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Abstract: Many gluten-free products are deficient in amino acids, especially in essential amino acids
(EAA). Therefore, the incorporation of additives rich in free amino acids (FAA) into gluten-free
products can be a promising strategy to alleviate certain symptoms of celiac disease associated with
EAA deficiencies. This study aimed to evaluate the effect of the incorporation of broccoli leaf powder
(BLP) into gluten-free mini sponge cakes (GFS) on the profile of FFA. BLP replaced an equivalent
amount (2.5%, 5%, 7.5%; w/w) of corn and potato starches in GFS formulation, resulting in B1-B3
formulations. The first step was the selection of the most efficient method for extraction of FAA.
Extraction based on 50% methanol (method 1) was compared to extraction by 25% of acetonitrile
in 0.1 M hydrochloric acid (method 2). In total, 26 and 14 FAA were found in BLP after extraction
using methods 1 and 2, respectively. Moreover, considering the total content of FAA, method 1 was
more efficient, reaching a 14-fold higher concentration of FFA in BLP compared to method 2. The
incorporation of BLP resulted in a significant increase in FAA, irrespective of the applied extraction
method. The total concentrations of NEAA and EAA increased significantly in B3 compared to
control GFS. In summary, this study showed that 50% methanol was more efficient for the extraction
of FFA from plant and bakery matrices. Moreover, BLP was found as a good source of FFA, including
EAA, and the obtained experimental GFS could be considered a promising product for individuals
on a gluten-free diet.
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1. Introduction

Amino acids play important role in the metabolism of bacteria, plants, and humans.
They are involved in the formation of protein structure, regulation of anabolic and catabolic
metabolism, and detoxification processes. Moreover, amino acids are precursors for the
synthesis of important mediators, such as glutathione and serotonin. In food, amino acids
contribute to the formation of the pleasant aroma of products, i.e., the baked and roasted
aroma caused by pyrazines formed from lysine in Maillard reaction [1] or the rose-like
aroma formed in the Ehrlich pathway from L-phenylalanine [2]. Free amino acids (FAA)
are an important class of metabolites of plants that provide indicative information about
biological responses to environmental or physiological metabolism changes caused by
fluctuation in the nitrogen status, water shortage, or other stress [3].

The content of FAA in plants and food products can be analyzed using a broad range of
methods. The most commonly used are high-performance liquid chromatography (HPLC)
and gas chromatography (GC) followed by derivatization. The crucial step in the FAA
analysis is extraction. Different solvents at different concentrations were used for the
extraction of FFA, including methanol, ethanol, acetone, acetonitrile, hydrochloric acid,
water, and others [3-7]. However, there is no consensus on which method is the most
suitable for certain matrices.

Separations 2022, 9, 81. https://doi.org/10.3390/separations9030081

https://www.mdpi.com/journal /separations


https://doi.org/10.3390/separations9030081
https://doi.org/10.3390/separations9030081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0001-5324-5982
https://doi.org/10.3390/separations9030081
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations9030081?type=check_update&version=2

Separations 2022, 9, 81

2 0f9

Wheat contains all the essential amino acids (EAA), in most cases present in adequate
concentrations to meet the daily intake values suggested by WHO [8]. Additionally,
barley, commonly used for the production of bakery goods, is a good source of amino
acids [9]. The gluten-free diet, based mainly on corn and rice starches, does contain amino
acids too; however, compared to a wheat-based diet, the amounts of several EAA such
lysine and tryptophan are limited [10]. A reduced intake of tryptophan, leading to the
reduced synthesis of monoamines, including serotonin, was suggested to be the cause of
the psychological symptoms accompanying celiac disease such as anxiety, irritability, and
depression [10-12]. In fact, patients with celiac disease following a gluten-free diet for a
long time were found to have a lower level of EAA in biological fluids compared with
healthy subjects [10]. Diet was found to have a substantial impact on the amino acid status
in individuals with celiac disease [13]; thus, the incorporation of novel, functional food
products with improved amino acid profiles could be beneficial to alleviate nutritional
deficiencies. Pseudocereals flours usually have better FAA profiles compared to corn and
rice [14] and thus can be considered an alternative for gluten-free products. Importantly,
considering the absorption of the amino acids, food products rich in FAA are preferred.
Weijzen et al. [15] showed that the ingestion of FAA results in more rapid absorption and
higher postprandial amino acids availability compared to intact protein. Furthermore,
formulations rich in FAA were found to stimulate gut microbiota development in monkey
infants better than formulations that contained more protein [16]. It is of great importance
considering the dysbiosis of gut microbiota commonly observed in celiac disease [17].

Cruciferous plants are a good source of bioactive compounds, antioxidants, vitamins,
and FAA [18-20]. For broccoli, florets are the main edible part, which means that more
than 70% of the plant (mainly leaves) is discarded. The broccoli leaves, considered a
by-product, have a similar chemical profile to florets and have been found to be rich
in bioactive and nutritive compounds [21,22]. Broccoli leaves were suggested to be an
interesting source of FAA, including EAA, mainly phenylalanine, isoleucine, leucine, lysine,
valine, and tryptophan [23]. Nowadays, there is a growing interest in the utilization of
plant-based by-products to recover bioactive compounds, vitamins, and protein [24,25].
Notably, broccoli leaf powder (BLP), obtained from freeze-dried broccoli leaves, has been
successfully applied as an additive of gluten-free products [26-28]. However, to date,
the effect of BLP incorporation on the profile of FFA in bakery goods was not analyzed.
Therefore, the aim of this study was to select the most effective method for the extraction of
FAA from the BLP and bakery matrix and then to evaluate the effect of the incorporation of
BLP into a gluten-free bakery product on the profile of FAA. In this study, gluten-free mini
sponge cake (GFS) was used as a model bakery product.

2. Materials and Methods
2.1. Chemicals

Ultra-pure water was obtained with a mili-Q-system (Millipore, Bedford, MA, USA).
Methanol and acetonitrile were purchased in Sigma Aldrich (Steinheim, Switzerland).
Hydrochloric acid was from POCh (Gliwice, Poland). EZ: faast™ kit for free (physiological)
amino acids containing all the reagents, calibration standards, and separation column was
purchased in Phenomenex (Aschaffenburg, Germany).

2.2. Preparation of Gluten-Free Sponge Cakes Fortified with Broccoli By-Products

The preparation of BLP and GFS was described previously [26]. Briefly, BLP was
prepared from fresh, undamaged broccoli leaves, which underwent freeze-drying and
pulverization. GFS were prepared using potato and corn starch, eggs, sugar, oil, salt, and
baking powder with proportions described previously [26]. All ingredients were purchased
in local stores in Olsztyn (Poland). An equivalent of corn and potato starch in the control
formulation was replaced with BLP with the following percentages: control-0%, B1-2.5%,
B2-5% and B3-7.5% (w/w). GFS were baked for 25 min at 180 °C in the laboratory oven
(SVEBA DAHLEN, AB model DC-21, Fristad, Sweden). After cooling, GFS were freeze-
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dried and grounded to a fine powder, which was stored in —20 °C until analyses. The
pictures presenting the obtained GFS are shown in Figure 1.

i B1 B2 B3

Figure 1. The presentation of the experimental pasta fortified with BLP. C—control, B1—2.5% starch
replacement with BLP, B2—5% starch replacement with BLP, and B3—7.5% starch replacement
with BLP.

2.3. Extraction of Amino Acids

In the literature, various methods were used to extract the free amino acids [3,4,29-32].
Since there is no consensus on which extraction method is the most suitable for vegetables,
two methods based on the two the most commonly reported solvent were compared in
this study.

2.3.1. Method 1

The first method of extraction was based on the 50% methanol, as described else-
where [33]. Approx. 100 mg of the freeze-dried sample was placed in a 5 mL Eppendorf
vial. Then, 3 mL of 50% methanol (v/v) at a temperature of 50 °C was added and incubated
for 20 min at 50 °C with shaking of 500 rpm using MultiTherm shaker (Benchmark Scien-
tific, Edison, NJ, USA). After that, samples were centrifuged for 15 min at 10,000 rpm, and
the supernatant was collected for analysis.

2.3.2. Method 2

The second extraction was based on the method described by Barba et al. [32]. Approx.
100 g of freeze-dried sample was placed in a 5 mL Eppendorf vial. Then, 3 mL of a solution
containing 25% of acetonitrile in 0.1 M hydrochloric acid was added. Extraction was
performed at room temperature for 1 h with shaking of 500 rpm using a MultiTherm shaker
(Benchmark Scientific, Edison, NJ, USA). After that, samples were centrifuged for 15 min at
10,000 rpm and the supernatant was collected for analysis.

2.4. Analysis of Amino Acids

The analysis of amino acids was performed as previously described by Drabiriska et al. [33].
Briefly, 100 pL of the extract was analyzed using the EZ: faast™ kit for free (physiological)
amino acids (Phenomenex, Aschaffenburg, Germany) according to the producer’s recommen-
dations. The identification of individual FAA was performed using external standards, and
quantification was performed using calibration curves and normalized according to the internal
standard (norvaline).

Amino acids were analyzed in an Agilent 7890A gas chromatograph coupled with a
5975C mass selective detector, 7683B autoinjector (Agilent Technologies, Santa Clara, CA,
USA), and a data station containing the NIST/EPA /NIH Mass Spectral Library (Version 2).
The compounds were separated in a ZB-AAA EZ: faast™ capillary column (10 m 0.25 mm,
(Phenomenex, Aschaffenburg, Germany)). The carrier gas was helium (1.5 mL/min). The
samples (2 uL) were injected in split mode (1:15). The oven temperature was initially set
at 110 °C and then increased to 320 °C (30 °C/min). Injector and ion source temperatures
were 250 °C and 240 °C, respectively.
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2.5. Statistical Analysis

All analytical measurements were performed in triplicates. The content of individ-
ual amino acids was compared between the GFS using a one-way analysis of variance
(ANOVA), separately for each extraction method. The significance of differences between
the samples was determined by Fisher’s LSD test at p-value < 0.05. All statistical analyses
were performed using STATISTICA version 13.3 (Statsoft, Tulsa, OK, USA) and GraphPad
Prism version 8.0.0 for Windows (San Diego, CA, USA) software.

3. Results

In total, 26 and 14 FAA were found in BLP after extraction using methods 1 and 2,
respectively (Tables 1 and 2). Moreover, considering the total content of FAA, method 1
was more efficient, reaching a 14-fold higher value compared to method 2. Interestingly,
the profile of FAA differs between the extraction methods. In method 1, the dominant FAA
in BLP were glutamine, aspartic acid, serine, and alanine, whereas in the extracts obtained
by method 2, glutamic acid, proline and alanine had the highest abundance. Control GFS
had relatively low FAA content, irrespective of the used extraction method (Tables 1 and 2).
Method 1 allowed us to extract 20 FAA, with glutamic acid being the dominant one. At
the same time, only eight FAA could be extracted using method 2. Contrary to method 1,
valine was found to be the dominant FAA in control GFS extracted using method 2.

Table 1. Amino acid profile in BLP and BLP fortified GFM extracted using method 1. Data expressed
as mean =+ SD in nmol/g DM. Different letters in superscript in the same line indicate a significant
difference (p < 0.05) (Fisher’s LSD. ANOVA). C—control, B1—2.5% starch replacement with BLP,
B2—5% starch replacement with BLP, and B3—7.5% starch replacement with BLP.

Amino Acid Abbreviation BLP C B1 B2 B3
Non-essential amino acids
Alanine ALA 11,523.4 + 2229 281.1+1.4°2 638.8+ 6.7° 638.4 + 204" 9412 £ 10.6 €
Glycine GLY 3845+ 2.0 156.3 +£10.72 187.1 £ 5.2b 206.4 + 13.8 bc 221.8+8.1°¢
Serine SER 10,552.9 +184.9 4305+ 152 746.7 +£269P 7935+ 115¢ 1084.3 £ 7.84
Proline PRO 3682.6 + 32.0 2785+0.22 4398 +6.0° 436.8 £ 45P 576.9 2.7 ¢
Asparagine ASN 4286.6 +27.1 231.6 + 672 292.3 4+ 18.7° 3182+ 62" 453.6 +33¢
Aspartic acid ASP 25,970.3 + 203.6 399.2 + 1622 1130.4 + 191.7b 1683.8 +20.6 © 2448‘3d:t 760
Glutamic acid GLU 38,1853 £3852  141924117.8° 23383+ 1328>  26226+£939¢  248£162
Glutamine GLN 5619.2 + 77.0 348+0.72 134.8 + 0.4 P 150.6 + 13.2P 256.7 £22.9¢
Tyrosine TYR 1090.5 + 34.2 363.7 £142.02 4173 £90.62 370.1 £58.02 4146 +7252
Essential amino acids
Valine VAL 4080.6 + 45.5 2832 +252 4723 +99P 490.8 +28.0° 624.4+8.0°¢
Leucine LEU 17129 +4.3 5345+842 582.0+2.1P 6042 +18¢ 760.0 +13.04
Isoleucine ILE 1636.7 +22.5 2498 +11.72 350.0 +5.1P 3483 £ 72P 4009 +£76°¢
Threonine THR 6108.7 + 47.6 3215+ 1422 538.0 £ 2.6P 601.4+24°¢ 769.8 +9.69d
Methionine MET 1147.8 £ 114 823+0.62 136.2 +£20.72 68.2+392 914+9.02
Phenylalanine PHE ND 196.0 +20.32 262.3 +5.7P 2465+ 3.7P 288.6 +8.3°¢
Lysine LYS 2826.1 + 50.9 290.6 +11.32 398.6 +7.7P 3347 £8.0°¢ 4820+214
Tryptophan TRP 868.0 = 18.3 127.6 +83.6 2 127.7 £ 4292 98.1 +£5.82 1704 + 83472
Histidine HIS 2764.0 + 96.7 133.9 + 18.0 127.2 +£41.0° 119.7 + 422 234.7 £144.0
Other amino acids and derivatives
Thioproline TPR ND 4241 £836°2 365+262 349 +1032 317+ 342
«-Aminobutyric acid ABA 67.9 £ 3.8 53+75 ND * ND 158+ 14
-Aminoisobutyric acid BAIB 68.7 £1.9 ND ND ND ND
a-Aminoadipic acid AAA 416.0 = 27.8 ND ND ND ND
a-Aminopimelic acid APA 393 £19 ND ND ND ND
Ornithine ORN 231.4 +47.3 ND ND ND ND
Glycyl-proline GPR 95.8 +32.5 ND ND ND ND
Hydroxylysine HLY 101.3 +98.8 ND ND ND ND
TOTAL 12+ 5862048367 93563+ 61910 101671 £31720 g

* not detected ¢ Different letters in superscript in the same line indicate a significant difference (p < 0.05)
(Fisher’s LSD. ANOVA).
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Table 2. Amino acid profile in BLP and BLP fortified GFM extracted using method 2. Data expressed
in nmol/g DM. (ND—not detected). Different letters in superscript in the same line indicate a
significant difference (p < 0.05) (Fisher’s LSD. ANOVA). C—control, B1—2.5% starch replacement

with BLP, B2—5% starch replacement with BLP, and B3—7.5% starch replacement with BLP.

Amino Acid Abbreviation BLP C B1 B2 B3
Non-essential amino acids
Alanine ALA 1231.8 £ 87.7 ND ND 52.7 + 3.6
Glycine GLY 68.4 +19.0 ND ND ND ND
Valine VAL 907.6 +29.9 7204+11.72 80.0 =21.62 91.1 +18.82 1425+ 8.0b
Serine SER 757.3 +£31.0 ND ND 40.6 +6.0° 52.7+9.6%
Proline PRO 385.8 + 8.6 29.1 +892 374+50¢2 370+52¢2 477 + 64°
Aspartic acid ASP 1889.2 £ 61.2 263 +9.72 564 4+ 12.2b 123.6 +14.2°¢ 137.8 £ 14.8°¢
Glutamic acid GLU 2124.0 + 86.1 64.6 +6.22 136.5 + 32.1P 1953 £43.3¢ 253.6 + 40.2 4
Tyrosine TYR 947 +7.1 263 +042 242 +572 264 + 1032 259 +4.0°2
Essential amino acids
Leucine LEU 146.7 £ 119 385+159¢2 402+ 467 425+572 440+3.0°
Isoleucine ILE 188.3 £ 11.7 ND 36.0+592 3144+952 36.5+772
Threonine THR 473.0 +15.3 ND 342 +11.6°2 384+179° 43.0+8.8¢2
Phenylalanine PHE ND 13.6+8.0° ND 167 +3.2°% 207 +£1.0?
Lysine LYS 318.1+9.5 36.7 £ 6.72 373+772 33.74+31¢2 499 +125P
Histidine HIS 126.1 +£9.0 ND ND ND ND
Tryptophan TRP 69.6 £7.5 ND ND ND ND
TOTAL 8780.36 + 395.28 307.1 £ 67472 482.2 + 106.4 2P 676.8 +£137.1° 906.9 +119.6 ¢

ab ¢ Different letters in superscript in the same line indicate a significant difference (p < 0.05) (Fisher’s
LSD. ANOVA).

The incorporation of BLP resulted in a significant increase in FAA, irrespective of the
applied extraction method (Tables 1 and 2). Since method 1 was found to be more efficient in
the extraction of FAA, both in terms of the concentration and the number of extracted FAA,
further comparison of the experimental GFS was performed based on method 1. Looking
at individual FAA, the concentrations of all non-essential amino acids (NEAA) increased
with increasing BLP addition, except for tyrosine, which remained unchanged. The biggest
increases after BLP incorporation were noted for alanine, serine, aspartic, and glutamic acid,
which were dominant NEAA in BLP, whereas among EAA, the biggest increases were noticed
for leucine, threonine, valine, and lysine, which were also detected in high concentrations in
BLP. Consequently, the total concentration of NEAA increased significantly in B3 compared
to C (Figure 2). The total content of essential amino acids (EAA) also increased after the
incorporation of BLP (Figure 2). Notably, the significant increase was noted only in B1 and
B3, whereas in B2, the total content of EAA was statistically similar to the C; however, the
increasing trend was observed. It is mainly related to the lower contents of methionine,
tryptophan, and histidine, which were detected at lower values than C (Table 1).

* %k %k kk
ns k% ¥k
ns %k
5000 _**x s | Lo 190007 e me . c
e B1 e B1
4000- e B2 e B2
- -} * 83 _ 10000~ B
2 3000- =
2 g
€ 2000- £
5000
1000- I'I'I
0 0 T

1
EAA NEAA

Figure 2. The total concentrations of essential (EAA) and non-essential amino acids (NEAA) in
gluten-free mini sponge cakes fortified with broccoli leaf powder (BLP) extracted by method 1.
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C——control, B1—2.5% starch replacement with BLP, B2—5% starch replacement with BLP, and
B3—7.5% starch replacement with BLP, ns—not significant. (*) —p-value < 0.05, (**)—p-value < 0.01,
(***)—p-value < 0.001., (****)—p-value < 0.0001.

4. Discussion

Amino acids are the main form of nitrogen transport in plants; thus, they are involved
in all physiological processes, including growth, the storage of nutrients, and transporta-
tion [34]. In humans, disturbance in amino acid metabolism was associated with the
incidence of several health conditions such as autism spectrum disorders, depression,
cancer, and celiac disease [10,13,35,36]. On the one hand, the pathogenesis of these diseases
can be associated with the disturbance of amino acid metabolism, but on the other hand,
the elimination diets used as treatment can lead to amino acid deficits [10]. Therefore, it is
important to develop novel products, which can provide deficient amino acids, especially
in a gluten-free diet.

In this study, the profile of FAA in BLP and fortified GFS was assessed. To do so,
two extraction methods were compared. There is certainly a wider disparity of opinion
among scientists as to the most suitable methods for extraction of FAA from plant matri-
ces. In this study, two simple extraction techniques successfully applied previously were
compared [32,33]. The results showed that extraction with 50% methanol was much more
efficient compared to acetonitrile-HCI solution. The discrepancy between the amount of
extracted FAA, both in terms of number of FAA and their concentration, between these
two methods was surprising; however, it can be associated with the pH of the solvents.
The organic solvents were previously reported to extract better neutral and acidic amino
acids, whereas acids were more effective in the extraction of basic FAA [7]. It has to be
kept in mind that amino acids are a big group of chemicals, with varying properties related
to different polarities, ionization, and the character of side-chain groups. Therefore, the
selection of the optimal extraction conditions can be challenging. Arndiz et al. [20] found
that water gave the best yield of extraction of FAA from broccoli leaves, mainly due to its
higher polarity. However, although the highest total concentration was obtained, the water
did not allow the extraction of some of the individual compounds. The authors found
that proline and glutamine were more efficiently extracted by methanol-water solutions
and supercritical fluid extraction [20]. In this study, the method based on acetonitrile and
low-molar acid did not extract amino acid derivatives, glutamine, and asparagine. There-
fore, method 1 was again better, especially since glutamine is also involved in gut barrier
integrity and inflammation state, which are of particular importance in celiac disease [13].

Taking into account the results obtained by method 1, the presence of 26 FAA could
be detected in BLP. This is more than in Arnaiz et al. [20], who detected 20 FAA by
supercritical fluid extraction. The authors applied the same type of derivatization, using a
commercial EZ: faast™ kit. Previously, 20 FAA were also detected in broccoli florets using
different analytical approaches, such as HPLC and ion-exchange chromatography [37,38].
Therefore, the results of this study showed that broccoli leaves are a good source of FAA.
The comparison of the different aerial parts of cauliflower showed that, among them,
leaves are the richest source of FAA [33]. It could be explained by the higher assimilation
of nitrogen in photosynthetic leaves [39]. It can also suggest that outer leaves of other
vegetables, which are considered by-products, can be used for the extraction of FAA or can
be applied as nutritive additives for food products.

Raw materials used for baking gluten-free products differ in terms of amino acids
profile, especially EAA. In general, cereal proteins are usually deficient in lysine, tryptophan,
and threonine [40]. In this study, GFS was characterized by the presence of 20 FAA,
including lysine, tryptophan, and threonine. It can be explained by the fact that, in this
study, the mixture of corn and potato starch was used for the GFS formulations. Notably,
comparing the total FAA, control GFS had a much lower concentration than BLP. The
incorporation of BLP significantly increased the content of FAA in GFS; however, the profile
of FAA remained similar to the control GFS. It can be explained by the small amount of
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BLP added to each formulation. However, due to the high content of NEAA in BLP, their
concentrations increased successively by two and three times in B1 and B3 formulation,
respectively. Importantly, a lower level of glutamine was observed in children with celiac
disease following a gluten-free diet [41]. BLP-enriched GFS were found to be a very good
source of this FAA, which can contribute to the improvement of amino acids status. The
content of EAA also increased in BLP-enriched GFS; however, this increase was smaller
than NEAA. Unfortunately, the level of tryptophan was not affected by BLP incorporation,
which was of primary importance considering the physiological issues related to celiac
disease [10].

Importantly, FAA also affect the technological properties of bakery goods. Amino acids
have an impact on the swelling power of starch, which can affect the texture of starch-based
products [42]. For instance, charge-carrying amino acids, such as lysine, arginine, aspartic
acid, and glutamic acid, were found to influence the gelatinization and retrogradation
properties of potato starch [43]. As reported previously [28], BLP addition reduced the
viscosity of the GFS batters and increased firmness of the GFS, which could be associated
with the observed change in FAA profile. It is also of great importance considering the
challenges in the formulations of gluten-free products [44].

5. Conclusions

In conclusion, this study showed that the by-products of broccoli processing are a
good source of FAA. The most suitable method for the extraction of FAA was extraction
with 50% methanol, allowing for the detection of 26 FAA in BLP. The incorporation of
BLP into GFS resulted in a significant increase in both EAA and NEAA. The biggest
increases after BLP incorporation were noted for alanine, serine, aspartic, and glutamic
acid, which were dominant NEAA in BLP, whereas among EAA, the biggest increases
were noticed for leucine, threonine, valine, and lysine, which were also detected in high
concentrations in BLP. These findings suggest that BLP can be a valuable supplement for
GFS. The incorporation of BLP into GFS allowed compensating the FAA deficits of gluten-
free products. In conclusion, the obtained added-value baked product could provide health-
promoting benefits for subjects on a gluten-free diet. Furthermore, FAA-rich BLP could be
used for the development of new functional products for subjects on the elimination diets,
helping, at the same time, to eliminate the by-products of the vegetable industry.
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