area. (D,H) Error bars represent standard error
(n = 2); in some cases, they are smaller than the symbols. The linear line represents fit to first-order
degradation kinetics.

Cy degradation was immediate; Cy3G and Cy3R presented significantly higher stability than Cy
at both pH values (p < 0.05) (Figure 4D,H). These results support the hypothesis that the sugar moiety
stabilizes the molecules [20,22] and that the decrease in absorbance might be used as indicator for
the formation of degradation products [13,26,31]. While the decrease in absorbance is often used as a
simple method for quantification of anthocyanins degradation [14,28], at the higher pH, the correlation
between concentrations quantified by HPLC and the decrease in the typical VIS absorbance above
500 nm (measured by spectrophotometer) seems less clear (Figure 4G,H), therefore should be verified
and treated with caution. This could stem from the various intermediate reversible products that are
likely to appear at higher pH levels. Beside the decrease in color intensity in the visible range, increase
in the absorbance was observed in the UV range for all samples at pH 4.5 and in Cy solutions in pH 6.5
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(Figure 4A–C,E). This is in good agreement with the degradation products detected in the HPLC-UV
elution profile of all samples at 270 nm. When comparing the size of the sugar moiety, a significant
difference (in the value of the slope, k) between the degradation of Cy3G and Cy3R in the two pH
values (p < 0.05) was detected, although the effect was larger at pH 6.5 (Figure 4D,H). This result
further presents that the disaccharide moiety stabilizes the anthocyanin more than the monosaccharide.
In addition, at alkaline solutions, the decrease in stability of Cy3G and Cy3R, was faster (p < 0.05), as
expected [22]. In contrast, there was no significant difference in the stability of Cy depending on the
pH value, yet further work verifying if this is the outcome of extremely fast degradation at both pH
levels or a mechanism that is not as pH depended (in these pH range) as in Cy3G and Cy3R is needed.

The complete anthocyanin thermal degradation mechanism is still unclear [21,27,37]. As mentioned,
it was suggested before that thermal degradation of anthocyanins in aerobic conditions and buffer
solution pH = 2–4 starts with the formation of chalcone glycoside followed by hydrolysis of the sugar
moieties [21]. Another proposed mechanism suggested hydrolysis of the sugar moieties and then
formation of chalcone [29]. However, after the formation of the chalcone, the degradation products of
anthocyanins should eventually be the same as those of the aglycone [21]. In our HPLC-MS analysis of
Cy3G and Cy3R solutions at both pH values (data not shown), a decrease in the peak areas of Cy3G and
Cy3R was clearly observed, followed by the appearance of new peaks detectable at 270 nm. However,
degradation products of Cy3G and Cy3R have not yet been fully characterized.

3.3. The Influence of the AA Addition on the Stability of Anthocyanins

To better understand the influence of AA addition to anthocyanins, the stability of Cy3G and
Cy3R was measured during time at different pH conditions. The fact that this work focuses only on
two isolated molecules without the presence of food matrix allows a better understanding of the effects
of AA on anthocyanin stability. The concentration of AA used in the model system, 200 mg/L, was
similar to that found in fruit juices [38]. Stability results are presented as relative (compared to t = 0)
concentrations quantified as peak area at 516 nm at the two pH values (Figure 5).

Figure 5. Stability of Cy3G and Cy3R in buffered solutions (pH 4.5 (A); and pH 6.5 (B)) over time with
and without AA, stored at 37 ◦C. Quantification was made by HPLC absorbance of the peak at 516 nm
and presented as relative concentration of the peak area divided by the initial peak area. Error bars
represent standard error (n = 2). In most cases, they are smaller than the symbols.

It is known that AA in the presence of oxygen accelerates the decomposition of several anthocyanins
and leads to bleaching of anthocyanin pigments [29–31,39]. Our results show that, after 6 h, there was
a drastic decrease in the peak area of AA (by HPLC, areas are not shown) at 270 nm in the solution with
anthocyanins compared to the control solution (only AA). The degradation mechanism of anthocyanins
in the presence of AA is controversial. The postulated mechanisms are either direct condensation of AA
with anthocyanins [40] or by free radical mechanism (formation of hydrogen peroxide and oxidative
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cleavage of the pyrylium ring by this peroxide) [26,31]. In all model systems, with and without the
addition of AA, decrease in the peak areas of Cy3G and Cy3R were followed by appearance of new
peaks in the HPLC chromatogram. Difference in the HPLC chromatogram in all systems containing
AA compared to the corresponding systems without AA were observed, yet no clear identifiable
condensation products between AA with Cy3G and Cy3R were detected.

The stability results of Cy3G and Cy3R indicate that there is a significant increase in the degradation
in the presence of AA (p < 0.05), with residual concentrations after 146 h of less than 6% for the samples
containing AA compared to 77% when AA was not added at pH 4.5 (Figure 4). Figure 4 also reveals
that pH has an influence on the degradation rate, as the solution is more acidic the anthocyanin is
more stable with and without added AA (p < 0.05). The size of the conjugated sugar moiety also has
an influence; for both pH values in the presence of AA, Cy3R was more stable than Cy3G, and even
more clearly observed at pH 4.5 compared to the system without AA. As the pH value might influence
the activity of AA and therefore the degradation of anthocyanins, this point needs further structured
in-depth research.

Anthocyanins deterioration is known to follow first-order degradation rate [23–25]. To compare
and understand the influence of chemical structure and the presence of AA on the stability of
anthocyanins, degradation rate constants (k) were calculated for each explored molecule, with and
without the presence of AA at different buffers and temperatures (15 ◦C, 23 ◦C and 37 ◦C). The data
are summarized in Table 1. The results present a significant (p < 0.05) increase in k values as the
storage temperature increased for most systems, with practically no differences between the storage
conditions for the lowest studied temperature. The occasionally lacking hypothesized statistically
significant differences at the lower temperatures likely originate from the relative stability at the lower
temperatures, making statistical verification of differences harder. However, at longer storage times,
the presented effects of AA, pH and size of the conjugated sugar are expected to be identifiable also at
lower temperatures. The presence of AA significantly accelerated the degradation of anthocyanins
stored at 37 ◦C (p < 0.05). At pH = 4.5, without added AA, both Cy3R and Cy3G have no significant
differences between the k values in the three explored temperatures, likely due to the relatively high
stability at this pH. However, at pH = 6.5, there are significant differences (p < 0.05) between the k
values at the different temperatures.

Table 1. Degradation rate constant, k (day−1), of Cy3G and Cy3R solutions in the presence of AA at
pH = 4.5 and pH = 6.5 stored at 15 ◦C, 23 ◦C and 37 ◦C over time (n = 2).

T (◦C)
Cy3G Cy3R

4.5 6.5 4.5 6.5

AA (+) AA (−) AA (+) AA (−) AA (+) AA (−) AA (+) AA (−)

15 0.036 ±
0.005 a

0.057 ±
0.011 a,c

0.054 ±
0.010 a,c

0.135 ±
0.037 b,d

0.043
±0.006 a,c

0.051 ±
0.020 a,b,c

0.059 ±
0.003 c

0.091 ±
0.041 d

23 0.065 ±
0.004 a

0.028 ±
0.008 b

0.151 ±
0.014 c,e

0.127 ±
0.015 c

0.095 ±
0.009 d

0.027 ±
0.011 b,e

0.128 ±
0.012 e

0.088 ±
0.008 a,e

37 0.659 ±
0.073 a

0.024 ±
0.005 b

0.922 ±
0.065 c

0.528 ±
0.040 d

0.469 ±
0.023 d

0.057 ±
0.006 b

0.774 ±
0.008 e

0.402 ±
0.042 f

Different letters indicate significant changes at each of the studied temperature.

4. Conclusions

We present a systematic stability study, based on both spectral and HPLC methods, focusing on
the effect of cyanidin derivatives structure on the kinetics and outcome of non-enzymatic deterioration.
The materials were examined during simulated storage for up to six days in different pH and
temperature conditions, with and without AA presence, and the results were analyzed by HPLC-MS
and spectral studies. The rapid and high anthocyanins degradation rates, especially when stored
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without cooling, indicate that it is highly important to identify the mechanisms of non-enzymatic
deterioration in the presence of common food formulations, for such health promoting pigments.
The anthocyanin chemical structure has an influence on stability and on color, presenting complete lack
of stability of the anthocyanidin, resulting in both soluble and insoluble molecules. Further studies are
required to fully uncover the mechanism responsible for the higher stability of anthocyanins conjugated
to a di-saccharide compared to a mono-saccharide moiety. A decrease in the typical anthocyanin color
was observed for all anthocyanins depending on the structure and pH level, yet at the higher pH it
was not fully correlated to the original compound degradation as measured by HPLC. Degradation
products of Cy were identified and quantified over time by HPLC-MS presenting a complex multi-step
degradation reaction. Degradation rate constants were calculated for Cy3G and Cy3R in buffer
solutions with and without the addition of AA. When aiming for maximal stabilization of anthocyanins
during storage, our results clearly show that the use of AA should be avoided as AA led to a drastic
reduction in Cy3G and Cy3R content in both studied pH levels that are representative of mild and low
acid products. Complete degradation products profile in buffer solution with and without AA has not
been achieved thus far. Future studies should focus not only on the quantification of degradation of the
original compounds but also, as was attempted in this work, to identify and quantify the degradation
products, in order to better understand the mechanisms allowing improved capabilities for maximizing
shelf life. In addition, such research can help in understanding the possible nutritional outcome of
anthocyanins deterioration as the degradation products can also have bioactivity.
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Abstract: Data on variations in amino acid compositions and protein profiles among white and
brown teff, a grain of growing interest, is either limited or contradicting at the moment. In this study,
three white (Addis-W, Mekel-W and Debre-W) and three brown (Addis-B, Mekel-B and Debre-B) teff
seed samples were used for whole flour amino acid analysis and protein fractionation with three
different methods. White and brown seed types showed different physical changes during protein
extraction. Brown teff displayed higher essential amino acid content than white with lysine present
in high concentration in both seed types. Extraction with tert-butanol increased prolamin yields in
teff compared to ethanol. The major protein fraction in teffwas glutelin with white teff containing
higher glutelin proportion than brown. Sodium Dodecyl Sulfate Gel Electrophoresis (SDS-PAGE)
analysis revealed clear genetic variability between white and brown teff seed types.

Keywords: protein fractionation; white teff; brown teff; amino acid profile; seed storage proteins;
essential amino acids

1. Introduction

Teff (eragrostis tef ) is a small stress tolerant grain (about 0.7% of mass of wheat grain) originally
from Ethiopia [1]. Its seed color is either white or very deep reddish brown. In Ethiopia, the second
most populous country in Africa, it covers the largest share of area of cereal cultivation with 2.6 million
hectares and is a staple food for 80% of the population [2]. Currently, around 200 million people in
Ethiopia, Eritrea, Europe and North America consume teff products daily and it is being produced
in the USA, Canada, South Africa, Australia and Switzerland [3]. This global demand is a result of
its gluten-free nature, high level of essential amino acids (EAA), high mineral content, low glycemic
index (GI), high crude fiber content, longer shelf life and slow staling of its bread products compared
to wheat, sorghum, rice, barley and maize [4–6].

It is well established that the nutritional and food product qualities of pseudocereals such as
amaranth and quinoa as well as common grains are mainly attributed to the physiological functions
and food processing characteristics of their seed storage proteins (SSPs) [7], and, more importantly,
EAA contents. Amaranth contains 17–19% protein and quinoa and buckwheat were found to be rich
in essential amino acids, specially lysine [8,9]. The major proteins in amaranth are albumins (33%)
followed by glutelins (30%) and prolamins (3%) [10]. unlike proteins from wheat, rice, maize and
barley, pseudocereal proteins do not contain allergens and lysine content of amaranth was found to
be twice that of wheat and three times that of maize [11]. On the other hand, quinoa and amaranth
flour dough showed preferable rheological properties such as an increase in water absorption and
reduction of specific volume compared to wheat flour dough [12], due to higher solubility of their
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proteins. However, most pseudocereals are usually bushy and slow-growing plants that cannot be
harvested as fast as common crops. Teff, a stress tolerant, fast growing grain with similar nutritional
qualities, has been recently renewing global interest in pseudocereals.

While it is also rich in protein (12.8–20.9%) and EAA contents (~37%) [13,14], limited and sometimes
contradicting data are available on the protein and amino acid profiles of Teff. In terms of SSPs, some
literature reported glutelin fraction (45%) as a major protein, followed by albumin (37%) and prolamins
(12%) [5], while others claimed albumins to be a major protein fraction in white seed types [15]. More
recent papers reported prolamins as a major protein fraction with 40% [4,6]. One study reported
that the dominant amino acid in teff is glutamic acid+glutamine (21.8 g/16 g N) followed by alanine
(10.1 g/16 g N) and leucine (8.5 g/16 g N) [5]. Besides the few studies on amino acid analysis of crude
proteins and distribution of protein fractions, no one has attempted to explore the difference between
the white and brown seed types from different regions regarding such profiles.

In this study, we collected six teff samples from 3 different regions in Ethiopia (white and brown
samples from each region) and analyzed their amino acid compositions, which allowed, for the first
time, comparative nutritional qualities among teff seed types. In addition, we compared three different
protein extraction methods to explain the previously contradicting results on major protein fraction in
Teff. Further analysis of differently fractionated proteins on SDS-PAGE showed significant difference in
protein banding patterns suggesting possible quality or functional differences among teff seed types.

2. Materials and Methods

2.1. Preparation of Plant Materials

Teff seed samples harvested during 2017 harvest season were purchased from local markets in
Addis Ababa (Central Ethiopia; white called Addis-W and brown called Addis-B), Mekelle (Northern
Ethiopia; Mekel-W and Mekel-B) and Debremarkos (Western Ethiopia; Debre-W and Debre-B), and
brought to South Korea with proper packaging. Whole grains were finely ground using a roll mill
(Single type stainless roller, Shinpoong Eng. Ltd., Gwangju, Gyeonggi, Korea) with 0 mm gap between
the rollers and 4 smashes. The flour was again sieved through a 1mm mesh sieve and stored at 4 ◦C
until use.

2.2. Chemicals and Reagents

All reagents and buffers were of analytical grade and purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless indicated otherwise.

2.3. Amino Acid Analysis

Amino acid compositions of flour samples were determined according to a modified method
of Spackman et al. [16]. For hydrolysis, 0.5 g of powdered seed samples were dissolved in 6 N HCl
solution and heated for 24 h at 110 ◦C. The solution was evaporated under reduced pressure using a
rotary evaporator (EYELA Rotary vacuum evaporator N-N SERIES, Tokyo Ridadidai Co. Ltd, Tokyo,
Japan) and the residual solid was dissolved in sample dilution buffer (pH 2.2). The solution was
filtered through a 0.45 μm membrane (ADVANTEC Toyo Roshi Kaisha, Japan). Amino acid analysis
was performed using a Sykam (Sykam Co., Darmstadt, Germany) S7130 amino acid reagent organizer,
S5200 sample injector and S2100 solvent delivery system with a cation separation column LCA K06/NA
(4.6 mm × 250 mm). The flow rates of mobile phase and ninhydrin were 0.45 mL/min and 0.4 mL/min,
respectively. Due to the acid hydrolysis, glutamine and asparagine were determined with glutamic
acid and aspartic acid, respectively, and tryptophan was degraded and not detected.

2.4. Fractionation of Teff Proteins

Three types of methods were used to sequentially extract four fractions of proteins (albumins,
globulins, prolamins and glutelins) from teff seed flour. Method 1 was conducted based on a modified
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protein fractionation method described by Ayoni et al. [17]. Briefly, albumins were extracted with
deionized water on flour to solvent ratio of 1:10 (w/v) three times by shaking for 1 h each time and
a fourth time for 30 minutes. Each extract was centrifuged at 6000× g for 10 min at 4 ◦C to obtain a
clear supernatant, and all supernatants were combined as albumin fraction. The residue after albumin
extraction was used to extract globulins using 1.25 M NaCl in a similar procedure for albumins. After
washing the residue from the globulin extraction 2 times for 1 h with deionized water to remove salt,
prolamins were extracted from the residue using 70% ethanol. Again, after washing with deionized
water the same way as above to remove the alcohol, glutelins were extracted with 0.075 M NaOH in
similar steps as above.

Method 2 was done according to a modified version of a method described by Wallace et al. [18].
Albumins and globulins were extracted exactly the same as in method 1. Prolamins were extracted
using 70% ethanol containing 5% β-merkaptoethanol (βME) at RT (23 ◦C) 3 times for 1 h and a fourth
extraction done overnight. Glutelins were extracted with 0.075 M NaOH containing 5% βME and 1%
SDS the same way as prolamins in this method.

Method 3 was performed using a modified method by Tylor et al. [19]. Albumins and globulins
were extracted exactly the same was as in Method 1 and 2. Prolamins were extracted using 60%
tert-butanol containing 0.05% DTT at 23 ◦C and the fourth time extraction was done overnight. Similarly
glutelins were extracted with 0.075M NaOH containing 0.05% DTT at 23 ◦C.

Each supernatant was filtered through a 0.45 μm membrane (ADVANTEC Toyo Roshi Kaisha,
Japan) to remove insoluble particles and then dialyzed against distilled water with a 3.5 kDa MW cut
of dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA, USA) with distilled water for
24 hours and 4 changes of water. Protein samples were freeze-dried (MCFD8512; Ilshinbiobase Co.,
Ltd., Gyeonggi, Korea) and stored at −20 ◦C until used for SDS-PAGE analysis.

2.5. Determination of Protein Concentrations

Protein concentrations were determined as described by Bradford et al. using bovine serum
albumin (BSA) as a standard [20]. Protein samples were diluted to fit the absorption range of the
standard concentrations to a final volume of 100 μL and mixed with 900 μL of Bradford reagent (Sigma,
B6916). After vigorous mixing and incubating at room temperature for 10 minutes, absorbance was
measured at 595 nm using UV-visible spectrophotometer (Biochrom–Libra S22, Cambridge, UK).

2.6. Sodium Dodecyl Sulfate Gel Electrophoresis (SDS-PAGE)

To determine the molecular weight (MW) distribution of each protein fraction, SDS-PAGE was
conducted as described by Laemmli [21]. Extracted samples were filtered through a 0.45 μm membrane,
dialyzed against distilled water with a 3.5 kDa MW cut of dialysis membrane and freeze dried. Premixed
polyacrylamide gel kit was purchased from Bio-Rad (TGX™ FastCast™ Acrylamide Solutions, Bio-Rad
Corporations, Hercules, CA, USA). Protein fractions were run in a 5% stacking gel (w/v polyacrylamide)
and 15% separating gel. 17 μg of protein was loaded per well and run on AE-6531 PAGERUN mini
slab electrophoresis system (ATTO Corporation, Tokyo, Japan) for 2 hours at 40 mA. Protein bands
were then visualized after staining the gel with coomassie brilliant blue R-250 and MW of prominent
bands were estimated by comparing to the Precision Plus Protein Standard (Bio-Rad Laboratories,
Hercules, CA, USA).

2.7. Statistical Analysis

All experiments were conducted in triplicate and the results were represented as mean ± standard
deviation (SD). One way ANOVA analysis of the mean and variance of the extraction yields was done
using Graph pad prism 5 (GraphPad Software, San Diego, CA, USA) to compare the efficiency of
methods and distribution of protein fractions and amino acids in white versus brown teff. Differences
with p < 0.05 were considered significant.
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3. Results

3.1. Physical Characteristics of Teff Seeds

All six teff seed samples were ground and used for three different protein fractionation methods,
during which color changes in residues and supernatants were monitored. The pictorial data from
Mekel-W and Mekel-B during Method 3 extraction procedures were selected as representatives because
the same results were observed for all samples (See below). The two seed types have indubitably
different colors with linen white and brown colors, respectively (Figure 1a,b). However, the difference
in color became less pure when finely ground (Figure 1c,d).

 
Figure 1. Physical appearances of Mekel-W and Mekel-B during sample preparation. (a) Seeds (left
to right; Mekel-W, Mekel-B), (b) Teff seed flour (left to right; Mekel-W, Mekel-B), (c) Residue before
ethanol extraction (left to right; Mekel-W, Mekel-B), (d) Residue after ethanol extraction (left to right;
Mekel-W, Mekel-B), (e) tert-butanol extract supernatants (left to right; Mekel-W, Mekel-B), (f) NaOH
extract supernatants (left to right; Mekel-W, Mekel-B).

No change in color of residue was observed after albumins (water extraction) or globulins (NaCl
extraction) were removed while white teff residue became more elastic and viscous than brown. After
alcohol extraction for prolamin fraction, however, the color of the residue of brown teff flour changed
from reddish brown to a dark umber color while the white type remained same color (Figure 1e,f). The
supernatants of water and salt extractions of both seed types were colorless, while the alcohol extract
supernatants of white and brown teff flours were of light and yellowish color, respectively (Figure 1g).
After alkaline (0.075M NaOH) extraction, the color of the supernatant was a dark brown or amber
color (Figure 1h).
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3.2. Amino Acid Compositions

Six whole seed flour samples (Addis-W, Addis-B, Mekel-W, Mekel-B, Debre-W and Debre-B)
were used for total amino acid analysis and amount of 17 amino acids were determined (Table 1). A
representative HPLC chromatogram for amino acid profile of teff seed flour is also shown in Figure 2.
The total amino acid contents of all brown teff samples were higher than that of white. No clear
distinction in total amino acid contents among the samples of same seed color was observed. The
contents of individual amino acids were highly correlated to their total amino acid contents and
generally higher in brown teff than that of white teff. With regard to the ratio of each of the amino
acids, glutamic acid and glutamine together were the dominant amino acids in all samples, accounting
for an average of 26.35% of total amino acid contents followed by aspartic acid and asparagine with
average ratio of 9.16%.

Figure 2. Representative chromatogram showing amino acid profile of teff seed flour (Addis-W). Y-axis
is intensity (mAu); X-axis is retention time (min).

The ratio of individual amino acids within each sample showed no significant difference among
all 6 samples with the exception of histidine which showed higher proportion in Debre-B (6.96%) than
others, and lysine which was higher in Debre-W (9.37%) than others. In addition, arginine was found
to be in higher proportion in white teff than in brown, unlike the other amino acids in which their
ratios were consistently similar in all samples of both seed types (Table 1).

The total essential amino acid (EAA) contents of brown teffwere higher than white teff. Generally,
there was no significant difference in EAA content among the samples of same seed color and ratio
among all samples. An exception was Debre-B which showed a notably higher total EAA content
(104.50 mg/g flour dry weight) than the other brown teff samples (90.34 and 84.45 for Addis-B and
Mekel-B respectively). The ratio of EAA in this particular sample was 46.60% which is far from the
average (40.40 and 40.90 for white and brown, respectively).

Among the individual EAAs, lysine (average of 12.82 mg/g of flour dry weight) was at the highest
concentration in white teff, followed by leucine (11.74), isoleucine (9.34), phenylalanine (8.52), threonine
(7.05), valine (6.02), methionine (4.52) and histidine (3.02). In brown teff the highest amount was leucine
(17.51), followed by lysine (15.12), isoleucine (14.06), phenylalanine (12.52), threonine (10.40), valine
(8.73), histidine (8.06) and methionine (6.70).
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3.3. Effect of Extraction Methods on the Yield of TSSP

The yields of Teff seed storage protein fraction (TSSPF) prepared by three methods with different
extraction solvent compositions were compared and are shown in Table 2.

Table 2. Effects of different extraction methods on yield of Teff seed storage protein fractions (TSSPF).

Sample TSSPF

Method 1 Method 2 Method 3

Yield
(g/100g flour)

Ratio
(%)

Yield
(g/100g flour)

Ratio
(%)

Yield
(g/100g flour)

Ratio
(%)

Addis-W

Albumin 2.13 ± 0.22 31.88 2.13 ± 0.16 29.7 2.06 ± 0.09 23.01
Globulin 0.38 ± 0.01 5.71 0.38 ± 0.01 5.31 0.36 ± 0.05 3.97
Prolamin 0.10 ± 0.03 a 1.46 0.43 ± 0.01 b 5.96 1.62 ± 0.18 c 18.09
Glutelin 4.07 ± 0.30 a 60.94 4.23 ± 0.25 a 59.04 4.93 ± 0.19 b 54.92

Total 6.69 ± 0.55 a 100 7.16 ± 0.41 a 100 8.97 ± 0.27 b 100

Addis-B

Albumin 2.43 ± 0.29 38.37 2.50 ± 0.24 33.97 2.53 ± 0.15 26.98
Globulin 0.52 ± 0.12 8.28 0.55 ± 0.08 7.44 0.38 ± 0.29 4.08
Prolamin 0.19 ± 0.03 a 3.02 0.94 ± 0.02 b 12.77 2.37 ± 0.32 c 25.29
Glutelin 3.19 ± 0.18 a 50.33 3.37 ± 0.22 a 45.81 4.09 ± 0.27 b 43.64

Total 6.34 ± 0.43 a 100 7.35 ± 0.38 b 100 9.37 ± 0.39 c 100

Mekel-W

Albumin 1.88 ± 0.14 41.81 2.01 ± 0.13 38.13 2.10 ± 0.16 31.37
Globulin 0.37 ± 0.01 8.26 0.26 ± 0.04 5.01 0.30 ± 0.01 4.46
Prolamin 0.19 ± 0.01 a 4.12 0.68 ± 0.05 b 12.98 1.75 ± 0.11 c 26.22
Glutelin 2.06 ± 0.08 a 45.81 2.31 ± 0.10 bc 43.88 2.54 ± 0.10 c 37.95

Total 4.50 ± 0.23 a 100 5.26 ± 0.19 b 100 6.69 ± 0.36 c 100

Mekel-B

Albumin 1.53 ± 0.21 38.84 1.26 ± 0.17 25.36 1.71 ± 0.23 26.07
Globulin 0.17 ± 0.02 4.27 0.14 ± 0.02 2.88 0.13 ± 0.02 2.06
Prolamin 0.24 ± 0.01 a 6 1.23 ± 0.10 b 24.73 2.24 ± 0.05 c 34.16
Glutelin 2.01 ± 0.08 a 50.89 2.33 ± 0.07 bc 47.03 2.47 ± 0.10 c 37.71

Total 3.94 ± 0.16 a 100 4.96 ± 0.32 b 100 6.55 ± 0.21 c 100

Debre-W

Albumin 1.82 ± 0.13 27.57 2.36 ± 0.14 30.8 2.42 ± 0.19 29.53
Globulin 0.29 ± 0.04 4.36 0.39 ± 0.01 5.13 0.38 ± 0.07 4.62
Prolamin 0.23 ± 0.02 a 3.5 0.46 ± 0.01 b 5.96 1.55 ± 0.28 c 18.87
Glutelin 4.27 ± 0.20 64.57 4.44 ± 0.14 58.11 3.85 ± 0.18 46.98

Total 6.61 ± 0.30 a 100 7.65 ± 0.25 ab 100 8.20 ± 0.62 b 100

Debre-B

Albumin 2.97 ± 0.27 42.14 2.82 ± 0.21 35.78 2.65 ± 0.16 30.29
Globulin 0.50 ± 0.10 7.03 0.61 ± 0.08 7.75 0.44 ± 0.07 5.05
Prolamin 0.38 ± 0.05 a 5.39 1.02 ± 0.03 b 12.98 2.51 ± 0.22 c 28.71
Glutelin 3.20 ± 0.23 45.43 3.42 ± 0.19 43.48 3.15 ± 0.18 35.95

Total 7.05 ± 0.53 a 100 7.87 ± 0.35 ab 100 8.75 ± 0.14 b 100

Values are mean ± SD of triplicate. Values with different superscript alphabets within the same row under protein
yields are significantly different (p < 0.05).

In Method 1, among Addis Ababa and Debremarkos samples, amounts of total TSSP yields
(6.34–7.05 g/100 g flour) and each TSSPF (1.82−2.97 for Albumins, 0.29–0.52 for globulins, 0.1–0.38 for
prolamins, 3.19–4.27 g/100 g for glutelins) were very similar regardless of seed colors. On the other
hand, significantly lower amounts of total TSSP (4.50 and 3.94 for Mekel-W and Mekel-B, respectively)
were extracted from Mekelle samples. In all the samples, glutelin was the most prominent fraction
followed by albumins and globulin (or prolamins). In this method, there was no difference in the total
protein yield between white and brown seed types. However, the average ratio of glutelins proportion
in white teff (57.11%) was higher than that of in brown teff (48.88). There was no significant difference
in other fractions between white and brown.

In Method 2, higher amounts of total TSSP from all the samples (7.16–7.87 g/100 g for Addis
Ababa and Debremarkos samples which is significantly higher than 4.96–5.26 g/100 g for Mekelle
samples) were extracted compared to Method 1. This was mainly due to the increase in prolamin and
glutelin yields. The most notable difference compared to Method 1 was a more profound increase in
prolamin fraction, leading to significant increase especially for Mekel-B sample (0.24–1.23 g/100 g)
in fractional yield for prolamin. Nevertheless, the most prominent fraction is Glutelin followed by
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albumins, prolamins and globulins. Similarly, as in Method 1, there was no difference in the total
protein yield between white and brown teff. The average ratio of glutelins in white teff (53.68%) was
higher than that of in brown teff (45.44%). On the other hand, the average prolamin content (16.83%) in
brown teffwas higher than that of white (8.3%). Albumin and globulin remained similar.

In Method 3, most efficient extractions of total TSSP (8.20–9.37 g/100 g for Addis Ababa and
Debremarkos samples which is significantly higher than 6.55–6.69 for Mekelle samples) from all the
samples were observed compared to the others. Notably, in all the samples, significantly higher
(p < 0.0001) increases in prolamin fraction yields were observed, even making it to a change in order
of magnitude (Mekel-B; for Method 1 vs. Method 3). Among all samples, Mekel-B had significantly
higher (p < 0.05) prolamin content (2.24 g/100 g or 34.16%) than other samples. Glutelins were major
proteins followed by albumins, prolamins and globulins except in Mekelle-B where prolamins held the
second place. As in Methods 1 & 2, there was no difference in the total protein yield between white and
brown teff. The average ratio of glutelins in white (46.62%) was also higher than that of the brown teff
(39.1%). The average prolamin content in brown teff (29.39%) was higher than that of white (21.06%).
Albumin and globulin remained similar among the two seed types.

3.4. Molecular Weight Distribution of Teff Proteins

Protein fractions extracted with Method 3 are shown for SDS-PAGE analysis as, in general, very
similar protein patterns were observed for the same sample extracted with different methods (Figure 3).
One exception was prolamin fraction which showed notable difference between Method 3 and the
other two methods (See below).

Figure 3. Sodium Dodecyl Sulfate Gel Electrophoresis band patterns of teff protein fractions resolved on
a 15% gel under reducing conditions. (a) Albumins, (b) Globulins, (c) Prolamins Method 2, (d) Prolamins
Method 3, (e) Glutelins. MW, molecular weight (kilodaltons); M, marker; Lane 1, Addis-W; Lane 2,
Addis-B; Lane 3, Mekel-W; Lane 4, Mekel-B; Lane 5, Debre-W; Lane 6, Debre-B.
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Albumin fraction was resolved to show no variation between white and brown types of different
samples (Figure 3a). The highest number of polypeptides was observed among other fractions with
MW ranging from 10–100 kDa. The three most prominent bands were approximately at 10, 53 and 67
kDa in size.

Proteins in globulin fraction were characterized by the low MW proteins being dominant.
Regardless of different sample regions, the same banding patterns were observed among the same seed
color types, but a clear difference was found between white and brown types (Figure 3b). In white
seed type, the fraction included 5 subunits approximately at 6, 9, 22, 37.5 and 52.5 kDa. In the case of
brown type, all bands were detected at same locations with similar intensity as in white type with the
exception of the 22 kDa subunit which was completely absent.

Proteins in Prolamin fraction were characterized by a high expression level of low MW proteins.
In Methods 1 and 2, regardless of different samples regions, four bands approximately at 9.5, 11, 19.5
and 23 kDa for white type and three bands at 19.5, 23 and 35 kDa for brown type were detected
(Figure 3c). In Method 3, only the 19.5 and 23 kDa bands were detected in similar patterns in both
seed types (Figure 3d). The 23 kDa band which formed a very intense band in both seed types had
significantly higher intensity in brown teff than in white.

Proteins in Glutelin fractions were also diverse, as in albumin fraction, with molecular sizes
ranging from approximately 7 to 100 kDa (Figure 3d). Again, similar banding patterns were observed
among the samples of different regions, but clear difference was found between seed color types. Most
notable difference was the presence of 9 and 30 kDa bands in brown type which are absent in white.

4. Discussions

4.1. Physical Characteristics

A less visible difference is observed in the flour colors of white and brown teff (Figure 1c,d)
compared to the difference in their respective seed colors (Figure 1a,b), indicating that the pigmenting
compounds of brown teff are mainly accumulated on the grain pericarp. Previously, it was shown
that the endosperm of both seed types have similar composition which is predominantly composed
of starch, while the pericarp of brown teff contains various compounds that give the seed its distinct
color [22].

We also found the changes in the colors of the residue to deep umber (Figure 1e,f) and of the
supernatant to light yellowish color of brown teff after alcohol extraction (Figure 1g). A recent study
found that while an unusually high level of flavones are present in both white and brown teff, tannins
are present as procyanidin (condensed tannins) form only in the brown seed [22]. The fact found in
our study that the color of the supernatant turned dark umber (Figure 1h) in the NaOH extract may
also suggest that the insoluble tannins are partially soluble in alkaline solution, which is similar to
previous studies [23,24]. Further explorations on the ethanol extract and the procyanidins in brown teff
may reveal a variety of bioactive compounds accumulated on teff bran and discover more compounds
responsible for the color.

4.2. Amino Acid Compositions

It is well accepted that the dietary value of SSPs is measured depending on the amino acid
composition [25]. In this study, we found that the amino acid compositions of teffwere very similar
among the same seed color types (white or brown) from different regions while total amino acid content
of brown teffwas found to be significantly higher (p < 0.05) than the white one. Altogether, the total
amino acid content of teff (227.74 and 154.87 mg/g flour for brown and white teff respectively) is higher
than amaranth (140.1) and quinoa (113.9) [26] which can be a good reason to attract interest on teff
research together with these pseudocereals.

Despite the importance of total protein contents, essential amino acid content is more crucial
characteristic when assessing the dietary quality of grains. In this study, the total amount of essential
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amino acids in brown teffwas considerably higher than that of white seed type, while the overall ratio of
essential amino acids relative to the remaining amino acids was similar in both white and brown (40.4%
and 40.88% respectively). Compared to other grains such as wheat (41.5) [27], barely (21.8), maize
(25.6) [28], rice 37.8 mg/g of flour [29] etc., Teff seed flour is relatively rich in EAA (62.5–104.5 mg/g
of flour) with a well-balanced concentration (Table 1). EAA content and balance has very important
value in common cereals which are sometimes the sole source of nitrogen in the developing world.

Lysine, an essential amino acid which exists in a limited amount in other cereals was observed to
be in higher concentration (~12–16 mg/g of flour) in teff. This is much higher content compared to
the pseudocereals amaranth (7) and quinoa (8.3 mg/g flour) [26]. The fact that lysine exists in limited
content in these common cereals which are the staple foods for most of world population is a big
challenge in protein diet [30]. Therefore such high lysine content in teff can be considered as a key
factor in introducing new grains with high nutritional value.

As shown in the protein fractionation section, the total yield of protein extracts did not show
significant difference between white and brown seeds (in spite of significant difference between different
region samples of the same color, See below) (Table 2). However the concentration of total amino acids
was found to be significantly different between white and brown types, brown teff being higher than
white one. This shows that the content of amino acids are independent of the total amount of extracted
protein fractions in the seed flour, which was also reported for the pseudocereal quinoa [31]. The
possible reason for such miscorrelation in teff is suggested to be the interaction between the insoluble
tannins and proteins in brown teff that may have caused insolubility during extraction.

Overall, the higher concentration of total and essential amino acids in brown teff can be considered
as its nutritional advantage over the white one. To the best of our knowledge, this is the first study
to present an organized comparison of amino acid profiles between white and brown teff seeds and
superiority of brown teff.

4.3. Effect of Extraction Methods on the Yield of TSSP

SSPs are not only nutritionally important but also influence the utilization of grains in food
processing. Their characteristics are more important in grains such as wheat and teff which are
consumed after processing into various kinds of foods. This called for exploring the less characterized
TSSPs to review the existing contradicting data on their fractions.

In the case of prolamins, Method 3 resulted in significantly higher (p < 0.001) yield followed by
Method 2 and then Method 1 (Table 2). This showed that tert-butanol was much more effective than
ethanol in extracting alcohol soluble proteins from cereals. Tert-butanol has been designated as a
natural gift for protein isolation for its advantage in stabilizing protein structures during extraction.
This might be attributed to its larger size that can hinder it from accessing the interior of the protein
which stabilizes the protein instead of denaturing. It also inhibits enzyme activities and protein-protein
interactions minimizing formation of artifacts and resulting in higher extraction yield [31,32]. Based
on this, it can be assumed that the increase in prolamin yield is due to an overall improved stability
and less proteolysis of the protein fraction.

Method 2 also significantly (p < 0.05) increased prolamin yield compared with Method 1 which is
attributed to the reducing agent βME (Table 2). βME is a strong reducing agents that cleave disulfide
crosslinks in proteins and also inhibit oxidation of free sulfhydryl residues. The increased prolamin
yield in Method 2 (average 0.79 g/100 g flour) from Method 1 (0.09) indicate that teff prolamines are
prone to oxidative damage and can be effectively protected by reducing agents during extraction. This
protein fraction has been reported to form disulfide bonds during extraction and reducing agents
effectively enhanced their extraction yield by preventing the formation of disulfide bonds [33]. Here, it
can be assumed that the increase in prolamin yield is due to an increase in overall solubility and a
decrease in the oxidation damage of the fraction.

In the case of glutelin fraction, there was only a slight difference in yield between Method 1 and
Method 3 but not between Method 1 and 2 (Table 2). In grains such as maize, glutelin has shown to
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be highly insoluble in the most potent protein dissociating solvents [34]. However, with reduction of
disulfide bonds by βME in the extraction solution, it was possible to increase its yield [35]. In this study,
glutelin fraction was extracted using 0.075 M NaOH with or without the reducing agents βME and
DTT. Even though DTT showed a relatively better effect than βME similar to the previous study [36],
there was no significant difference compared to Method 1 (no reducing agent). This indicates that the
glutelin fraction in a gluten free teff seed is relatively readily soluble compared to the glutelin in maize
(a high gluten grain). It has been well established that glutelin is the major component of gluten and the
gluten level in cereals is linearly related to the percentage of disulfide bonds in the glutelin fraction [37].
Therefore, the gluten free nature of teff and the no effect observed with or without reducing agents
during extraction could be attributed to a less percentage of disulfide crosslinks in teff glutelin proteins.

In method 1 the ratio was glutelins > albumins > globulins > prolamins in which globulins and
prolamins comprised only a small portion. The distribution order in method 2 and 3 was glutelins
> albumins > prolamins > globulins. However, the relative proportion of prolamins and albumins
in method 3 was almost similar while their variation gap was wider in method 2. This is partially in
agreement with [5,38] who reported glutelins as major proteins (45%) followed by albumins (37%)
and prolamins (12%), yet it is in contrast with a result reported by Abdul-Rasaq et al. [4] where
prolamin was the major fraction accounting for 40% of the total protein in teff and Zhang et al. [6]
which suggested prolamin was the major protein after analyzing the amino acid composition of teff. It
is common to obtain different results of protein proportions with different extraction methods and
samples from growth environments. Even though we used the same solvent as Abdul-Rasaq et al. [4],
the different result might be due to different samples. In one of our samples (Mekel-B) prolamin ratio
(34.16%) was almost similar with glutelin (37.71%).

In Method 3, white teff was found to have significantly higher glutelin content (46.62%) than
brown (39.1%) on average. Previous studies have confirmed that glutelin together with prolamin plays
an important role in bread making characteristics in wheat and other grains [39]. We observed that
the rheology of the residue of white teff before glutelin extraction was much more viscous and elastic
compared to brown. Therefore, the higher proportion of glutelins in white teffmay have a big influence
on functional properties including baking performance and dough rheology.

On the other hand, the average prolamin content (29.39%) of brown teff in Method 3 was higher
than that of white teff (21.06%). It has been proven that prolamins play a great role in aggregation of
protein bodies (PBs) in teff and maize endosperms as examined by transmission electron microscopy
(TEM) [6]. Therefore, the higher expression of prolamins in brown teffmay also influence the functional
properties in food processing. Similarly, prolamins with their distinctive amino acid compositions
can alter the overall proportion of essential amino acids in brown teff thereby bringing nutritional
difference. In this study we also proved that brown teff contains significantly higher essential amino
acids content than white teff (Table 1). To have a deeper understanding of the difference in physical
and nutritional properties between white and brown varieties, a more detailed study on teff prolamins
is required.

While the total protein yields of Addis Ababa and Debremarkos samples were somehow similar
(Table 1), the samples from Mekelle showed significantly lower total protein yield. It is common to
observe variations in protein content across locations while amino acids are stable [40]. Therefore, the
difference might have been caused by different environmental conditions during plant development.

4.4. SDS-PAGE

SDS PAGE analysis was conducted to examine any variation of polypeptide patterns. Despite
different total amounts of protein fractions among the samples from different regions (Table 2), no
quantitative or qualitative variation was observed among the same seed types from different regions.
However, clearly visible differences in band numbers and band quantities were observed between
white and brown seed types, except for the albumin fraction which showed similar patterns. Our
prolamin patterns are in partial agreement with Abdul Rasak et al who detected the 19.5 and 23 kDa

71



Foods 2019, 8, 202

subunits for both white and brown teff at similar MW [4]. Zhang et al. also reported similar results for
brown teff with two most predominant bands detected at 19 & 22 kDa [6]. We could not find previous
SDS PAGE patterns of TSSPFs in the literature except for prolamins.

Our study discovered significant variation in protein profiles between white and brown teff
based on their SDS PAGE patterns of globulin, prolamin and glutelin fractions. The SDS PAGE
pattern variation between white and brown teff can be used as a tool to study genetic diversities and
identification of particular proteins in teff, because SSPs are highly independent of environmental
fluctuations [41]. The absence or presence and differences in band intensities can also be regarded as a
basis for a possible polymorphism studies in teff since the type and amount of proteins in mature seeds
are constant [42]. Further studies will be required for identification of seed type-specific proteins.

5. Conclusions

The yellowish color after alcohol extraction of teff flour can be an evidence for the presence of
phenolic compounds and flavonoids, and some of the main compounds that give brown teff seed
its color are alkaline soluble and are probably insoluble condensed tannins. Regarding nutritional
qualities, Teff has superior essential amino acid content and balance compared to wheat, rice, barely
and maize, with the brown seed having higher amino acid content than the brown. The addition
of reducing agents to extraction solvents enhances prolamin yield during teff protein fractionation.
Tert-butanol is more efficient than ethanol for extraction of teff prolamins. Glutelin is a major protein
in teff seeds. The extracted glutelin content of white teff is significantly higher than that of brown teff.
SDS-PAGE analysis can reveal genetic variability storage proteins among white and brown teff.
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Abstract: The domestic processing methods, soaking, cooking (traditional, microwave, pressure),
and baking and the industrial processing, autoclaving, baking, and extrusion are used to improve
consumption of legumes. The growing awareness of both health and sustainability turns the focus on
protein (bio)availability. This paper reports the effect of these processing methods on the legume
protein digestibility. Overall, the protein digestibility increases after processing by the different
methods. However, since both the type of legume and the applied methods differ it cannot be
concluded which specific method is best for the individual legume type.

Keywords: legume protein; processing; digestibility

1. Introduction

In today’s health-based consumer-focused world, more and more research is being conducted
in order to obtain knowledge about the effects of animal- and plant-based diets on our health. It has
generally been accepted that the consumption of meat can increase the incidence and prevalence of
obesity, cardiovascular diseases and stroke, cancer, type 2 diabetes, and patient mortality. Contrarily,
the plant-based diet has been accepted to lower the risk of these factors [1,2]. Consequently, an increasing
percentage of people are changing their diets to become vegetarians, vegans, or flexitarians in
order to lower their meat consumption and increase the amount of vegetables and fruits [3,4]. Yet,
false information and health trends, which state that plant-based proteins are worse for your health,
inadequate for building muscle, or are not proteinaceous enough, have become powerful and generally
accepted misconceptions among some members of the population [5]. Research has managed to prove
that legumes can be a good source of protein, though the bioavailability of animal proteins was still
proven to be higher [6,7]. The recommended acceptable intake of proteins is around 0.8 g/kg for
adults (defined as the average daily level of intake sufficient to meet the nutrient requirements of
nearly all healthy people). Legumes have a great potential for delivering quality proteins, but raw
legumes have a lower degree of bioavailability and, thereby, lower nutritional value as compared to
other foodstuffs. Upon ending the last century, food was used to improve health, while entering the
millennium a paradigm shift resulted in that our knowledge is now being used to improve foods in
respect of healthiness. Both animal- and plant-based proteins have been widely investigated in order
to understand the digestibility as such. Since it is well known that different processing procedures
will affect both structure and functionality of proteins, it is anticipated that processing may also
affect protein digestibility. This communication surveys the effect of different processing methods on
legume protein digestion (PD) in order to contribute to the knowledge of protein digestibility. It is
not a comprehensive review of all research studies on PD, but is based on the studies defined by
investigations that contribute to provide an overview of the effect of processing on digestion of legume
proteins. Thus, to “set the current scene” and give an outline of the challenges and future perspectives.
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2. Processing Techniques

Consumption of raw legumes can be tedious and difficult, and, in worst case, inefficient with
respect to amino acid absorption in the gut. Empirical, various domestic processing methods are used
to ease the legume consumption per se, but without grasping the effect on protein digestibility as
such. Several different types of legumes and of processing techniques have, thus, been investigated in
order to evaluate the potential improvement of nutritional value and protein utilization. Processing
is the action of performing a series of mechanical or thermal operations on food in order to change
or preserve it. It may involve soaking, cooking, microwave irradiation, baking, pressure-cooking,
autoclaving, and extrusion [8,9]. Since the processing methods are performed at different conditions,
a brief description of the techniques that have been used is presented.

One of the commonly used pre-processing method is soaking. The most important parameters of
soaking are: product:water ratio, temperature of the soaking water, and the duration. These parameters
differ considerably depending on the type of legume, hence, the legumes are soaked in either hot or
boiling tap or distilled water, with legume:water ratios varying from 1:1 to 1:5, and soaking durations
ranging from 12 to 16 h. Traditional cooking is the simplest thermal processing method used. In the
case of legumes, they are usually either placed in surplus warm water and slowly brought to boiling or
directly put into boiling water (100 ◦C) in a pot. The time of the cooking process is a very important
factor, which can differ depending on the legume type and if the legume seeds were soaked, dried,
or not treated prior to cooking. Nevertheless, in a majority of the reviewed studies, the cooking time
varied between 20 and 40 min. Microwave radiation is a more intense and, thereby, faster thermal
method than conventional cooking. The thermal effects are related to the heat generated by the
absorption of microwave energy by the water in the food matrix. Contrarily to cooking, microwave
processing offers the opportunity to provide a more precise amount of energy to the food item.
In addition, the heating effect of microwave can be tuned (energy dosage) and is considerably faster,
almost immediate, resulting in reduction of cooking time. Similar to cooking, the microwave treatment
time varies depending on type of legume and pre-treatment before microwave cooking. The capacity of
microwave ovens differs due to different microwave frequency, thus delivering different energy doses,
which will influence the treatment duration. In the studies herein, the doses of energy varies from
500 to 2000 J/g, usually being increased by 250 J/g. Pressure-cooking and autoclaving are two other
high-intensity thermal methods. They are both based on exceeding normal, ambient boiling point
of water in a sealed vessel (pressure cooker) or a pressure chamber (autoclave). The pressure cooker
works by trapping the steam produced from boiling water of 121 ◦C inside the vessel. Many autoclaves
work by subjecting the item to pressurized saturated steam at 121 ◦C. Thus, they both operate at 1.8
to 2.0 bar in order to obtain this temperature. The evaluated temperature and pressure generally
increase reaction rates, thus the duration of pressure cooking and autoclaving is less than traditional
cooking, though it varies between the two. Pressure cooking is usually performed in 5 to 15 min,
whereas autoclave time may vary from seven to 60 min, both depending on the type and quantity
of legume. The last two processing methods are based on milling the legumes into a flour prior to
treatment. Baking is an old, traditional thermal method that uses dry air at ambient pressure to apply
heat. Generally, a dough based on legume flour is made, rested for some time (leavening), and then
baked at temperatures varying from about 180 to 220 ◦C for more than 30 min. Extrusion is also based
on transforming legume flour into an edible food product. The extrudates are prepared using either
a single- or twin-screw extruder that works under high temperature and high mechanical pressure.
The main independent parameters, such as particle size of flour, feed rate, moisture content, barrel
temperature, and screw speed, during the extrusion process, differ a lot depending on legume type
and extruder parameters (type of mill, screen hole size, etc.). In the reviewed papers, moisture content
was about 22–25%, while temperature and screw rotation speed varied considerably from 30 to 150 ◦C
and from 100 to 650 rpm, respectively.
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3. Protein Digestibility Methodologies

The major difference between PD assessment is if the measurement is conducted in vivo or in vitro.
Furthermore, the digestion of proteins may be determined by a broad variety of methods within these
two PD categories. In vivo methods are based on feeding trails using animals or humans. The most
accurate result is obtained with controlled feeding experiments with animals, usually rodents, chicken,
or pigs are used. However, care should be taken upon transferring results and conclusions from
animal tests to human, since the human GI tract differs considerably from animals. On the one hand,
human intervention studies are the golden method for assessing protein digestion and nutritional
value. On the other hand, in vivo experiments are time consuming and costly, and difficult to control
if the study is based on human intervention. Therefore, in vitro models simulating the human GI
tract have been used. Contrarily to in vivo methods, in vitro methods are easier to control, rapid to
conduct, and may be less expensive. The drawbacks among the in vitro methods are differences in
the operation and the experimental parameters; as a result, there are considerable differences in the
measured digestibility complicating comparison of results. In addition, the difficulties in accurately
transferring and simulating the complex digestion process in the human GI tract complicates the
performance of these laboratory experiments and caution must be taken upon interpretation of results.
In the following, the various methods used to measure and assess legume protein digestibility in the
surveyed papers are summarized.

3.1. In Vitro Protein Digestibility (IVPD)

The in vitro protein digestibility assay is the most used method for analyzing digestibility of
protein samples. The analysis is carried out by first preparing a multi-enzyme solution, usually
including trypsin, chymotrypsin, and peptidase, with some exceptions using single trypsin [10] or
pepsin solution [11], or, sequentially, pepsin and pancreatin solutions [12–14]. Commonly, an aliquot
of the enzyme solution is added to a solution of the sample at pH 8.0. The mixture of sample and
enzyme solution is incubated for 10 min at 37 ◦C. The pH decrease during the incubation period is
recorded, followed by calculations of the IVPD. The pH decrease is caused by the free amino acid
carboxyl groups from the protein chain released by the proteolytic enzymes during the digestion.

3.2. Crude Protein (CP)

Crude protein is the quantity of proteins in a specific sample of feed or food. The crude protein is
determined from the total content of nitrogen obtained by a total degradation of the proteins. The crude
protein percentage is calculated using the Kjeldahl conversion factor of 6.25 [15,16].

3.3. Ileal Digestability (AID, SID)

The ileal digestibility of the proteins under investigation is based on intervention study. Thus,
different protein diets (usually with similar crude protein and trypsin inhibitor activity levels) are fed
to animals, usually rats, pigs, or chickens, living under controlled conditions. The feeding trials may
run from 10 to 20 days depending on study and animal. Afterwards, the animals are euthanized and
the ileal digesta is collected by mildly flushing the digesta with clean distilled water and the amount
of crude protein or amino acids is measured. Overall, the ileal protein digestibility is the difference
between the amount of protein or amino acid ingested by the animal and the amount of protein or
amino acid in the ileal digesta outflow. However, the calculation of the ileal digestibility depends
on which amount of the ileal protein/amino acid outflow is used in the actual calculation and can be
calculated as apparent (AID), true (TID), or standardized (SID) ileal digestibility. The AID for a certain
amino acid is computed by subtracting the total ileal outflow of that specific amino acid from the
quantity consumed by the animal. The values for SID are computed similarly to the values for AID,
apart from the fact that the basal ileal endogenous amino acid (AA) losses (IAAend) are subtracted
from the ileal outflow [17–19].
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4. Effect of Processing on Protein Digestibility

Legumes are rich sources of proteins (18–41%) and are important raw food materials worldwide.
The proteins provide the essential amino acids necessary for maintaining body muscle and growth.
However, legumes, and, thereby their proteins, are not similar. Moreover, the nutritional quality
of proteins is not solely dictated by the AA composition, but important factors like digestion rate
and digestibility in the GI tract, which in turn are determined by the protein structure and enzyme
accessibility, are of outmost importance. The protein digestibility is affected by both endogenous
and exogenous factors. Endogenous factors relate to the protein as such, that is, protein structural
characteristics and how and to what extent food processing may affect this structure. Exogenous
factors are related to the food matrix, and include protein interactions with other compounds like
carbohydrates, lipids, and especially anti-nutritional factors (ANF). ANFs include the anti-nutritional
proteins like trypsin inhibitors and lectins and the anti-nutritional chemicals like tannins, phytates,
and polyphenols. Therefore, it may beforehand be expected that both different types of legume protein
and different processing may result in a very diverse digestibility. Indeed, Table S1 (Supplementary
Materials) shows the difference in protein digestibility of legumes using various processing methods.

4.1. Cooking

The simplest processing technique, conventional cooking, is the most studied method with 12
studies as seen in Table S1. Four different types of legumes, beans, peas, lentils, and chickpeas,
but of various cultivars, were investigated. Most of the investigations were reporting in vitro protein
digestibility, while only few studies reported protein content changes [15] and in vivo digestion [16,20].
The protein content in the flour of unprocessed bean, pea, and lentil is rather similar, ranging from
24.8% to 28.7% [15]. However, comparing legume subtypes that underwent cooking, the effect on the
protein content differed considerably (Table S1). Unprocessed bean (Phaseolus vulgaris) with protein
contents of 24.8% (Raba) and 26.2% (Warta) significantly decreased to 23.0% and 21.3%, respectively.
The protein content in cooked and uncooked peas (Pisum Savitum) yielded quite different results,
since the content in the Milwa cultivar increased, while the Medal’s protein content decreased [15].
The lentil cultivars (Lens culinaris) demonstrated both the highest and a significant increase in protein
content after cooking. However, digestibility was not investigated [15]. For all cooked legumes, IVPD
increased significantly, as seen in Table S1. For the flour of eight different species of unprocessed peas
(Pisum sativum L.) the IVPD ranged from 79.9% to 83.5%, while the IVPD of the processed samples
varied between 85.9% and 86.8% [21]. The IVPD of 83.61% for unprocessed chickpea (Cicer arietinum L.)
increased to 88.52% after cooking for 90 min [22]. The time of cooking was found to be important for
the IVPD, since Habiba et al. [23] found an increasing IVPD upon increasing cooking time. Interestingly,
the increased IVPD was concomitant with a decrease in total protein content. This decrease in total
crude proteins was suggested to be a result of leaching of water-soluble proteins during cooking [23].
A similar explanation is likely for the reported decreases in protein content for some of the legumes
mentioned above [15]. The cooking resulted in improved IVPD of lentils, chickpea, peas, and soybean,
but soaking the legumes prior to heating did not result in consistent significant effects [24]. Similarly,
cooking of three different varieties of kidney beans significantly increased the IVPDs, while pre-soaking
did not have any major effect [25]. Moreover, soaking in alkaline solution (sodium bicarbonate, pH 8.2)
did not improve protein digestibility. However, Embaby [26] found that soaking cooked bitter and
sweet lupin seeds for 96 and 24 h, respectively, further improved the IVPD.

In same line, the in vivo digestibility differed according to the lentil type, temperature, and time
applied. Digestibility (SID) of unprocessed full-fat soybeans (FFSB) was 46% [16]. Incremental increase
of the cooking temperature and duration caused a correlated increase in the soybean’s SID. Hence,
beans cooked at 80 ◦C for one min had a SID of 52%, whereas FFSB processed at 100 ◦C for six or 16 min
had a SID of 73% and 80%, respectively, Table S1. Similarly, the cooking of peas (Pisum sativum L.)
prior using as a diet resulted in an increase of true digestibility (TD) (79.8%) as compared to raw pea
diet with TD of 74.7% [20].
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For centuries, prior human consumption legume seeds have been soaked and thermally treated by
conventional cooking due to the simplicity in the execution and equipment. However, the drawbacks
of cooking are a fairly uncontrolled and non-adjustable process and the potential loss of valuable
nutrients like vitamins. Therefore, other processing techniques are investigated in order to optimize
the protein digestion by better control of the heating process.

4.2. Microwave Cooking

IVPD of three faba bean cultivars before processing were 46.0%, 52.2%, 51.5% for Windsor White,
Bacchus, and Basta, respectively, and, thereby, characterized by a markedly lower IVPD compared to
other varieties of seeds reported in former section [27]. Generally, treatment with microwave radiation
resulted in an increase in protein digestibility of all bean types (Table S1). The lowest amount of energy
(500 J/g) caused a significant increase in protein digestibility from 46.0%, 52.2%, and 51.5% to 57.1%,
68.0%, and 53.2%, respectively [27]. Further increase in energy to 1000 J/g significantly improved
protein digestibility to 76.5% for Windsor White, 76.1% for Bacchus, and 78.2% for Basta. However,
more energy input (1250, 1500, 1750 J/g) during microwave cooking did not significantly affect the
protein digestibility further [27]. The authors concluded that microwave processing at 1000 J/g is
optimal for the protein digestibility of faba beans [27]. Soaking is a traditional domestic method for
preparing seeds for further processing. Embaby [26] investigated the reverse situation, thus soaking of
bitter and sweet lupin seeds for 96 and 24 h, respectively, after microwave treatment. It was found that
microwave processing significantly improved the IVPD by 2.5% and 1.5% compared to the raw seeds
(from 78.55% to 80.40% for bitter lupin and from 79.46% to 80.67% for sweet lupin, Table S1). Thus,
soaking following microwave cooking further improved the IVPD for bitter lupin seeds, while no
significant increase was found for the sweet lupin seeds [26]. It is noted that the considerably longer
soaking time (96 h) for the bitter lupin seeds compared to 24 h for the sweet lupin seeds may have a
major impact on this observation, though the author did not comment on this.

4.3. Pressure Cooking

Pressure cooking is another common domestic treatment method utilizing the high-energy input
to shorten processing time. Protein digestibility of four unprocessed moth bean cultivars differed
significantly between 70.3–74.6% for the local variety to new varieties [12]. After pressure-cooking,
IVPD increased to around 78% for the local, Jwala, and RMO 225, while RMO 257, with the highest
raw IVPD, also had the highest cooked IVPD of 82.4% (Table S1). Soaking prior pressure cooking in
addition to reducing processing time, positively affected bean protein digestibility, since the IVPDs
were improved by 14–16% [12]. Pressure cooking of peas was also found to improve the digestibility
of proteins compared to digestibility of raw peas [23]. The IVPDs resulting from standard pressure
cooking were at the same level as the IVPDs obtained after cooking irrespective of processing times,
though a shorter treatment time was necessary for pressure cooking, while slightly higher than the
IVPDs after microwave treatment (Table S1) [23].

4.4. Autoclaving

Autoclaving of beans and peas significantly reduced the content of crude proteins compared to
the raw legumes, while the content in the lentils was unaffected (Table S1) [15]. Hence, the autoclaving
treatment of raw legumes had different effect on the protein content compared to the cooking process.
Small differences between the two heat treatments were also observed for the Milwa pea and the
two lentil cultivars [15]. The two studies reporting the effect of autoclaving of yellow peas [28] and
soybean [15] on in vivo protein digestibility showed an increasing tendency, Table S1. Though the
legume types, the processing conditions, and the animal model differed, it seems that the rather harsh
heat treatment of the plant material prior inclusion in the diet improved the protein digestion in the
GI tract. Similarly, autoclaving generally increased the IVPD significantly for all types of legumes
investigated, expect for faba bean and lentil [29] (Table S1). Hence, unambiguous improvement of

79



Foods 2019, 8, 224

protein digestibility was not obtained after autoclaving compared to cooking. The more harsh and
intense heat treatment by autoclaving did seemingly not always have a positive effect. Furthermore,
the increase of autoclaving time from 10 to 90 min significantly reduced the IVPD of four different
legumes [11].

4.5. Baking

House and co-workers have investigated the effect of baking of pea and lentil flours on protein
digestibility [30,31]. Apparently, the process of mixing, kneading, rising, and baking of the dough
reduced the IVPD compared to cooking, except for the red lentil (Table S1). Thus, the authors concluded
that, for home preparation of these legumes, cooking is more advantageous than baking [31].

4.6. Extrusion

Extrusion is a thermal process with high energy efficiency due to high shear and compression,
and probably the most severe thermal treatment method. Nevertheless, the extrusion process had a
positive effect on the nutritional value of legumes. Extruding the flour of common beans, pea seed,
faba, and kidney beans significantly increased the IVPD up to 87% [14,32,33]. The in vitro digestibility
results were supported by in vivo feeding experiments. Hence, feeding chicken with extruded peas or
kidney beans improved the effect on the apparent ileal digestibility of crude protein [34,35]. The AIDs
of CP for unprocessed and extruded pea seeds (Pisum sativum L., Tarachalska cv.) were 74.3% and 85.9%,
respectively, thus extrusion increased protein digestibility [21]. Inclusion of extruded kidney bean
(100–300 g/kg) in broiler diets increased AID to 85.5–85.9% compared to AID of 77.23–79.03% with feed
based on raw kidney beans [35].

4.7. New Processing Methods

High pressure and ultrasound are non-thermal technologies known to only affect non-covalent
interactions in macromolecules. Therefore, the possible pressure-induced protein unfolding may
enhance the access of the digestive enzymes to the cleavage sites in the protein, thus improving
digestibility. However, as seen in Table S1, the effects on IVPD of lentils, chickpeas, peas, and soybean
after high pressure or ultrasound treatment were inconsistent or insignificant compared to the protein
digestibility of the raw legumes [10,24].

4.8. Factors Affecting PD

Various processing techniques affect legume PD to various extents compared to the PD of raw
legumes. Generally, the IVPD increases after processing by different heating methods. The improvement
in PD was attributed to protein denaturation. Thus, the increased digestibility was ascribed to the
resulting heat-induced denaturation of the proteins, thereby enhancing accessibility of susceptible sites
to proteolysis. On the other hand, digestibility can be compromised by protein aggregation due to the
thermal treatment [29]. A consequence of protein denaturation is increased opportunity for various
intra- and intermolecular interactions, especially disulfide bridges between amino acids containing
free thiol groups. Crosslinked, aggregated proteins are less accessible to digestive enzymes because
of a different localization of amino acid residues specific for protease action resulting in lack of PD
improvement. It is noted that the degree of amino acid reactivity and extent of aggregation differs
under various conditions and not all amino acids participate in protein crosslinking irrespective of the
processing condition. In addition, the native protein conformation of the primary legume proteins,
globulins and albumins, may also affect the PD as such. The albumins have a compact globular
structure stabilized by a large number of disulfide bonds, thus possessing an inherent structural
hindrance limiting enzyme access [21]. In that respect, it was observed that an increased proportion
of globulins and decreased proportion of albumins in pea seeds could contribute to an increased
IVPD [21]. This may indicate that the ratio of albumin:globulin also has an influence on the IVPD of
legumes. It is generally accepted that the abundance of ANF in plant protein sources contributes to the
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lower digestibility compared to typical mammal proteins. Phytic acid, tannins, and polyphenols may
interact with protein to form complexes by cross-linking with the proteins, resulting in a decreased
protein solubility and making these protein complexes less susceptible to proteolytic attack in the GI
tract. Partly elimination of tannins and phytic acid was observed after different thermal treatments
(Table S1). The reduction of reactive tannins and phytic acid would result in less protein complexing
and creating more space within the matrix, which increased the accessibility of the enzyme resulting
in improved IVPD [11]. Trypsin inhibitors may interfere with the action of proteolytic enzymes in
the GI tract by forming inactive complexes of trypsin and chymotrypsin. However, since trypsin
inhibitors are heat-labile compounds, thermal processing should be an effective method for reducing
its activity. Indeed, a marked decrease in trypsin inhibitors after different thermal processing was
reported in many of the studies (Table S1) and a complete inactivation was also found for peas and
kidney beans [23,25]. However, Embaby found that some treatments resulted in an increased level of
anti-nutrients, but still obtained improved IVPD [26]. Thus, he suggested that ANFs are not solely
responsible for lowering IVPD, and factors like cell wall rigidity and fiber content may influence the
protein digestibility as such.

In conclusion, the improvement of PD of legume proteins for all reported process methods is
explained by the structural disintegration of the native protein concomitant with the reduction or even
removal of anti-nutrients.

5. Challenges and Future Perspective

The nutritional value of plant-based food is dependent on the amount of proteins, the specific
distribution of the amino acids, and, most importantly, the bioavailability of these amino acids.
Reduced protein quality will compromise the nutritional value, therefore maintaining quality and
stability upon processing of plant-base materials is of utmost importance. From nature, proteins are not
equally digestible, as their proteolytic susceptibility varies due to different three-dimensional structures
according to their origin. This inherent difference in digestibility across legume sources is mirrored
into the effect of processing methods. The benefits of food processing covers preservation, palatability,
functional properties, or added convenience, but the impact of processing are often disconnected
to the nutritional status of the proteins. Surely, the ultimate goals are plant-based products with
high protein quality to be enjoyed as part of the consumer’s healthy diet and lifestyle. Assessing
the quality of protein in relation to nutritional value means to determine the capacity of the proteins
to satisfy the metabolic demand for amino acids. If perfect, a measure of the nutritional quality of
dietary protein should provide the real protein digestibility and, thereby, enable the prediction of the
overall efficiency of protein utilization. At present, various in vitro and in vivo protein digestibility
methods exist, and neither of them can be used to accurately measure protein digestibility in absolute
terms. An important conceptual difficulty is that proteins differ in their digestibility and the human
GI tracts differ in their ability to digest proteins. Therefore, there is still much to learn and improve
regarding methodologies for measuring and monitoring the protein digestibility before the “true”
effect of processing on the important amino acids can be established. The golden goal for optimizing
nutrition may be monitoring the individual protein digestive capacity in the individual body. However,
even if food producers used the perfect PD method to optimize PD of a food product, the product must
still appeal to consumers for success on the market. It is recognized that an increasing number of food
companies are producing successful plant-based products providing variety, taste, and nutritional
value to consumers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/6/224/s1,
Table S1. Protein digestibility (PD) of legumes using various processing methods.

Author Contributions: Conceptualization, V.O.; investigation, D.D.; writing—original draft preparation, D.D.;
writing—review and editing, V.O.

Funding: This research received no external funding.

81



Foods 2019, 8, 224

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Riboli, E.; Hunt, K.J.; Slimani, N.; Ferrari, P.; Norat, T.; Fahey, M.; Saracci, R. European prospective
investigation into cancer and nutrition (EPIC): Study populations and data collection. Public Health Nutr.
2002, 5, 1113–1124. [CrossRef] [PubMed]

2. Carlos, S.; De La Fuente-Arrillaga, C.; Bes-Rastrollo, M.; Razquin, C.; Rico-Campà, A.; Martínez-González, M.;
Ruiz-Canela, M. Mediterranean diet and health outcomes in the SUN cohort. Nutrients 2018, 10, 429.
[CrossRef] [PubMed]

3. Radnitz, C.; Beezhold, B.; DiMatteo, J. Investigation of lifestyle choices of individuals following a vegan diet
for health and ethical reasons. Appetite 2015, 90, 31–36. [CrossRef] [PubMed]

4. Rosenfeld, D.L.; Burrow, A.L. Vegetarian on purpose: Understanding the motivations of plant-based dieters.
Appetite 2017, 116, 456–463. [CrossRef] [PubMed]

5. DellaBartolomea, M. 4 Myths about Plant-Based Protein. 2018. Available online: https://www.
nutrasciencelabs.com/blog/4-myths-about-plant-based-protein (accessed on 21 June 2019).

6. Hoffman, J.R.; Falvo, M.J. Protein—Which is best? J. Sports Sci. Med. 2004, 3, 118–130. [PubMed]
7. Tomé, D. Digestibility issues of vegetable versus animal proteins: Protein and amino acid requirements—

Functional aspects. Food Nutr. Bull. 2013, 34, 272–274. [CrossRef] [PubMed]
8. Öste, R.E. Digestibility of processed food protein. Adv. Exp. Med. Biol. 1991, 289, 371–388. [PubMed]
9. Johnson, P.E. Effect of food processing and preparation on mineral utilization. Adv. Exp. Med. Biol. 1991, 289,

483–498.
10. Linsberger-Martin, G.; Weiglhofer, K.; Thi Phuong, T.; Berghofer, E. High hydrostatic pressure influences

antinutritional factors and in vitro protein digestibility of split peas and whole white beans. LWT Food
Sci. Technol. 2013, 51, 331–336. [CrossRef]

11. Rehman, Z.; Shah, W. Thermal heat processing effects on antinutrients, protein and starch digestibility of
food legumes. Food Chem. 2005, 91, 327–331. [CrossRef]

12. Negi, A.; Boora, P.; Khetarpaul, N. Starch and protein digestibility of newly released moth bean cultivars:
Effect of soaking, dehulling, germination and pressure cooking. Nahrung 2001, 45, 251–254. [CrossRef]

13. Khatoon, N.; Prakash, J. Nutritional quality of microwave-cooked and pressure-cooked legumes. Int. J. Food
Sci. Nutr. 2004, 55, 441–448. [CrossRef] [PubMed]

14. Batista, K.A.; Prudêncio, S.H.; Fernandes, K.F. Changes in the functional properties and antinutritional
factors of extruded hard-to-cook common beans (Phaseolus vulgaris, L.). J. Food Sci. 2010, 75, 286–290.
[CrossRef] [PubMed]
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