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Antioxidant Properties, Texture and Sensory Quality of Sliced 
Bread Enriched with Leaf Powder from Mango (Mangifera indica)

Mónica Pirca-Palomino1 , Yvette I. Malange2 , Fernando Ramos-Escudero2,3 , Ana M. Muñoz2,4 ,  
Keidy Cancino-Chávez2* 
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2Nutrition, Health, Functional Foods and Nutraceuticals Research Unit, San Ignacio de Loyola University (UNUSAN-USIL),  

Av. La Fontana 550, 15024 Lima, Perú 
3Career in Nutrition and Dietetic, Health Sciences Faculty, San Ignacio de Loyola University, Av. La Fontana 550, 15024 Lima, Perú 

4Food Science and Nutrition Institute, San Ignacio de Loyola University (ICAN-USIL), Campus Pachacamac, Sección B, Parcela 1, 
Fundo La Carolina, Pachacamac, 15823 Lima, Perú 

Mango leaf (Mangifera indica L.) is used in traditional medicine and more recently in food applications due to its bioactive 
compounds that promote healthy effects. The objectives of the present study were to develop a sliced bread (SB) enriched 
with leaf powder from three mango varieties (Kent, Criollo and Edward) and evaluate the total phenolic content, total flavonoid 
content and antioxidant capacity. The effect of mango leaf powder on the sensory, textural and chromatic parameters of SB 
was also assessed. The results showed that bread enriched with mango leaf powder (replacing 2%, 6% and 10% of wheat flour 
in a bread recipe) compared to control SB had a higher total phenolic content (1.16 to 4.03 mg GAE/g) and antioxidant capacity 
in the DPPH assay (0.15 to 0.76 µmol TE/g) and in the ferric ion-reducing antioxidant power (FRAP) assay (2.33 to 5.36 µmol 
FeSO4/g). Values of chromatic parameters such as lightness (L*) decreased from 59.10 to 40.71, when the mango leaf powder 
percentage in bread increased due to the presence of pigments such as chlorophylls (0.54 to 0.69 mg/g) and carotenoids (2.04 
to 2.48 mg/g). Among enriched breads, SBs with 2% mango leaf powder obtained the highest sensory panel scores in terms 
of color, flavor and odor. The enriched breads were characterized by lower hardness, chewiness and gumminess compared 
to the control bread. In conclusion, it can be stated that sliced bread enriched with mango leaf powder can be an excellent 
potential resource of bioactive compounds.

Keywords:  antioxidant capacity, bakery product, bread fortification, chromatic parameters, functional food, mango by-product
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INTRODUCTION
The mango (Mangifera indica L.) belongs to the Anacardiaceae 
family, it is cultivated in the tropical areas, with temperature 
being an important factor in its growth and development. Cur-
rently, mango is the most consumed fruit worldwide, called 
the “King fruit” [Jahurul et al., 2015]; likewise, it is the third most 
traded tropical fruit in terms of volume [FAO, 2023]. In Peru, 
the largest production of mangoes for export is concentrated 

in the geographical area of Piura. Among them is the Criollo vari-
ety, intended for the production of pulp and concentrated juices, 
and the Haden, Kent, Tommy Atkins and Edward varieties, in-
tended for consumption as fresh fruit. The main export countries 
of Peruvian mango, for the period 2023/24, were the Netherlands 
(40% of national production) followed by the United States (30%), 
Spain (8%), the United Kingdom (6%) and others (16%) [Agencia 
Agraria de Noticias, 2024]. However, mango leaves are considered 

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2024 Author(s). This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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waste material generated mainly by pruning, but they are an im-
portant resource for their health benefits due to the abundance 
of phytochemicals such as mangiferin, phenolic acids, benzo-
phenones, flavonoids, ascorbic acid, carotenoids, tocopherols 
and chlorophylls [Kumar et al., 2021]. These phytochemicals 
foster high potential in terms of biological and pharmacological 
activities such as antioxidant, antidiabetic, anti-inflammatory, 
antimicrobial, antiviral, immunomodulatory, antiobesity, antial-
lergic, antifungal, antiparasitic, antipyretic, hepatoprotective, anti-
microbial, antidiarrheal, antitumor, and others [Batool et al., 2018]. 
Among them, phenolic compounds are very important. Different 
epidemiological and experimental studies have demonstrated 
the protective effect of polyphenols against chronic diseases 
such as cancer, diabetes as well as cardiovascular and neurode-
generative diseases [Rasouli et al., 2017]. Polyphenols modulate 
numerous physiological processes, such enzyme activity, cell 
proliferation, signal transduction pathways and cellular redox 
potential to fight chronic pathologies [Luca et al., 2020].

Bread is a widely consumed food and is part of an everyday 
diet in different populations around the world. Making bread 
basically includes wheat flour, water and a small amount of salt. 
The impact of industrialization on bread making has allowed 
the addition of other materials such as food additives and yeast 
to improve bread quality characteristics. Currently, there is a great 
interest in the enrichment of formulations with various plant 
flours in order to improve bread nutritional and bioactive prop-
erties. The partial replacement of wheat flour with plant-based 
ingredients has favorably contributed to the increased con-
tents of protein, polyunsaturated fatty acids, polyphenols, plant 
pigments, and enhanced bioactivity, e.g., antioxidant capacity 
[Amoah et al., 2022; Kowalski et al., 2020].

Kumar et al. [2021] considered the mango leaf powder as a po-
tential resource for the development of functional foods due to 
the bioactive potential. However, there are few research works that 
have used this by-product as a partial substitute in food products 
[Yelwande et al., 2022]. An approach to the utilization of mango 
leaves is based on the development of functionalized edible films 
made of chitosan/starch with a mango leaf extract, and the de-
velopment of sustainable preservatives to avoid the perishability 
of climacteric fruits [Cejudo et al., 2023; Majeed et al., 2024].

Therefore, the main objective of the research carried out 
was to develop a sliced bread (SB) enriched with mango leaf 
powder (MLP) with enhanced antioxidant capacity and increased 
phenolic compound content, as well as acceptable sensory 
and texture properties.

MATERIALS AND METHODS
r Plant materials
Leaves of three varieties (Criollo, Kent, and Edward) of Mangifera 
indica L. were collected between February and March 2022 at 
fruit farms of the Association of Mango Producers of the province 
of Chulucanas (Piura, Peru). GPS coordinates of the leaf collection 
site were 5°5’43.692’’S and 80°10’10.56’’W; at an altitude of 92 m 
above sea level. Approximately 7 kg of young leaves were taken 
from the bottom of 6 trees for each mango variety studied.

r Mango leaf powder preparation
The preliminary post-harvest operations consisted of leaf se-
lection, washing, disinfection and drying at 60°C for 4 h using 
a commercial dryer with 15 stainless steel trays. Disinfection 
was carried out by immersing the leaves for 10 min in a diluted 
solution (5 mL/L of water) of Bio Organic® (Econo Group E.I.R.L, 
Lima, Perú). The leaves were then milled using a blade mill with 
a sieve of 0.5 mm in diameter. The MLP was packed in polythene 
bags and stored until it was used to produce SB and for chemi-
cal analysis.

r Sliced bread preparation
Sliced breads (SBs) were prepared with wheat flour (control) 
and with partial replacement of wheat flour (2%, 6%, and 10%) 
with MLP. In addition to wheat flour (42%, 46%, 50% and 52%) 
and MLP (10%, 6%, 2% and 0%, respectively), the breads were 
made of milk (35%), sugar (2%), yeast (1%), butter (9%), and salt 
(1%). MLP was mixed with the dry ingredients and then with 
the rest of the ingredients. The kneading time was 8 min. 
The dough was then left to rest in containers until doubling 
in size, i.e., for about 1 h. Subsequently, the dough was placed 
in the stainless-steel molds of 25×11×6 cm, fermented for 
2 h at room temperature (20°C), and then baked at 230°C for 
35 min. Finally, SBs were allowed to cool to room temperature 
and packaged in polypropylene bags. Formulations of SB control 
(0% MLP); SB+Criollo (2%, 6% and 10% MLP), SB+Kent (2%, 6% 
and 10% MLP) and SB+Edward (2%, 6% and 10% MLP) were pre-
pared in triplicate, and SBs were made twice – the first time for 
chemical and texture analyses and the second time for sensory 
evaluation and color measurements. 

r Preparation of methanolic extracts of mango leaf 
powder and sliced bread

For the preparation of methanolic extracts of MLP, the procedure 
described by Romero-Orejón et al. [2023] was followed with 
some modifications. Approximately 0.5 g of MLP was placed 
in 15-mL centrifuge tubes, and then 5 mL of a methanol and wa-
ter mixture (70:30, v/v) was added. In the case of SB, 10 g was 
weighed into a 125-mL Erlenmeyer flask, and 50 mL of a metha-
nol and water mixture (70:30, v/v) was added. The extraction 
was developed in two stages, the first by vortexing at the maxi-
mum speed for 30  min, and the second by ultrasound bath 
(CPXH 2.8 L, Bransonic, Danbury, CT, USA) at 40 kHz and 30°C for 
30 min. Subsequently, the extracts were centrifuged at 4,000×g 
for 15 min, and the supernatant was recovered and stored at 5°C 
until further analyzed.

r Determination of total phenolic content
The total phenolic content (TPC) was determined follow-
ing the conventional method with a Folin-Ciocalteu reagent 
[Singleton & Rossi, 1965] with some modifications made by 
Martínez & Ramos-Escudero [2024]. A 50-μL aliquot of MLP 
or SB extract was reacted with 0.38 mL of the Folin-Ciocalteu 
phenol reagent (0.2 M). The reaction was developed for 5 min, 
and subsequently 0.38 mL of 7.5% sodium carbonate was 
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added. The blue color complex was allowed to develop for 
2 h, after this time the absorbance readings were collected at 
765 nm using an OrionTM AquaMate 8100 UV-Visible spectro-
photometer (Thermo Scientific, Waltham, MA, USA). The results 
were expressed in mg of gallic acid equivalent per g of MLP 
or SB (mg GAE/g).

r Determination of total flavonoid content
The total flavonoid content (TFC) was determined by the method 
described by Miliauskas et al. [2004] with some modifications. 
A 10-µL aliquot of MLP or SB extract was mixed with 0.1 mL of 
aluminum chloride hexahydrate (80 mM) and then diluted with 
1 mL of distilled water. Absorbance readings were recorded at 
415 nm after 15 min at room temperature. The total flavonoid 
content was expressed as mg of rutin equivalent per g of MLP 
or SB (mg RE/g).

r Determination of plant pigment content
The plant pigments of the samples were determined following 
the methodology described by Lichtenthaler & Buschmann 
[2001]. Approximately 0.1 g of MLP or SB was weighed and then 
hydrated with 0.2 mL of water for 3 min. Then, the extraction 
of chlorophylls and carotenoids was developed by the addition 
of 5 mL of an acetone and water mixture (80:20, v/v). The extrac-
tion continued with stirring by vortex and ended with centrifu-
gation at 4,000×g for 15 min. The supernatant was separated 
and the spectrum in the wavelength range of 400–700 nm was 
recorded using an Orion AquaMate 8100 UV-visible spectro-
photometer (Thermo Scientific). The wavelengths selected for 
quantification of chlorophylls were 646 and 664 nm, whereas ca-
rotenoids were quantified at the wavelength of 470 nm. The total 
content of individual pigment types was calculated using equa-
tions described by Lichtenthaler & Buschmann [2001]. The total 
content of chlorophylls and carotenoids was expressed in mg 
per g of MLP or SB.

r Determination of ferric ion-reducing antioxidant 
power 

Ferric ion-reducing antioxidant power (FRAP) of MLP or SB was 
determined following the method described by Benzie & Strain 
[1996] with some modifications. A 0.75-mL aliquot of a solution 
containing a mixture of 2.5 mL of 2,4,6-tris(2-pyridyl)-s-triazine 
(10 mM in 40 mM HCl), 2.5 mL ferric chloride (20 mM), and 25 mL 
of sodium acetate (300 mM adjusted to pH 3.6) was added to 
a 2-mL Eppendorf tube, and then 0.12 mL of a previously di-
luted MLP or SB extract was added. Absorbance readings were 
collected at 593 nm. Results were expressed in µmol FeSO4/g 
of MLP or SB.

r Determination of 2,2-diphenyl-1-picrylhydrazyl 
radical scavenging activity

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay was carried out fol-
lowing the procedure described by Brand-Williams et al. [1995]. 
An amount of 10 µL of an MLP or SB extract diluted with 40 µL 
of a methanol and water mixture (70:30, v/v) was reacted with 

950 µL of the DPPH radical solution (100 µM). Absorbance read-
ings were collected at 515 nm after 10 min of reaction. DPPH radi-
cal scavenging activity was expressed as µmol Trolox equivalent 
per g of MLP or SB (µmol TE/g).

r Color measurements
Color measurements of the SB crumb were carried out by im-
age analysis following the procedure described by Zegarra et 
al. [2019]. The samples were placed in a portable photo studio 
(Puluz Technology Limited, Shenzhen, China) containing 64 LED 
lights with an output power of 30 W and a color temperature 
of 5,500 K. The photographic images were acquired using a digi-
tal camera (Canon, Power Shot SX60 HS, full HD 65X optical 
zoom, Tokyo, Japan). The photographs were saved on a memory 
card, and then the RGB color squares were obtained by means 
of the ImageJ-1.51k software (National Institutes of Health by 
Wayne Rasband, USA). The L* (darkness/whiteness), a* (green-
ness/redness) and b* (blueness/yellowness) values were ob-
tained using the color matching tool (Nix Sensor) (https://www.
nixsensor.com/free-color-converter/), while the total color 
difference (ΔE) was estimated from Equation (1): 

∆E = √(∆L*)2+(∆a*)2+(∆b*)2  (1)

where: ΔL*, Δa*, and Δb* are the differences in the L*, a* and b* 
coordinates, respectively, between SB control and SB enriched 
with MLP.

r Evaluation of sensory properties
A sensory analysis of bread samples was conducted 3 to 5 h after 
baking with a panel of 15 trained judges from the academic pro-
gram of food industry engineering and agribusiness, consisting 
of 6 men and 9 women aged 25 to 45. They evaluated attributes 
like color, taste, and odor for nine coded treatments, scoring 
preferences from 9 (best) to 1 (worst). The Friedman classification 
test was used for discrimination between the samples. Judges 
signed informed consent, and the study adhered to the ethical 
principles of the Declaration of Helsinki.

r Texture profile analysis
Texture profile analysis (TPA) assessed attributes such as hardness, 
cohesiveness, springiness, adhesiveness, chewiness, and gum-
miness, using an analyzer from Ametek (Middleborough, MA, 
USA). A plexiglass probe with a 25 mm diameter and 35 mm 
height was employed. The settings included a pretest speed 
of 1.0 mm/s, a test speed of 2.0 mm/s, a firing force of 0.05 N, 
and 60% strain, conducted over two compression cycles with 
a 5-s pause. Five slices from each SB formulation, each 15 mm 
thick, were evaluated, with data collected at three points per 
slice. The equipment utilized TexturePro CT Advanced Edition 
software (21 CFR, Ametek), for data analysis.

r Statistical analysis
Results were presented as the mean and standard deviation 
(SD). An analysis of variance (ANOVA) followed by Fisher’s least 
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significant difference (LSD) test was used to compare means 
between varieties of MLP and in SBs with different formula-
tions. Differences were considered significant at p<0.05. For 
sensory evaluation, multiple non-parametric comparisons were 
used using Friedman classification test and Kendall’s coeffi-
cient of agreement (KCC) to measure agreement among judges; 
and the Newman-Keuls statistical test (N-K) was used to evaluate 
differences between formulations [Meilgaard et al., 1999; Scheff, 
2016]. The statistical package STATISTICA, version 8.0 (StatSoft, 
Inc., Tulsa, OK, USA), was used to analyze all data. 

RESULTS AND DISCUSSION
r Bioactive compound contents and antioxidant 

capacity of mango leaf powder
The content of bioactive compounds in MLP is shown in Table 1. 
The TPC of the leaf powder from three mango varieties varied 
between 63.93 to 76.52 mg GAE/g, and no significant difference 
(p≥0.05) was found between the varieties Edward and Kent; 
the variety Criollo was the one that presented lower value. In 
this regard, Fernández-Ponce et al. [2016] found a TPC of ~12 mg 
GAE/g in dehydrated mango leaves of the Kent variety, however, 
Sultana et al. [2012] found values of 86.62 and 93.18 mg GAE/g 
of mango leaves of Langra and Chonsa varieties, respectively. 
Likewise, Kingne et al. [2018] indicated that the state of matu-
rity of mango leaves influenced the TPC, demonstrating that it 
varied between 40 to 90 mg GAE/g with the youngest leaves 
featuring a higher TPC content compared to the mature leaves. 
The results of this research demonstrate that leaves of Criollo, 
Kent and Edward varieties had a high TPC and when compared 
to other species were slightly similar to cat’s claw leaves (~65 mg 
GAE/g), green tea (~89 mg GAE/g) [Chacaliaza-Rodríguez et al., 
2016], leaves of different grape varieties (~27 to ~76 mg GAE/g) 
[Pantelić et al., 2017], and superior to quinoa leaves (~10 mg 
GAE/g), and Erythroxylum coca var. coca leaf (~33.02 mg GAE/g) 
[Chacaliaza-Rodríguez et al., 2016].

The TFC, in the mango leaves evaluated, was in the range 
of 37.36 to 65.14 mg RE/g (Table 1). The MLP from Criollo variety 
presented higher TFC compared to the Edward and Kent varie-
ties. These results differed from the findings reported in other 
studies. For example, Ghosh et al. [2022] reported TFC of mature 
leaves from various mango varieties between ~0.5 and ~3.5 mg 
quercetin equivalent (QE)/g. In addition to using another refer-
ence than in our study (quercetin vs. rutin), they mentioned that 
the recovery capacity of the flavonoid, which is associated with 

the type of solvent used for extraction, influenced the deter-
mined flavonoid content of mango leaves. The extraction with 
methanol was more effective than the extraction with acetone 
and petroleum benzine, indicating that the flavonoids of man-
go leaves have polar characteristics. Kingne et al. [2018] found 
that the total flavonoid content of young and mature mango 
leaves varied from 6 to 14 mg catechin equivalent (CE)/g, thus 
demonstrating that the young leaves presented higher values 
than the mature leaves. On the contrary, Sultana et al. [2012] 
reported TFC between 76.54 and 83.67 mg CE/g of leaves for 
Langra and Chonsa varieties, respectively. The TFC of mango 
leaves of Kent, Edward and Criollo varieties, determined in our 
study, was superior compared to other edible leaf species, like for 
example, leaves of different mint species (3.65 to 16.83 mg QE/g 
dry weight, dw) [Ćavar Zeljković et al., 2021], basil (~12 mg QE/g 
dw), chard (~11 mg QE/g dw), parsley (~15 mg QE/g dw) and red 
kale (~7 mg QE/g dw) [Chandra et al., 2014]. The main flavonoids 
identified in mango leaves were catechin, rutin, kaempferol 
3-O-rutinoside, isoquercitrin, hyperin, quercetin 3-O-glucoside 
and quercetin [Kumar et al., 2021; Sferrazzo et al., 2022].

The plant pigments, including especially carotenoids 
and chlorophylls, were mainly responsible for the color 
in MLP. The total carotenoid content ranged from 0.54 to 0.69 
mg/g, while the total chlorophyll content ranged from 2.04 to 
2.48 mg/g (Table 1). The total carotenoid content showed sig-
nificant differences (p<0.05) between the varieties of Kent, Ed-
ward, and Criollo, while in respect to the total chlorophyll con-
tent, the varieties of Kent and Edward were statistically similar 
(p≥0.05). Sousa [2022] have mentioned that the leaves of edible 
plants contain significant amounts of plant pigments, and that 
the most common are chlorophyll, carotenoids, and antho-
cyanins. In addition, plant pigments have demonstrated mul-
tiple biological effects including antitumor, anti-atherogenic, 
and anti-inflammatory activity [Magalhães et al., 2024]. Mango 
leaves of Kent, Edward, and Criollo varieties were slightly lower 
in plant pigment content than leaves of quinoa varieties, show-
ing from ~0.64 to ~0.91 mg/g of carotenoids and from 2.02 to 
3.91 mg/g of chlorophylls [Chacaliaza-Rodríguez et al., 2016]. 
Likewise, the content of total plant pigments was reported at 
~0.42 to ~2.41 mg/g sample in the commercial samples of coca 
leaves, lemon verbena, cats’ claw, and green tea [Chacaliaza-
Rodríguez et al., 2016].

The antioxidant capacity of MLP from different mango 
varieties determined by the DPPH and FRAP assays is shown 

Table 1. Contents of total phenolics, total flavonoids and plant pigments of leaf powders from three mango varieties.

Mango leaf powder Total phenolics (mg GAE/g) Total flavonoids (mg RE/g) Total carotenoids (mg/g) Total chlorophylls (mg/g) 

var. Criollo 63.93±1.73b 65.14±2.39a 0.69±0.01a 2.04±0.00b

var. Kent 76.52±3.98a 37.36±0.15c 0.54±0.00c 2.48±0.01a

var. Edward 72.57±2.26a 44.82±1.16b 0.57±0.00b 2.47±0.01a

Values (mean ± standard deviation, n=3) with different letters in the same column indicate a significant difference at p<0.05, according to Fisher’s LSD test. GAE, gallic acid equivalent; 
RE, rutin equivalent.



317

M. Pirca-Palomino et al. 

and FRAP assays was 0.02 µmol TE/g and 0.25 µmol FeSO4/g, 
respectively. These values were significantly (p<0.05) higher for 
the breads enriched with MLP and increased with increasing 
MLP content in the bread recipe. Moreover, it was observed 
that among SBs produced with the highest percentage of MLP 
in the recipe (10%), the MLP from Kent variety allowed obtaining 
the most advantageous product in terms of TPC, TFC and anti-
oxidant capacity. 

Leaves from plant sources have been used for bread for-
tification to achieve healthier foods rich in plant metabolites 
such as carotenoids, chlorophylls, and flavonoids [Amoah et al., 
2022]. For example, quercetin and kaempferol derivatives have 
been detected in slices of bread enriched with pea leaf, while 
slices of bread enriched with lupine leaves have been found 
rich in chrysoeriol and genistein that could elicit health benefits, 
especially in the treatment of women’s diseases [Klopsch et al., 
2018; Yu et al., 2021]. Another report mentioned that the enrich-
ment of bakery products with stinging nettle leaves (Urtical 
dioica) contributed to an increase in lutein, β-carotene, and total 
phenolics content and also in antioxidant activity [Maietti et al., 
2021]. These findings indicate that the fortification of bakery 
products with plant sources improves their nutritional and func-
tional properties.

There is a little evidence in the scientific literature on 
the commercial application of the use of MLP even though 
the MLP extract has been shown to provide excellent antioxidant 
capacity and antimicrobial activity towards Pseudomonas fluo-
rescens, Staphylococcus haemolyticus, and Staphylococcus aureus 
[Sferrazzo et al., 2022]. On the other hand, an in vitro cytotoxicity 
study with human hepatic stellate cell (LX-2) and macrophages 
(U937) has not shown the evidence of cell viability at concen-
trations between 35 to 150 µg/mL [Sferrazo et al., 2022]. One 
approach for the use of the MLP extract in the food industry is 
the development of active packaging based on films composed 

in Table  2. For the DPPH assay, values varied from 19.09 to 
47.45 µmol TE/g, while the FRAP fluctuated between 80.25 to 
107.71 µmol FeSO4/g. Regarding antioxidant capacity, the man-
go leaf varieties presented the following order: Kent > Edward 
> Criollo. Results of the DPPH assay were similar to those de-
termined for other edible leaves such as spinach, mustard, 
and moringa (21.8 to 60.6 µmol TE/g), while for chili leaves 
and lettuce red coral they ranged from 197.3 to 380.6 µmol TE/g 
[Manaois et al., 2020]. The antioxidant capacity of mango leaves 
confirmed the results of a previous study by Sferrazzo et  al. 
[2022], who stated that mango leaves are an excellent source 
of phenolic compounds that contribute to their antioxidant 
properties and can scavenge free radicals.

r Total phenolic content, total flavonoid content, 
and antioxidant capacity of sliced bread enriched with 
mango leaf powder

The TPC, TFC, and antioxidant capacity determined through 
DPPH and FRAP assays of sliced breads produced from different 
recipes are summarized in Table 3. The TPC and TFC of the con-
trol SB without MLP were 0.58 mg GAE/g and 0.08 mg RE/g, 
respectively, and the antioxidant capacity determined by DPPH 

Table 2. Antioxidant capacity of leaf powders from three mango varieties.

Mango leaf 
powder

DPPH assay (μmol 
TE/g)

FRAP (μmol FeSO4/g)

var. Criollo 19.09±1.33b 80.25±1.41c

var. Kent 47.45±2.03a 107.71±1.50a

var. Edward 19.75±0.64b 84.48±2.57b

Values (mean ± standard deviation, n=3) with different letters in the same column 
indicate a significant difference at p<0.05, according to Fisher’s LSD test. DPPH assay, 
assay with 2,2-diphenyl-1-picrylhydrazyl radical; FRAP, ferric ion-reducing antioxidant 
power; TE, Trolox equivalent. 

Table 3. Total phenolic content, total flavonoid content and antioxidant capacity of wheat flour sliced bread (SB control) and sliced breads (SB) enriched with leaf 
powders (replacement of 2%, 6%, and 10% of wheat flour) from three mango varieties (Criollo, Kent and Edward).

Bread Total phenolics  
(mg GAE/g)

Total flavonoids  
(mg RE/g)

DPPH assay  
 (μmol TE/g)

FRAP  
(μmol FeSO4/g)

SB control 0.58±0.01g 0.08±0.01h 0.02±0.00h 0.25±0.01h

SB+Criollo 2% 1.58±0.20e 1.91±0.33f 0.25±0.01f 2.79±0.00f

SB+Criollo 6% 3.36±0.05c 7.38±0.36c 0.65±0.00c 4.14±0.23c

SB+Criollo 10% 3.62±0.05bc 11.49±0.98b 0.76±0.00a 4.35±0.17bc

SB+Kent 2% 1.29±0.06f 0.51±0.21gh 0.15±0.00g 2.33±0.03g

SB+Kent 6% 2.69±0.06d 3.22±0.56e 0.53±0.02d 3.69±0.13d

SB+Kent 10% 4.03±0.14a 17.90±0.65a 0.76±0.01a 5.36±0.26a

SB+Edward 2% 1.16±0.05f 1.26±0.40fg 0.16±0.05g 2.46±0.02g

SB+Edward 6% 2.57±0.06d 4.35±0.31d 0.53±0.01d 3.68±0.12d

SB+Edward 10% 3.71±0.20b 7.97±0.78c 0.72±0.03b 4.46±0.02b

Values (mean ± standard deviation. n=3) with different letters in the same column indicate a significant difference at p<0.05, according to Fisher’s LSD test. GAE, gallic acid equivalent; 
RE, rutin equivalent; DPPH assay, assay with 2,2-diphenyl-1-picrylhydrazyl radical; FRAP, ferric ion-reducing antioxidant power; TE, Trolox equivalent.
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of polymers and polyphenols of MLP for the extension of the shelf 
life of food products [Cejudo-Bastante et al., 2021, 2022]. 

r Chromatic parameters of sliced bread enriched with 
mango leaf powder

Color is one of the most important parameters in determining 
the acceptability of food by consumers. The chromatic param-
eters of SB enriched with MLP are shown in Table 4, and photos 
showing SB appearance are presented in Figure 1. Lightness 

was higher for SB control (65.26) in comparison with SBs en-
riched with MLP (40.71 to 59.10). However, the SB+Edward 2% 
did not differ significantly (p≥0.05) from SB control. L* val-
ues of SB enriched with 2% MLP ranged from 51.79 to 59.10, 
while those of SB with 6% MLP ranged from 48.01 to 52.34. 
The color of the SB darkened with increasing percentage of MLP 
in the bread recipe. This relationship was also observed in bis-
cuits enriched with 1% and 2% of Spirulina biomass with L* val-
ues of 42.86 and 36.62, respectively [Şahin, 2020]. The reduction 

Table 4. Chromatic parameters of wheat flour sliced breads (SB control) and sliced bread (SB) enriched with leaf powders (replacement of 2%, 6%, and 10% of wheat 
flour) from three mango varieties (Criollo, Kent and Edward).

Bread L* a* b* ∆E

SB control 65.26±1.12a 0.93±0.45b 43.92±1.84a

SB+Criollo 2% 58.05±4.48b 1.67±1.17b 31.41±3.93d 15.23

SB+Criollo 6% 49.79±3.08cd 4.22±1.58a 41.97±1.77ab 16.06

SB+Criollo 10% 40.71±4.82f 4.55±1.34a 35.66±3.30c 26.32

SB+Kent 2% 51.79±2.64c 1.43±0.79b 33.56±3.35cd 17.47

SB+Kent 6% 48.01±3.30cd 1.17±0.78b 40.63±2.58ab 17.71

SB+Kent 10% 45.64±5.90de −1.85±2.08c 39.44±4.22b 21.07

SB+Edward 2% 59.10±5.50ab 0.11±1.06bc 32.25±1.40cd 13.90

SB+Edward 6% 52.34±2.49c 2.13±2.34b 32.87±1.99cd 17.33

SB+Edward 10% 42.60±6.93ef 1.20±2.30b 39.04±3.87b 23.36

Values (mean ± standard deviation, n=10) with different letters in the same column indicate a significant difference at p<0.05, according to Fisher’s LSD test. L*, darkness/whiteness; 
a*, greenness/redness; b*, blueness/yellowness; ΔE, total color difference.

Figure 1. Appearance of wheat flour sliced bread (control, 0% MLP) and sliced breads enriched with MLP (replacement of 2%, 6%, and 10% of wheat flour) from 
three mango varieties (Criollo, Kent and Edward). MLP, mango leaf powder.
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0% MLP
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Kent Edward
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in lightness affected the other color parameters. The chromatic 
coordinate a* ranged from 0.93 (SB control) to 4.55 (SB+Criollo 
10%) except for the formulation SB+Kent 10% that presented 
a negative value (−1.85) (Table 4). The a* value was significantly 
(p<0.05) higher compared to the control only for two samples 
(SB+Criollo 6% and SB+Criollo 10%). The value of a* did not 
differ significantly (p≥0.05) between most of samples. In this 
section, it is important to emphasize that the MLP color pre-
sented negative a* values ranging from −6.98 to −9.75 (data no 
shown), indicating a greenish color. It is possible that the posi-
tive a* values of most SBs were due to the depletion of plant 
pigments; hence, the formation of pheophytin [Klopsch et al., 
2018]. For the chromatic parameter b*, it was observed to be 
lower in SBs with MLP (31.41 to 41.97) compared to the control 
SB (43.92). These results are consistent with those reported by 
Cacak-Pietrzak et al. [2023] who found a decrease in b* values 
when 1% to 6% of freeze-dried pomace from black chokeberry 
(Aronia melanocarpa L.) was added to bread. The same decrease 
was observed in food matrices rich in chlorophyll as in biscuits 
enriched with Spirulina biomass, while biscuits enriched with 
Dunaliella biomass rich in β-carotene showed an increase in b* 
values [Şahin, 2020]. Finally, the total color difference showed 
an increase when increasing the proportion of 2%, 6%, and 10% 
of MLP in SB recipe with values that fluctuated between 13.90 
and 26.32.

r Sensory properties of sliced bread enriched with 
mango leaf powder

The sensory evaluation determined the degree of acceptance 
of breads enriched with MLP according to the attributes of color, 
flavor, and odor, i.e., features that determine consumer choice 

when purchasing bread. Table 5 shows the values assigned to 
SBs in their sensory evaluation. The results shown for the at-
tributes of color, taste, and odor indicate significant differences 
between the products, finding greater acceptability of SBs en-
riched with 2% of MLP in the recipe. Regarding color, the judges 
preferred lighter and less greenish colors that were intensified by 
carotenoids and chlorophylls, with an increase in the percentage 
of wheat flour substitution by MLP in the SB recipe. However, 
in the evaluation of taste and odor, there were no significant 
(p≥0.05) differences between the SBs with 2% and 6% of MLP 
from the Criollo and Kent varieties. This may be because dark 
breads tend to be associated with a burnt bread taste and green 
hue of bread is associated with a bitter taste.

SBs enriched with 10% of MLP from all varieties received 
the lowest score for the sensory attributes, particularly in taste. 
This could be due to the bitter and astringent taste of the major 
phenolic compounds contained in mango leaves, such as phe-
nolic acids, xanthones, benzophenones, tannins, and flavonoids 
[Rasouli et al., 2017].

r Texture profile of sliced bread enriched with mango 
leaf powder

The texture parameters of SBs enriched with MLP and control SB 
are shown in Table 6. The control SB had higher hardness, chewi-
ness, and gumminess values in all breads evaluated. The high 
hardness of the control bread may be due to not having ad-
ditional fiber unlike the enriched breads. Fiber absorbing water 
changes the structure of dough and thus reduces the hardness 
of bread. Bourekoua et al. [2018] obtained similar results; their 
control bread presented a greater hardness than these with 
the Moringa oleifera leaf powder. However, an excess of fiber 

Table 5. Sensory scores of sliced breads (SB) enriched with leaf powders (replacement of 2%, 6%, and 10% of wheat flour) from three mango varieties (Criollo, Kent 
and Edward).

Bread Sum of color 
attribute ranks Color Sum of taste 

attribute ranks Taste Sum of odor 
attribute ranks Odor

SB+Criollo 2% 108 7.20±2.04a 109 7.26±2.34a 86 5.80±2.56ab

SB+Kent 2% 113 7.53±1.40a 97 6.46±1.99ab 92 6.13±2.58ab

SB+Edward 2% 113 7.53±1.88a 103 6.86±2.09a 113 7.53±1.84a

SB+Criollo 6% 78 5.20±2.33b 91 6.06±1.98abc 77 5.13±2.69bc

SB+Kent 6% 71 4.73±1.38b 73 4.86±2.16bcd 76 5.20±2.62bc

SB+Edward 6% 72 4.80±1.61b 67 4.46±1.95cde 59 4.00±2.32bc

SB+Criollo 10% 34 2.26±1.16c 54 3.60±1.99de 59 3.93±2.21bc

SB+Kent 10% 56 3.73±1.75b 42 2.80±1.89e 66 4.40±2.16bc

SB+Edward 10% 30 2.00±1.30c 39 2.60±1.95e 45 3.00±1.55c

Friedman X2 71.804 49.546 29.958

p-value* 0.000 0.000 0.0002

KCC 0.569 0.371 0.249

Results are expressed as mean ± standard deviation. Mean with different letters in the same column indicates a significant difference (p<0.05) according to the Newman-Keuls test. 
*Friedman’s rank test. KCC, Kendall’s coefficient of concordance.
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in the preparation of sliced bread improved its total phenolic con-
tent, total flavonoid content and antioxidant capacity. The enrich-
ment of bread with MLP modified the chromatic parameters, 
and the total color difference from the sliced control bread increased 
with the increase in MLP percentage in the bread recipe. Sliced bread 
enriched with 2% of mango leaf powder achieved higher scores ac-
cording to the sensory panel. In summary, mango leaf powder has 
the potential to be used in the preparation of sliced bread and other 
products derived from the baking industry, since it can enrich them 
in phenolic compounds and improve their antioxidant capacity 
and their sensory attributes of color, taste, and odor.
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The objective of this study was to determine the biogenic amine levels and quality parameters of Atlantic salmon fillets packaged 
with a low level of carbon monoxide and varied concentrations of carbon dioxide and stored at 1°C. For this purpose, ambient 
air packaging and modified atmosphere packaging (MAP) with gas mixtures of CO, CO2 and N2 (in a ratio of 0.4/30/69.6); CO2, 
N2 and O2 (in the ratios of 40/30/30, 50/30/20, and 60/30/10); and CO2 and N2 (in a ratio of 40/60) were applied. Salmon fillets 
were analyzed for biogenic amine contents and chemical, microbiological and sensorial properties during 27-day cold storage. 
The study results indicate that salmon fillets stored in cold storage undergo a deterioration process depending on storage 
time and packaging conditions. The thiobarbituric acid reactive substances, total volatile basic nitrogen and trimethylamine 
nitrogen values, and biogenic amine levels were lower in CO-MAP and 60% CO2-MAP compared to the air-packaged samples 
in extended storage period. Furthermore, 1.5–2 log bacterial inhibition was recorded in CO-MAP and 60% CO2-MAP, which 
allowed the products to be consumed up to day 21. However, the shelf-life of air-packaged salmon was limited to one week 
due to the signs of deterioration. In conclusion, modified atmosphere packaging with 0.4% CO and 60% CO2 significantly 
extended the shelf-life of cold-stored salmon fillets by maintaining quality characteristics of the products. These alternative 
gas concentrations can also be effective in the preservation of other fatty fish species under cold storage.
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INTRODUCTION
Fish and other seafood are one of the most perishable food 
items because of their high water, protein and fatty acid content, 
which the spoilage microflora need to growth [Chan et al., 2021a; 
Surówka et al., 2021]. Atlantic salmon (Salmo salar L.) is a sub-
stantial aquacultural fish species, with its high nutritional value 
making it a popular food for consumers worldwide. However, 
this nutritient content can also limit the shelf-life of the product 
[Chan et al., 2021b; Kritikos et al., 2020]. The biochemical and en-
zymatic reactions which occur in fresh salmon from the time 

of capture trigger autolysis, oxidation and enhanced micro-
bial growth, all leading to a rapid spoilage [Chan et al., 2021a]. 
The lipid oxidation of polyunsaturated fatty acids, the oxidation 
of protein and non-protein nitrogenous compounds, and growth 
of spoilage organisms are the main factors reducing the shelf- 
-life of fresh salmon, thereby generating off-flavor and off-odor 
that influence the consumer’s acceptance [Merlo et al., 2019]. 
Furthermore, the formation of biogenic amines in fish is directly 
related to the growth of spoilage microorganisms [Çelebi Sezer 
et al., 2022; Houicher et al., 2021]. 
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Biogenic amines are nitrogenous compounds with hetero-
cyclic, aromatic and aliphatic chemical structures generated 
by microbial decarboxylation of free amino acids [Arulkumar 
et al., 2023; Çelebi Sezer et al., 2022]. Histamine, cadaverine, 
putrescine, tryptamine, phenylethylamine, tyramine, spermine 
and spermidine are the most important biogenic amines found 
in food. Enterobacteriaceae, Clostridium spp., Aeromonas spp., 
Aerobacter spp., Pseudomonas spp., Shewanella spp., Lactobacillus 
spp., Photobacterium spp., Morganella morganii, yeast and mold 
are among the microorganisms responsible for the deterioration 
of salmon and the formation of biogenic amines [Arulkumar 
et al., 2023; Powell & Tamplin, 2012]. The composition of food, 
the microbial flora and parameters (i.e., temperature) that pro-
mote bacterial growth, packaging and storage time, influence 
the amount and type of biogenic amines formed [Dadáková 
et al., 2009]. Therefore, it is imperative to use chilling methods 
in order to preserve the quality of fresh fish from the moment it 
is caught until it is offered for consumption [Surówka et al., 2021].

Packaging techniques applied in combination with low- 
-temperature storage offer an effective practice for extending 
the shelf-life of fresh fish and fishery products [Chan et al., 2021a; 
Kritikos et al., 2020]. Modified atmosphere packaging (MAP) is 
the most preferred preservation method allowing to manipulate 
the content of gas mixtures (O2, CO2, N2, etc.) in the packages 
before sealing them with a permeable film to retard the en-
zymatic and chemical reactions [Chan et al., 2021b]. Studies 
conducted so far have shown that, depending on fish species 
and storage temperatures, modified atmosphere packaging 
extends the shelf-life of seafood and its products compared 
to air packaging [Powell & Tamplin, 2012; Sivertsvik et al., 2003; 
Tsironi & Taoukis, 2018; Zhang et al., 2022]. Besides all these, 
the composition of a gas mixture used in MAP is critical to ensure 
a high-quality product and varies depending on the species 
of fish [Cooksey, 2014]. For fatty fish species such as salmon, 
the use of higher CO2 levels with lower or without O2 is inevitable 
to reduce oxidative rancidity and the growth of bacteria [Chan 
et al., 2021b; Merlo et al., 2019]. In addition, carbon monoxide 
(CO) is an alternative gas used at low levels (0.3 to 0.5%) with 60 
to 70% CO2 and 30 to 40% N2 in modified atmosphere packag-
ing to ensure color stability, suppress microbial growth, prevent 
oxidation and discoloration of the bones, and improve flavor 
acceptability [Cooksey, 2014; Cornforth & Hunt, 2008; Djenane 
& Roncalés, 2018].

Therefore, the aim of this study was to evaluate the biogenic 
amine contents and quality parameters affecting the shelf-life 
of Atlantic salmon fillets packaged with a low level of CO (0.4%) 
and varied concentrations of CO2 during 27-day cold storage 
at 1°C.

MATERIAL AND METHODS
r Preparation of salmon samples
Atlantic salmon (Salmo salar L.) was purchased from a chain 
branch of an international company that sells fish in three in-
dependent dates and transported to the laboratories within 
2 h in polystyrene boxes containing dry ice. A total of 36 whole 

salmons (each weighing about 6–7 kg) were obtained 24–48 h 
post-catch and kept under cold storage until processing. 

Each batch of 12 whole salmons was manually filleted after 
the tail, head, belly and backflaps were removed. Then, the filleted 
salmon samples were portioned into equal portions weighing 
approximately 200±50 g. Approximately 300 slices of salmon 
were randomly selected and placed on trays with two slices 
of salmon each. 

r Packaging salmon fillets
The salmon fillets of each group were placed on low O2 perme-
able (8–12 cm3/m2/24 h at standard temperature and pressure, 
STP) polyethylene terephthalate trays in portions of approxi-
mately 400±50 g (two slices of salmon per tray) and were heat- 
-sealed with a low O2 permeable (3 cm3/m2/24 h) lidding film 
(Wrap Film Systems, London, UK) using a Ponapack VTK 40 SC 
Tray sealer (Ponapack, İstanbul, Turkey).

The ambient air was used for air packaging, while gas mix-
tures of CO, CO2 and N2 (in the percentage ratio of 0.4/30/69.6); 
CO2, N2 and O2 (in the percentage ratios of 40/30/30, 50/30/20, 
and 60/30/10); and CO2 and N2 (in the percentage ratio 
of 40/60), purchased in Linde Gas (Kocaeli, Turkey), were ap-
plied for modified atmosphere packaging. Codes of salmon 
fillet groups corresponding to each gas mixture used in packing 
are given in Table 1. All packages were stored at 1±1°C for up 
to 27 days, and salmon fillets were analyzed on days 3, 6, 9, 12, 
15, 18, 21, 24 and 27. On each analysis day, a total of 2 packages 
were allocated, one tray for sensory analysis and other tray for 
quality analysis. The gas ratios of all packages were measured 
before opening on each analysis day using a PDI Dansensor 
A/B gas meter (PBI-Dansensor A/B, Ronnedevaj 18, DK 410, 
Ringsted, Denmark). Each experimental trial was performed 
in triplicate on different times.

r Microbiological analyses
Total aerobic mesophilic bacteria (TAMB), total psychrotrophic 
bacteria (PsB), Enterobacteriaceae, lactic acid bacteria (LAB), Pseu-
domonas spp., Brochothrix thermosphacta and yeast-mold counts 
were determined in accordance with the related International 

Table 1. Composition of gas mixtures used in the packaging of salmon fillets.

Group Gas mixture composition

Air Ambient air (21% O2, 78% N2, 1% other gases)

CO-MAP 0.4% CO, 30% CO2, 69.6% N2

30% O2-MAP 30% O2, 40% CO2, 30% N2

20% O2-MAP 20% O2, 50% CO2, 30% N2

10% O2-MAP 10% O2, 60% CO2, 30% N2

60% CO2-MAP 60% CO2, 40% N2

40% CO2-MAP 40% CO2, 60% N2

MAP, modified atmosphere packaging.
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Organization for Standardization method no. 6887-1 [ISO, 2017a]. 
Microbiological analyses were performed using 25 g of salmon 
samples for each group mixed with 225 mL of sterile peptone 
water in stomacher bags. After homogenization, serial dilutions 
were prepared to analyze relevant microorganisms.

Total aerobic mesophilic and psychrotrophic bacteria counts 
of salmon fillets were enumerated on plate count agar (Oxoid, 
CM0463, Basingstoke, Hampshire, UK) using ISO methods no. 
4833-1 [ISO, 2013] and no. 17410 [ISO, 2019], respectively. En-
terobacteriaceae counts were detected on violet red bile glucose 
agar (Oxoid, CM0485), lactic acid bacteria on de Man, Rogosa 
and Sharpe (MRS) agar (Oxoid, CM0361), Pseudomonas spp. on 
Pseudomonas agar (Oxoid, CM0559 and SR0103) supplemented 
with cetrimide-fucidin-cephalosporin (CFC), B. thermosphacta 
on streptomycin tallous acetate actidione (STAA) agar (Oxoid, 
CM0881) with STAA selective supplement and yeast-mold counts 
on dichloran rose Bengal chloramphenicol (DRBC) agar (Oxoid, 
CM0727) according to ISO methods no. 21528-2 [ISO, 2017b], no. 
15214 [ISO, 1998], no. 13720 [ISO, 2010], no. 13722 [ISO, 2017c] 
and no. 21527-1 [ISO, 2008], respectively. Microbial counts were 
expressed as log CFU/g.

r Determination of biogenic amine content
The content of biogenic amines (histamine, cadaverine, pu-
trescine, tryptamine, phenylethylamine, tyramine, spermine, 
spermidine) was detected by high performance liquid chroma-
tography (HPLC) using the Agilent system (Agilent Technologies, 
St. Clara, CA, USA) equipped with a diode array detector (G1315B 
DAD), in accordance with the method described by Bogdanović 
et al. [2020]. 

The reagents, all eight biogenic amines and analytical col-
umn were purchased from Sigma-Aldrich (St. Louis, MO, USA) 
and all were of HPLC grade (purity 98–99%). A homogenized 
salmon sample (5 g) was extracted with 0.4 M perchloric acid, 
and the filtrate was alkalized by the addition of 200 μL of a 2 M 
NaOH solution. After subsequent steps, 2 mL of a dansyl chloride 
solution was added, and the mixture was incubated (at 40°C for 
45 min). The remaining dansyl chloride was removed and kept 
in darkness (45 min). The total volume was made up to 5 mL 
with acetonitrile, and the mixture was filtered through a 0.45 μm 
syringe filter (Sartorius, Gottingen, Germany). The separation 
of biogenic amines was carried out using a LiChrospher C18 
analytical column (250×4.0 mm, particle size 5 μm) with an 
injection volume of 20 μL. HPLC conditions were applied ac-
cording to the procedures described by Bogdanović et al. [2020]. 
The calibration curves covering eight concentrations ranging 
from 0.25 mg/kg to 500 mg/kg were used to quantify biogenic 
amines. The mean content of individual amines in salmon fillets 
was expressed as mg/kg.

r Chemical analyses
r Measurement of pH, water activity and moisture content
The pH of salmon fillets was measured with a digital pH meter 
(Hanna HI-9321, Woonsocket, RI, USA) calibrated with pH 4.0 
and 7.0 solutions at room temperature. The water activity (aw) 

of salmons was determined by using an aw meter (Decagon 
AquaLab LITE, Washington, USA). The moisture content of salm-
on fillets was specified by drying a homogeneous mixture at 
105±2°C to a constant weight [AOAC, 2005]. 

r Determination of thiobarbituric acid reactive substance 
value

The thiobarbituric acid reactive substance (TBARS) value of salm-
on fillets was detected by measuring the absorbance of color 
developed at 530 nm using a T80+ UV/VIS spectrometer (PG 
Instruments Ltd., London, UK). In accordance with the method 
described by Shrestha & Min [2006], the samples were extracted 
with trichloroacetic acid (TCA) and then treated with a thiobarbi-
turic acid (TBA) reagent. The TBARS value was expressed as mg 
of malondialdehyde (MDA) per kg.

r Determination of trimethylamine nitrogen value
Trimethylamine nitrogen (TMA-N) content of salmon fillets was 
determined according to the AOAC [2000] procedure by ho-
mogenizing salmon samples (10 g) with 20 mL of a 7.5% TCA 
(w/v) solution and then centrifuging at 1,008×g for 15 min. After 
the subsequent analysis steps had been completed in accor-
dance with the relevant method, the final content was mea-
sured at 410 nm using a spectrophotometer (PG Instruments 
Ltd). Results of TMA-N level determination were expressed as 
mg/100 g salmon fillet.

r Determination of total volatile basic nitrogen value
The determination of total volatile basic nitrogen (TVB-N) levels 
of salmon fillets was performed in accordance with the proce-
dure described by Esteves et al. [2021] using the microdiffusion 
method of Conway & Byrne [1933]. Results of TVB-N level deter-
mination were expressed as mg N/100 g salmon fillet.

r Instrumental color analysis
The surface color of skinless salmon fillets was measured by using 
a Color Flex HunterLab apparatus (Hunter Associates Laboratory 
Inc., Reston, VA, USA). Color coordinate values for L* (lightness), 
a* (redness) and b* (yellowness) were recorded on the average 
of four different areas (3×3 cm) of salmon fillets using diffuse illu-
mination (D65 2° observer) with an 8 mm aperture and a 25 mm 
port size [AMSA, 2012]. The total color difference (ΔE) was calcu-
lated using Equation (1): 

ΔE =[(L* − L0*)2 + (a* − a0*)2 + (b* − b0*)2]1/2 (1)

where: L* indicates lightness value at storage time and L0* indi-
cates the initial lightness value of the sample; a* indicates red-
ness value at storage time and a0* indicates the initial redness 
value of the sample; b* indicates yellowness value at storage 
time and b0* indicates the initial yellowness value of the sample.

r Sensory evaluation 
The sensory evaluation of salmon fillets was carried out with 
a panel consisting of 12 panelists (age between 28 to 47 years, 
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7 men and 5 women) trained according to the ISO method no. 
8586 [ISO, 2012] and experienced in seafood evaluation. Before 
the sensorial assessment, a preliminary session (1 h) was organ-
ized to define the sensory attributes in a round-table discussion 
using a standardized procedure no. 13299 [ISO, 2016] in two 
separate sessions. An open-discussion session was then held 
to familiarize the panelists with the attributes and the scale to 
be used.

The panelists evaluated four sensory attributes (color inten-
sity, off-odor, appearance and tenderness) using a 9-cm unstruc-
tured linear scale, in which 1 (left side) referred to “pale color, 
putrid odor, stale and dull appearance, soft and pasty texture” 
and 9 (right side) referred to “strong color, typical fresh salmon 
odor, fresh and bright appearance, firm and succulent texture” for 
color intensity, off-odor, appearance and tenderness, following 
the method of Ouahioune et al. [2022].

The sessions were performed in individual booths under 
standardized laboratory conditions equipped in accordance 
with the ISO standard no. 8589 [ISO, 2007] on days 1, 3, 9, 15, 
21 and 27 of salmon fillets storage. In each storage time, two 
salmon fillet samples of each of the seven packaging groups 
were served monadically as raw and coded with a three-digit 
number in randomized order.

The panelists received 7 independent sample sets, which 
included salmon samples served in closed cups immediately 
after the trays were opened for the evaluation of off-odor char-
acteristics and samples on a plate for the assessment of other 
characteristics, on each day of analysis. Sensory panel was con-
ducted in triplicate in two sessions.

r Statistical analysis
The general linear model (GLM) procedure from SPSS 16.0 (SPSS 
Inc., Chicago, IL, USA) program was used to analyze the data for 
each parameter. The one-way analysis of variance (ANOVA) was 
conducted for each variable to determine the effects of packag-
ing conditions and storage time. A Duncan’s test was used to 
check the significance of differences between and within groups 
for different days of storage, and differences were found signifi-
cant at p<0.05. The data collected for sensorial evaluation was 
subjected to a Friedman test followed by a least significant differ-
ence test. The model used included the fixed effects of packaging 
conditions and storage time. All results were presented as means 
and standard errors (SE). Each experimental trial was repeated 
in triplicate on different times.

RESULTS AND DISCUSSION
r Physicochemical properties
The initial gas composition of packages contained 30.08%, 39.24%, 
50.98%, 59.34%, 59.28%, 39.46% CO2 and 69.08%, 29.48%, 28.58%, 
30.07%, 40.72%, 60.54% N2 for CO, 30% O2, 20% O2, 10%  O2, 
60% CO2 and 40% CO2 MAP groups, respectively. The CO2 level 
in the headspace composition of packages maintained relatively 
stable during storage time. On day 15 and 27 of storage, the CO2 
levels of packages decreased to 24.62% and 21.49% for CO-MAP, 
to 50.43% and 45.79% for 60% CO2-MAP, to 34.28% and 29.65% 

for 40% CO2-MAP, while the CO2 concentrations increased to 
43.45% and 47.76% for 30% O2-MAP, to 54.01% and 56.75% for 
20% O2-MAP, and to 63.16% and 65.98% for 10% O2-MAP. The O2 
concentrations were negligible under anaerobic conditions (CO 
and 40-60% CO2), while a slight decrease was observed in pack-
ages with low O2. The O2 level in gas composition of air packages 
decreased throughout the storage, resulting in an increase in CO2 
concentration in the headspace (19.58% O2/2.46% CO2 on the first 
day to 12.56% O2/6.83% CO2 on day 27).

The pH of salmon fillets showed an increase parallel to 
the deterioration process during 27-day cold storage (Table 2). 
There was a significant (p<0.05) difference between packaging 
conditions in pH values throughout storage time except the 12th 
day. The samples packaged under CO-MAP and 60% CO2-MAP 
had significantly lower pH values than those packaged in air 
and 30% O2-MAP atmosphere (p<0.001). The pH value of air- 
-packaged salmon showed a steady increase from 6.52 on day 15 
to 6.94 at the end of storage, while the lowest value was re-
corded as 6.5 at the end of storage in 60% CO2-MAP and CO-MAP. 
The pH value, which starts to decrease in the post-mortem pro-
cess due to rigor mortis, decreases further with CO2 decomposi-
tion in the package atmosphere. Subsequently, depending on 
storage time, an increase in pH value occurs due to microbial 
spoilage. This change in the pH value recorded in our study is 
similar to the observations made in other studies of Atlantic 
salmon packaged in a modified atmosphere [Fletcher et al., 
2002; Milne & Powell, 2014; Sivertsvik et al., 2003]. The study 
of Chan et al. [2021b] also reported that modified atmosphere- 
-packaged salmon samples had a significantly lower pH than 
the air-packaged ones, which is in line with our findings.

The water activity values and moisture content of salmons 
decreased through cold storage period in all packages (Table 2), 
with salmons packaged with air and 30% O2-MAP having lower 
aw values and moisture content than those packaged in 60% 
CO2-MAP and CO-MAP. There was a significant (p<0.05) differ-
ence between the air-packaged and MAP-packaged salmon 
throughout storage time.

r Microbiological changes
Microbiological changes in salmon samples during cold storage 
are presented in Figure 1. The initial bacterial loads of salmon 
fillets were 3.00 log CFU/g, 3.81 log CFU/g, 0.69 log CFU/g, 
4.20 log CFU/g, 3.74 log CFU/g, 3.58 log CFU/g and 3.00 log 
CFU/g for TAMB, PsB, Enterobacteriaceae, LAB, Pseudomonas spp., 
B. thermosphacta and yeast-mold counts, respectively. 

There was a significant difference between the air-packaged 
and modified atmosphere-packaged samples throughout storage 
time for psychrotrophic and mesophilic bacteria counts (p<0.001). 
The TAMB counts of modified atmosphere-packaged samples 
reached 5.90–7.30 log CFU/g at the end of the 27-day storage, 
while the PsB count reached 5.14–6.11 log CFU/g (Figure 1). The air-
packaged samples had mesophilic and psychrotrophic bacteria 
counts of 7.89 and 7.64 log CFU/g, respectively, whereas a 2-log in-
hibition was recorded in those packaged in CO-MAP and 60% CO2-
MAP. There was also a significant difference in Enterobacteriaceae 
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Figure 1. Counts of total aerobic mesophilic bacteria, TAMB (A), total psychrotrophic bacteria, PsB (B), Enterobacteriaceae (C), lactic acid bacteria, LAB (D), 
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Different letters for each storage day indicate significant differences (p<0.05). Details regarding modified atmosphere packaging (MAP) are presented in Table 1.
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al. [2017] found that the bacterial load of air-packaged salmon 
samples reached 7.16 log CFU/g on day 9 of storage, while 
the modified atmosphere-packaged samples remained below 
(6.36 log CFU/g) this level even on the 13th day. In this regard, 
the use of CO2 in modified atmosphere packaging retards mi-
crobiological growth by prolonging the lag phase and reducing 
the accumulation of degradation compounds, such as TVB-N 
and hypoxanthine [Chan et al., 2021b]. Moreover, De la Hoz 
et al. [2000] reported that the shelf-life of salmon steaks pack-
aged under different CO2 concentrations was extended by 6 
and 15 days for 20% and 40% CO2, respectively, compared to air 
packaging, and stated that the primary bacterial group respon-
sible for the spoilage of salmon was Pseudomonas/Shewanella 
and the second one was Enterobacteriaceae. Saraiva et al. [2017] 
detected the yeast-mold counts at 7.23 log CFU/g on day 9 
of storage in air-packaged salmon, while this level could not be 
overpassed (4.06 log CFU/g) in modified atmosphere packaging 
even on the 13th day of storage. Conformably, Brochothrix spp. 
and Carnobacterium spp. were reported to be the main bacterial 
groups detected in salmon packaged under 60% CO2 modified 
atmosphere and cold stored for 18 days. The high CO2 levels used 
in MAP reduce the count of aerobic bacteria, while CO2 levels 
in packages promote the growth of lactic acid bacteria, which are 
one of the organisms responsible for spoilage in salmon stored 
under modified atmosphere [Merlo et al., 2019].

r Biogenic amine formation
The histamine, cadaverine, putrescine, tryptamine, phenylethyl-
amine, tyramine, spermine and spermidine contents of salmon 
fillets packaged under modified atmosphere with different gas 
mixtures determined during the cold storage for 27 days are 
given in Figure 2. The levels of the mentioned biogenic amines 
increased significantly at the end of storage. Modified atmos-
phere packaging with different gas mixtures had significant 
effects on the formation of biogenic amines compared with air 
packaging (p<0.001). The lowest levels of the analyzed biogenic 
amines were found in the CO-MAP and 60% CO2-MAP samples, 
respectively.

Cadaverine, tryptamine and tyramine were not detected 
in the salmon samples until the 6th day of storage, while hista-
mine was detected only in the air-packaged samples; and pu-
trescine, phenylethylamine, spermine and spermidine were de-
tected in the modified atmosphere-packaged salmon except 
CO-MAP and 60% CO2-MAP samples on the 3rd day of storage. 
The histamine content of the air-packaged salmon samples 
exceeded 100 mg/kg on day 21 of cold storage, whereas this 
value was not reached even on day 27 of storage in CO-MAP 
and 60% CO2-MAP (Figure 2). Cadaverine was not detected 
in the CO-MAP and 60% CO2-MAP samples until the 9th day 
of storage, while it was detected at 61.84, 71.15 and 85.71 mg/kg 
in the CO-MAP, 60% CO2-MAP and 40% CO2-MAP samples, re-
spectively, at the end of storage. For the air-packaged samples, 
this value reached 144.58 mg/kg on the last day. Even though 
the quantity of putrescine was below 50 mg/kg in all groups 
until day 15 of storage, it was recorded as 85 mg/kg in the air- 

counts between the packaging groups (p<0.001) during storage 
except the 3rd day (p≥0.05), while an inhibition of 0.5 log was 
recorded in CO and 60% CO2-MAP compared to air packaging at 
the end of storage. The changes in LAB counts were close to each 
other during the 27-day storage period, but there was a significant 
difference of about 1 log between the air-packaged and modified 
atmosphere-packaged groups (p<0.05). The Pseudomonas spp. 
count of salmon fillets packaged with ambient air and 30% O2 ex-
ceeded 7 log CFU/g on days 15 and 24, respectively, while salmon 
packaged with 60% CO2 and CO did not reach this value even at 
the end of storage. The CO-MAP and 60% CO2-MAP samples had 
1 log CFU/g lower bacterial count than the samples packaged 
with high O2, which was significantly different (p<0.001). A similar 
change was determined in B. thermosphacta counts of salmon 
fillets, and the bacterial counts of air-packaged samples were 
1.0–2.3 log CFU/g higher than these recorded for the other groups 
at the end of storage (p<0.001). Yeast-mold counts reached 7.7 
log CFU/g with a rise noted in the air-packaged samples during 
storage time, and an inhibition at a level of 2.0–2.2 log recorded 
in the CO-MAP and 60% CO2-MAP samples (p<0.001).

The study results indicate that salmon fillets stored in cold 
storage conditions undergo a deterioration process depending 
on storage time and packaging conditions. The salmon fillets 
packaged with ambient air entered a faster spoilage process 
than the products packaged with modified gas mixtures. This 
process was relatively slower in the samples packaged with 
high CO2 and low CO (<0.5%). Since fish and fishery products 
are highly susceptible to contamination and spoilage, storage 
in ambient air leads to a rise in microbial activity, especially 
when temperature increases [Chan et al., 2021b]. There are many 
studies supporting this scientific view that storage in ambient 
air accelerates microbiological activity in salmon, and this can 
be slowed down by modified atmosphere packaging resulting 
in product’s shelf-life extension [Fernandez et al., 2009; Qian et 
al., 2022; Saraiva et al., 2017; Sivertsvik et al., 2003].

Similarly to our study, Fernandez et al. [2009] reported 
that the changes in total bacterial counts of salmon packaged 
in modified atmosphere with different gas combinations were 
lower than those observed for the samples packaged with am-
bient air, which was also demonstrated by Qian et al. [2022]. 
The shortest shelf-life recorded for salmon was 16 days in 25% 
CO2/75% N2 package, while the longest shelf-life reached 22 days 
in 75% CO2/25% N2 packages [Fernandez et al., 2009]. Beside 
this, Qian et al. [2022] highlighted that CO2 content above 40% 
was found to effectively inhibit the growth of mesophilic bac-
teria. However, higher CO2 contents, such as 100% and 80%, did 
not have a greater inhibitory effect on bacteria as higher CO2 
concentrations contribute to bacterial growth by increasing 
the solubility of muscle proteins [Qian et al., 2022]. In addition, 
similar changes in the count of psychrophilic bacteria were re-
corded with an effective suppression under a gas composition 
of 60% CO2/10% O2/30% N2 [Qian et al., 2022].

Likewise, Sivertsvik et al. [2003] observed enhanced bac-
terial growth in air-packaged Atlantic salmons compared to 
the modified atmosphere-packaged samples. In turn, Saraiva et 
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-packaged salmon and as 60–70 mg/kg in the 20% and 30% 
O2-MAP samples on day 21. Meanwhile, putrescine content 
was above 100 mg/kg on the last day of storage in the CO-MAP, 
60% CO2-MAP and 40% CO2-MAP samples with a value of 39.19, 
44.42 and 62.02 mg/kg, respectively. The amount of tryptamine 
remained below 10 mg/kg in all MA-packaged samples until 
the end of storage, only in the air-packaged samples it was 
recorded as 10.66 mg/kg on day 27. Phenylethylamine showed 
a similar change to tryptamine, reaching a value of 15.68 mg/kg 
on the 27th day of storage in the air-packaged salmon. The high-
est content of phenylethylamine recorded in the CO-MAP sample 
was 5.66 mg/kg, while values of 7.01 mg/kg and 7.36 mg/kg were 
determined in the 40% and 60% CO2-MAP samples, respectively. 
Similarly to phenylethylamine and tryptamine, the tyramine 
contents were determined as 13.44 mg/kg and 10.79 mg/kg 
on the last day of storage in the air-packaged and 30% O2-MAP 
samples, respectively. However, the amounts of tyramine re-
mained below 10 mg/kg in the 10% and 20% O2-MAP samples, 
whereas in the salmon samples packaged with CO and high 
CO2 they were in the range of 1.66 to 3.03 mg/kg until the end 
of storage. The spermine and spermidine contents did not reach 
even 4 mg/kg until the end of storage in all packages, with values 
determined in the CO-MAP and high CO2-MAP samples below 
1.5 mg/kg even at the end of storage.

The formation of biogenic amines can be affected by many 
factors such as handling, processing and storage conditions, as 
well as the existing bacterial load in seafood, i.e., raw material 
quality [Houicher et al., 2021]. Although it is accelerated by tem-
perature, it also occurs at low storage temperatures (4°C). There-
fore, biogenic amine formation, which may continue through-
out the cold storage period depending on the type and count 
of microorganisms, especially due to the activity of biogenic 
amine-producing psychrophilic bacteria, is an important indica-
tor affecting the quality of the products and a sign of breaking 
the cold chain during the processing and storage stages of foods 
[Çelebi Sezer et al., 2022]. It is also largely dependent on fish 
species. Fish with dark-colored muscles (tuna, mackerel, herring, 
sardines named as scombroid fish) show higher biogenic amine 
formation compared to white-muscled fish (cod, hake, sea bass, 
sea bream, trout, salmon) due to a higher histidine level [Prester 
et al., 2009]. Free histidine levels in the scombroid fish range 
from 5,000 mg/kg to 20,000 mg/kg, while Atlantic salmon which 
belongs to the Salmonidae family has 10 to 200 times lower free 
histidine levels (less than 1000 mg/kg) than the scombroid fish 
[FAO/WHO, 2018].

Biogenic amines such as histamine, cadaverine and putres-
cine are used to indicate deterioration. Due to its toxicological 
effects, histamine is currently the only biogenic amine for which 
maximum levels have been set in the EU and USA. According to 
the U.S. Food and Drug Administration (USFDA), food is consid-
ered spoilt when the histamine level reaches 50 ppm [FDA, 2005]. 
Therefore, Codex Alimentarius standard recognizes histamine 
level as a spoilage and hygiene indicator for fish. According to 
the EU legislation, the histamine level in fish offered for con-
sumption should not exceed 100 mg/kg for tuna, mackerel 

and sardines, and 200 mg/kg for cod and salmon [EU, 2013]. 
In turn, the European Food Safety Authority (EFSA) stipulated 
the acceptable level of histamine below 200 mg/kg for chilled 
and frozen fish [EFSA, 2011].

Modified atmosphere packaging, used for the preservation 
of seafood to prolong shelf-life by reducing the microbiolog-
ical growth and retarding the enzymatic degradation, proves 
to be an effective treatment for slowing down the formation 
of biogenic amines in salmon [Çelebi Sezer et al., 2022; Qian et 
al., 2022]. The inhibitory effect of MAP on the formation of bio-
genic amines has been associated with the antimicrobial effects 
of carbon dioxide on decarboxylase producing microorganisms 
[Çelebi Sezer et al., 2022]. De la Hoz et al. [2000] reported that 
the biogenic amine levels of salmon fillets packaged in modified 
atmosphere with CO2 at different rates increased during cold 
storage. The levels of cadaverine and histamine in CO2-packaged 
samples were found to be half of those found in the air-packaged 
samples. The levels of spermine and spermidine remained almost 
close to the initial values in all packages, while no significant 
change was observed in phenylethylamine and tryptamine 
values. Tryptamine recorded for the first time on day 5 of storage 
was similar to the present study. 

A significant correlation was reported between the counts 
of certain microorganisms and the formation of biogenic amines. 
Particularly, a positive correlation was found between mesophilic 
bacteria and tryptamine, putrescine, tyramine and histamine, as 
well as between psychrophilic bacteria and putrescine, tyramine, 
tryptamine and spermidine, between Enterobacteriaceae and pu-
trescine, cadaverine and histamine, and between Pseudomonas 
and putrescine and cadaverine [Arulkumar et al., 2023].

r Oxidative changes 
The TBARS values that indicated the fatty acid oxidation of salm-
on fillets are given in Table 3. The gas composition in MAP 
had a significant effect on lipid oxidation inhibition. The TBARS 
values of salmon fillets were close to 1 mg MDA/kg in the air-
packaged group after 6th day of cold storage, while this value was 
exceeded on day 24 in the CO-MAP and 60% CO2-MAP samples. 
A significant difference was recorded between the air and other 
packaging conditions during storage (p<0.001). Besides, the dif-
ference between samples in O2 containing and non-containing 
packages was found to be significant (p<0.001), showing the low-
est oxidation in CO and 60% CO2 packages.

Amanatidou et al. [2000] stated that TBARS values of salmon 
increased significantly after 14 days of storage at 5°C. Zhang et 
al. [2022] emphasized that modified atmosphere packaging ef-
fectively inhibited lipid oxidation in seafood fillets and that TBARS 
values of air-packaged samples increased rapidly after a slow 
increase on the first days of storage. However, a slow increase was 
determined in MAP products over the storage period, indicating 
that the 70% CO2/30% N2 gas mixture most effectively inhibited 
lipid oxidation. Also, it was highlighted that the increase in CO2 
resulted in lower TBARS values, probably due to limited microbial 
growth and release of lipolytic enzyme. Similarly, in the present 
study, higher O2 concentrations led to an increase in TBARS value, 
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while increasing CO2 levels in the package reduced the formation 
of oxidative compounds.

The TBARS value is an efficient indicator of rancidity and is 
widely used to determine the degree of fatty acid oxidation 
of seafood [Bulut et al., 2023]. While in some studies TBARS levels 
of less than 5 mg MDA/kg are considered to be the threshold 
for good quality, the maximum acceptable limit for chilled fish 
intended for human consumption is approved at 8 mg MDA/kg 
[Secci & Parisi, 2016]. In the present study, TBARS value reached 
1.17 and 1.20 mg MDA/kg in the salmon samples packaged 
in the modified atmosphere containing CO and high CO2, while 
2.40 mg MDA/kg was determined in the air-packaged samples 
at the end of storage (Table 3).

The TMA-N values of salmon fillets showed an increase 
in all packages parallel to the deterioration process throughout 
the storage time (Table 3). This increase was greater in the sam-
ples packaged with ambient air than in the modified atmos-
phere-packaged samples, while a relatively slower rise was ob-
served in the 60% CO2-MAP ones. The TMA-N value obtained 
on the last day of storage in the air-packaged samples reached 
23.02 mg/100 g and differed significantly compared to MA-pack-
ages, whereas salmon samples packaged in CO-MAP and 60% 
CO2-MAP did not exceed 10 mg/100 g on the 27th day of storage, 
while those packaged in high O2 exceeded 10 mg/100 g after 
21 days (p<0.001).

The most widely used chemical parameters for determining 
the quality of fish and fishery products are TMA-N and TVB-N. 
The TMA-N value indicates the reduction in trimethylamine 
oxide due to the activity of spoilage organisms. Besides, this 
value also includes trimethylamine (formed by spoilage bac-
teria), dimethylamine (formed by autolytic enzymes), ammo-
nia (formed by deamination of amino acids) and other volatile 
nitrogenous compounds related to spoilage [Fuentes-Amaya 
et al., 2016]. Although it varies for fish species, TMA-N value 
of 10–15 mg/100 g is the limit of acceptability and spoilage, while 
it is below 2 mg/100 g in very fresh fish [Summers et al., 2017].

The TVB-N values of salmon fillets increased in all packag-
ing groups throughout the storage time (Table 3). A significant 
(p<0.001) difference was observed in TVB-N values between 
the air-packaged and modified atmosphere-packaged salmon. 
Especially the TVB-N levels of salmon fillets packaged with ambi-
ent air showed a faster increase compared to the other packages, 
and also the fillets showed signs of deterioration by exceeding 
30 mg N/100 g on the 12th day. TVB-N values of these samples 
were recorded as 50.40 mg N/100 g on the last day of stor-
age. Salmon packaged with CO and 60% CO2 exceeded 30 mg 
N/100 g only after the 24th day of storage.

TVB-N are the total nitrogen compounds including ammo-
nia, amines and other alkaline nitrogenous substances formed 
as a result of protein degradation during the storage process 
in seafood [Zhang et al., 2022]. Thus, the TVB-N value determines 
volatile nitrogen formed in the products [Fuentes-Amaya et al., 
2016]. The increase in the level of nitrogenous compounds with 
the progression of spoilage in seafood is an important criterion 
in determining its shelf-life. In the seafood quality classification 

based on TVB-N values, up to 25 mg N/100 g denotes high 
quality, up to 30 mg N/100 g indicates good quality, up to 
35 mg N/100 g denotes acceptable food and above 35 mg 
N/100 g is considered as spoilt [Fuentes-Amaya et al., 2016]. 
Maximum limits for TVB-N content depending on the fish spe-
cies are provided as 25–35 mg N/100 g in the EU Regulation 
1022/2008 [Esteves et al., 2021].

Fletcher et al. [2002] determined that TVB-N values of salmon 
remaining below 20 mg N/100 g for 90 days in MAP containing 
various level of CO2 (10, 20, 30, 40, 60, 80 and 100 cm3) at 0°C, 
whereas high CO2 concentrations caused a decrease in the salm-
on overall quality. De la Hoz et al. [2000] reported that the TVB-N 
value of salmon fillets remained stable (<5 mg N/100 g) until 
the 9th day in all packages, while a significant increase in its 
values was observed especially in air-packaged salmon fillets 
that reached to 20 mg N/100 g at the end of storage. Moreover, 
it was noted that the initial TVB-N values could be maintained 
for 11 days in the salmon fillets packaged with CO2. Similarly, 
Kritikos et al. [2020] reported that the TVB-N values of salmon 
slices did not reach the regulatory limit of 30–35 mg N/100 g at 
the end of 11 days shelf-life. Furthermore, in the present study, 
salmon fillets packaged with CO and high concentration of CO2 
exceeded 20 mg N/100 g only after the 12th day of storage. In 
addition, Zhang et al. [2022] emphasized that the greater increase 
in TVB-N values of fish was observed in air-packing compared 
to MAP. This was mainly due to the higher CO2 content in MAP, 
which delayed bacterial activity and chemical reactions [Sivertsvik 
et al., 2003]. The changes observed in TVB-N values of modified 
atmosphere-packaged salmon under cold storage were consist-
ent with the results obtained from bacterial counts of fish [Qian et 
al., 2022]. Additionally, modified atmosphere packaging has been 
proved effective in delaying protein degradation regardless of gas 
composition and can be used to extend the shelf-life of fish that 
plays an effective role in keeping TVB-N levels below consumable 
limits (approximately 20 mg N/100 g) [Bulut et al., 2023].

r Instrumental color evaluation
The color parameters (CIE L*, a*, b*) and total color difference (ΔE) 
of salmon fillets stored under modified atmospheres and air dur-
ing the cold storage for 27 days are given in Table 4. A significant 
difference was observed in the lightness values of salmon fillets 
throughout the storage time between air-packaged and MAP- 
-packaged samples (p<0.001). The L* values of salmon stored 
under MAP increased during the first 9 days of storage and then 
showed a decreasing trend until the end of storage. The L* 
value of the air-packaged samples was almost constant during 
entire storage, while the values recorded for high CO2 and CO 
containing packages were lower than those determined for 
the air-packaged ones. The increase in the L* values may be ex-
plained by denaturation of protein and the difference in reflective 
properties due to drip loss on fillet surfaces [Chan et al., 2021b].

There was a significant decrease in the redness values of air-
packaged salmon during storage period (p<0.001), while bright 
red color was retained in CO-MAP and 40% CO2-MAP. How-
ever, 60% CO2 in the package atmosphere caused a decrease 
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Table 5. Sensorial properties of salmon fillets packaged in air and modified atmosphere during storage period.

Characteristic Group Day 1 Day 3 Day 9 Day 15 Day 21 Day 27

Color intensity 

Air 8.50b 8.00c 7.50c 6.00d 5.00d 3.50e

CO-MAP 9.00a 8.98a 8.50a 7.50a 6.00b 5.00b

30% O2-MAP 8.50b 8.00c 7.00d 6.00d 5.00d 4.00d

20% O2-MAP 8.98a 8.50b 7.00d 6.50c 5.50c 4.50c

10% O2-MAP 8.98a 8.50b 7.50c 6.50c 5.50c 5.00b

60% CO2-MAP 9.00a 8.98a 8.00b 7.50a 6.50a 5.50a

40% CO2-MAP 8.98a 8.98a 8.00b 7.00b 6.00b 5.00b

SE 0.04 0.07 0.09 0.10 0.09 0.10

p *** *** *** *** *** ***

Appearance 

Air 8.50b 8.00c 7.00c 6.00c 5.00c 4.00d

CO-MAP 8.98a 8.50b 8.00a 7.00a 6.50a 5.50a

30% O2-MAP 8.50b 8.00c 7.00c 6.00c 5.00c 4.50c

20% O2-MAP 8.98a 8.50b 7.00c 6.00c 5.00c 4.50c

10% O2-MAP 8.98a 8.50b 7.50b 6.50b 5.00c 5.00b

60% CO2-MAP 8.98a 8.98a 8.00a 7.00a 6.50a 5.50a

40% CO2-MAP 8.98a 8.98a 8.00a 7.00a 6.00b 5.00b

SE 0.04 0.06 0.08 0.08 0.11 0.08

p *** *** *** *** *** ***

Tenderness 

Air 8.50b 8.00b 6.00d 5.50d 4.48d 3.48d

CO-MAP 8.98a 8.50a 7.50a 7.00a 6.00a 5.50a

30% O2-MAP 8.50b 8.00b 6.50c 6.00c 5.00c 4.48c

20% O2-MAP 8.50b 8.00b 7.00b 6.50b 5.00c 4.48c

10% O2-MAP 8.98a 8.48a 7.00b 6.50b 5.48b 5.00b

60% CO2-MAP 8.98a 8.50a 7.48a 7.00a 6.00a 5.50a

40% CO2-MAP 8.98a 8.50a 7.48a 7.00a 5.98a 5.00b

SE 0.04 0.05 0.09 0.09 0.10 0.10

p *** *** *** *** *** ***

Off-odor 

Air 8.98 8.00c 7.50b 6.00d 5.00d 3.46d

CO-MAP 8.98 8.98a 8.00a 7.48a 6.50a 5.48a

30% O2-MAP 8.98 8.00c 7.00c 6.00d 5.50c 4.46c

20% O2-MAP 8.98 8.50b 7.00c 6.50c 5.00d 4.46c

10% O2-MAP 8.96 8.98a 7.50b 6.50c 5.46c 5.00b

60% CO2-MAP 8.98 8.96a 8.00a 7.48a 6.00b 5.00b

40% CO2-MAP 8.98 8.98a 8.00a 7.00b 6.00b 5.00b

SE 0.01 0.07 0.07 0.10 0.09 0.10

p NS *** *** *** *** ***

Composition of gas mixtures used in MAP of different groups of salmon fillets are shown in Table 1. Means within a column with different letters (a–d) are significantly 
different (p<0.05). ***, p<0.001; NS, not significant; SE, standard error.
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in the stability of red color. The yellowness values of salmon 
showed a decrease throughout storage time in packages con-
taining air and 10–20% O2, while the changes in b* values in-
creased until the 18th day of storage in MA-packages containing 
40% CO2 gas mixture, and then slightly decreased until the end 
of storage. Also, a constant change was recorded in CO-MAP 
during the same period. The losing of redness and yellowness 
value in salmon fillets may also be associated with an increase 
in protein denaturation and drip loss during storage, inde-
pendent of the packaging method. Additionally, the higher ΔE 
in salmon fillets was generally recorded in the O2-MAP groups 
during 27-day cold storage. However, the smallest color change 
was observed in CO-MAP until 21st day of storage, while salmon 
packaged with 40% CO2 remained stable in this respect during 
entire storage.

Chan et al. [2021b] reported that the packaging of salmon 
fillets with 60% CO2 resulted in a decrease the redness and yel-
lowness values during storage period, which is in line with our 
findings. The decline in redness and yellowness values of salmon 
fillets was associated with the increase in protein denatura-
tion and drip loss during storage, regardless of the packaging 
method.

r Sensory evaluation
The sensory evaluation (appearance, color intensity, off-odor, 
tenderness) scores of salmon fillets during the cold storage for 
27 days are given in Table 5. The sensorial properties of the air- 
-packaged samples remained within acceptable limits only until 
the 15th day. However, the changes in their chemical and mi-
crobial parameters after this period showed that they were 
consumable for only one week in cold storage. Furthermore, it 
was revealed by sensory evaluations that the shelf-life of salm-
on fillets can exceed 2 weeks when packaged with CO-MAP 
and 60% CO2-MAP.

The tenderness scores of cold-stored salmon samples 
showed similar changes within the groups until the 15th day 
of storage. As a result of microbial and chemical changes occur-
ring in salmon samples over time, there was a loss in the ten-
derness of the samples belonging to all groups. At the end 
of the 27-day storage period, although the tenderness scores 
of the samples stored in CO-MAP and 60% CO2-MAP were found 
to be higher, no significant difference was detected between 
them and the other groups. Salmon fillets packaged with CO 
and CO2/N2 gas mixtures remained within the consumable 
limits in terms of odor and color characteristics until the end 
of the storage period, while their appearance characteristics 
changed in parallel with structural alteration.

Preservation techniques are industrially utilized ways to en-
sure both food safety and the sensory appeal of fresh salmon. 
Thus, the packaging methods for seafood have evolved with 
the use of modified atmosphere packaging [Merlo et al., 2019]. 
The CO2 used in MAP suppresses microbial growth by prolonging 
the lag phase and reducing the accumulation of hypoxanthine 
and volatile bases, i.e., compounds responsible for spoilage. This 
minimizes the formation of unpleasant odors in salmon [Chan 

et al., 2021b]. Similar with the present study, salmon fillets pack-
aged with 75% CO2/25% N2 gas mixture maintained acceptable 
sensory properties for 27 days of storage, while total bacterial 
loads exceeded 106 CFU/g after 18 days. Furthermore, increasing 
the CO2 concentration to 90% enabled the product to remain 
acceptable in terms of sensory properties for up to 28 days 
[Fernandez et al., 2009].

Despite the increasing count of Pseudomonas, there was 
minimal organoleptic change in salmon fillets after 30 days with 
no negative change in structure or odor. The off-odor caused 
by trimethylamine and sulfhydryl and the bitter taste due to 
the increase in hypoxanthine are responsible for the microbial 
spoilage by Pseudomonas spp. [Milne & Powell, 2014]. In addition, 
degradation products formed by spoilage microorganisms, such 
as Hafnia alvei, Photobacterium phosphoreum and Carnobacteri-
um maltaromaticum, are also responsible for the undesirable 
odors of salmon under MAP [Macé et al., 2013].

CONCLUSIONS 
The findings of this study confirmed that MAP with 60% CO2 
and 0.4% CO could be an alternative means for extending cold 
storage of salmon fillets at 1°C. Selecting appropriate gas combi-
nations in the packaging of fresh salmon under modified atmos-
phere provides extended shelf-life while maintaining the quality 
parameters of the product by preventing oxidation, maintaining 
color stability, retarding microbial growth and improving sen-
sory properties. Consequently, modified atmosphere packaging 
under high concentrations (60–50%) of CO2 or low level of CO 
(0.4%) was determined as an effective treatment in extending 
the shelf-life of salmon and other fatty fish species by preserving 
their quality characteristics.
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The osmotic dehydration of orange fruit slices in sucrose and prickly pear molasses was studied in order to examine the chan-
ges in total mass loss, water loss, and solid gain as well as physical properties (dry matter content, total soluble solid and color 
parameters) during this process. The contents of total phenolics, ascorbic acid, and sugars, as well as antioxidant capacity 
and texture parameters of fresh orange slices and these dehydrated in both solutions were also analyzed. The osmotic de-
hydration was carried out at a temperature of 30°C for 3 h and after this processing time, the total mass loss of orange slices 
dehydrated in molasses solution was higher (0.18 kg/kg) compared to that treated in a sugar solution (0.16 kg/kg). Throughout 
the process, higher ratios of water loss to solid gain were noted for orange slices dehydrated in molasses solution than in the su-
crose one. No significant difference was found in water activity between orange slices dehydrated in both solutions. Molasses 
induced more substantial and perceptible color alterations in orange slices compared to sucrose with total color difference 
values of 9.12 and 3.28, respectively. Immersion in osmotic solutions reduced hardness of orange slices from 0.63 N for fresh 
slices to 0.52 N and 0.40 N for these dehydrated in sucrose and molasses solutions, respectively. Compression work values 
of dehydrated orange slices were 0.38 mJ after the treatment in a sucrose solution and 0.36 mJ in the molasses one. The total 
phenolic content, antioxidant capacity in ABTS assay and ascorbic acid content increased in dehydrated slices compared to fresh 
material, particularly in the slices processed in molasses (2,197 mg CA/100 g DM, 6.26 mg Trolox/g DM and 50.14 mg/100 g, 
respectively). Sugar profiles of dehydrated orange slices varied, with molasses favoring glucose (5.47 mg/100 g DM) and re-
ducing fructose (1.80 mg/100 g DM) compared to sucrose. Prickly pear molasses could be incorporated into the preservation 
of seasonal fruits as a valuable osmotic solution.
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INTRODUCTION
Citrus fruits, renowned for their nutritional richness and distinc-
tive flavors, have become a staple food in global consump-
tion patterns. Among these, oranges stand out as a particularly 

valuable source of essential bioactive compounds, including 
polyphenols, carotenoids, ascorbic acid, and limonoids, con-
tributing not only to their distinct taste and aroma but also to 
a myriad of health benefits [Liu et al., 2022; Lv et al., 2015]. Despite 
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their appeal, fresh oranges face perishability issues due to a high 
water content of 87% [Omar & Matjafri, 2013]. In response to 
this challenge, various processing techniques, such as dehydra-
tion, have been explored to extend shelf life, and at the same 
time reduce packaging, storage, and transportation costs [Sun 
et al., 2019]. Osmotic dehydration (OD) emerges as a pivotal 
method in this context, distinguished for its cost-effectiveness 
and unique mass transfer dynamics [Abrahão & Corrêa, 2023]. 
This technique involves immersing food in hypertonic solutions, 
creating counter-current flows that facilitate the removal of water 
from the tissue to the surrounding solution and the diffusion 
of osmotic solutes into the tissue, effectively preserving the food 
product [Ahmad, 2023]. As a non-thermal processing technique, 
OD has gained favor in recent years due to increasing consumer 
demand for fresh, nutritious foods and the need for energy- 
-efficient and environmentally friendly technologies [Abrahão & 
Corrêa, 2023]. OD offers several advantages, including the pres-
ervation of flavor and color, suppression of enzyme browning, 
and reduced energy consumption [Abrahão & Corrêa, 2023]. 
The effectiveness of OD is influenced by various parameters, 
such as the type of osmotic agent, concentration of hypertonic 
solution, agitation, temperature, immersion time, sample-to- 
-solution ratio, and the characteristics of the material undergoing 
the process [Ahmad, 2023]. The concentration of the osmotic 
agent solution plays a crucial role in impacting mass transfer 
kinetics; with higher concentrations resulting in faster osmosis 
rates. This concentration-dependent effect influences the rate 
of water loss and solid gain during extended osmotic treatment 
[Salehi et al., 2023]. 

The most commonly used osmotic agents for OD of fruits 
and vegetables are sucrose, invert sugar, sodium chloride, corn 
syrup, and combinations thereof [Yadav & Singh, 2014]. Recently, 
natural sweeteners and by-products of the sugar industry have 
also been increasingly studied in this aspect, including honey, 
jaggery, sugar beet molasses and cane molasses [Kaur et al., 
2022]. Other unconventional osmotic agents successfully used 
in fruit dehydration were concentrated fruit juices and fruit syrups 
[González-Pérez et al., 2021; Kowalska et al, 2023]. Because these 
osmotic agents contain many nutritional and bioactive com-
pounds in addition to sugars, they positively influence the nu-
tritional, health-promoting and sensory quality of dried fruits. 

The edible fruit of prickly pear cactus is popular in Mexico 
and in the Mediterranean region. It contains sugar (15 g/100 g) 
and other nutrients and bioactive compounds including pro-
tein, minerals, amino acids, vitamins, flavonoids, and betalains 
[Cota-Sánchez, 2016; Jimenez-Aguilar et al., 2014]. In our previous 
study, the molasses (sugar syrup) from prickly pear by-products 
with a superior sugar level (39.93°Brix) and antioxidant capacity 
was obtained [Yazidi et al., 2024]. Its formulation was optimized 
by using statistical modeling, and the optimal cooking condi-
tions were established at 78.35°C for 79.70 min, with the follow-
ing proportion of ingredients: 0.265 g of pulp, 0.710 g of peel, 
and 0.025 g of seed. In this study, we proposed the pioneering 
use of prickly pear molasses as an osmotic agent.

Against this backdrop, the aim of this study was to character-
ize the osmotic dehydration of orange fruit slices in prickly pear 
molasses and sucrose solutions. The research not only explored 
the changes in total mass loss, water loss and solid gain during 
the process, but also entailed an in-depth analysis of the chemical 
and physical properties of the obtained material, comparing it 
with fresh orange slices. 

MATERIAL AND METHODS
r Preparation of raw material and osmotic solution
Fresh Navelina oranges (Citrus sinensis var. Navelina) were taken 
from Polish company which imported them from Spain. Oranges 
were washed and cut into 3-mm slices for OD. Two osmotic 
agents, sucrose and prickly pear molasses, were employed. To 
obtain molasses, prickly pear (Opuntia ficus-indica) fruits were 
harvested in August 2022 from naturalized plantations in Sbikha, 
Kairouan, Tunisia. Fruits were selected at the 50% color-break 
stage to ensure uniform ripeness and optimal sugar content. 
Prickly pear fruit underwent a cleaning process to remove spines, 
cut two sides, and the remaining fruit was divided into four 
parts. Equal parts of fruit and water were heated for about 1 h, 
filtered through a 2-mm sieve, and the filtrate was concentrated 
to a soluble solid content of 70°Brix. 

r Osmotic dehydration
The OD treatment was conducted according to procedure de-
scribed by Nowacka et al. [2014]. The orange slices were sub-
merged in a 70°Brix osmotic agent solution (sucrose or molasses) 
with a mass ratio of 1:4. The process was carried out at 30°C for 
3 h in a glass vessel placed in a shaking water bath. After 0.5, 1, 
2, and 3 h, the samples were removed from the solution using 
a metal sieve and then dried for 10 s on both sides on filter 
paper. The mass transfer dynamic during OD was assessed by 
determining total mass loss (TML), water loss (WL), and solid gain 
(SG). TML of the sample underwent a reduction due to water loss 
and at same time weight increased due to a solute gain. Thus, 
TML represents the difference between water loss and solid 
gain. WL (kg/kg) was defined as the water loss of the sample 
during OD on fresh sample weight basis and was calculated 
using Equation (1): 

WL = M0 – Mi

W0
 (1)

SG (kg/kg) was the total gain of sugar and other solids by 
the sample on fresh sample weight basis, and  was calculated 
using Equation (2):

SG = Si – S0

W0
 (2)

where: M0 is the water content of a fresh sample (kg), Mi is 
the water content of an osmotically dehydrated sample (kg), S0 is 
the solid content of a fresh sample (kg), Si is the solid content 
of an osmotically dehydrated sample (kg), and W0 is the total 
weight of a fresh sample (kg). 
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The moisture content was determined using AOAC Interna-
tional method by drying the fresh and osmotically dehydrated 
orange slices in a Binder FP115 oven (Binder, Tuttlingen, Ger-
many) at 105°C until constant weight [AOAC, 2002]. The entire 
OD process was conducted in duplicate.

r Determination of physical properties
Dry matter content determination involved both fresh and os-
motically dehydrated orange slices after 0.5, 1, 2, and 3 h, employ-
ing the gravimetric method with drying at 70°C [da Silva et al., 
2014]. Water activity measurements were conducted at room 
temperature in triplicate for each sample using the AquaLab 
Series 3TE water activity meter (Decagon Devices, Inc., Pullman, 
WA, USA). Color on the sample surface was quantified using 
a colorimeter (Model CR-300, Minolta, Osaka, Japan), examining 
parameters such as L* (lightness), a* (redness/greenness), b* (yel-
lowness/blueness), hue angle (H) in ten replications. The total 
color difference (ΔE) was calculated using Equation (3):

∆E = √(∆L*)2+(∆a*)2+(∆b*)2  (3)

where: ΔL*, Δa* and Δb* are the differences between the indi-
vidual color parameters of dehydrated orange slices and the cor-
responding color parameters of fresh orange slices.

Texture properties were assessed through a penetration test 
using a TA-HDi500 texture analyzer (Stable Micro Systems, Surrey, 
UK), performing at least 10 replicates for each sample. The maxi-
mum force (hardness, N) needed to penetrate the orange slices, 
and compression work (mJ) were recorded. 

Total soluble solids, expressed in °Brix, were measured di-
rectly using a refractometer (PAL-3, Atago Co., Ltd., Tokyo, Japan).

r Microstructure imaging
The microstructure of fresh and osmotically dehydrated for 3 h 
orange slices was imaged as described by Kowalska et al. [2023]. 
Samples were affixed to a metallic table and coated with a 5-mm 
layer of gold using the Leica EM ACE200 system (Leica Microsys-
tems GmbH, Vienna, Austria). Cross-sectional examinations were 
conducted employing a Phenom XL scanning electron micro-
scope (Thermo Fisher Scientific, Waltham, MA, USA), operating at 
an accelerating voltage of 10 kV and a chamber pressure of 60 Pa. 
A minimum of four images were captured for each cross-section, 
and at least six images were obtained for the surface of each 
sample at a magnification of 500×.

r Total phenolic content and antioxidant capacity 
determinations

The analyses encompassed extraction, total phenolic content 
(TPC) determination, and assessment of antioxidant capacity. 
The extraction procedure, adapted from Nowacka et al. [2019], in-
volved crushing  each orange slice sample, followed by combining 
300 mg of the sample with 10 mL of an 80% (v/v) ethanol solution 
and 0.1 M HCl (85:15, v/v). After 12 h of extraction with continuous 
shaking and subsequent centrifugation, the supernatant was col-
lected for analysis. TPC in extracts and hypertonic solutions was 

evaluated using the Folin–Ciocalteu reagent and a chlorogenic 
acid (CA) standard curve. Results were expressed as mg CA/100 g 
dry matter (DM) of the sample [Chun & Kim, 2004]. 

Antioxidant capacity was measured as ABTS•+ scaveng-
ing activity and reducing power. The assay with 2,2’-azino-bis- 
-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was performed 
using the method developed by Re et al. [1999]. The absorbance 
of the reaction mixture with samples and generated ABTS•+ was 
measured at a wavelength of 734 nm. The results were expressed 
as mg Trolox /g DM based on a calibration curve determined from 
this standard (100–1,000 μM). The reducing power of the samples 
was determined according to the procedure with potassium ferri-
cyanide and FeCl3 described by Oyaizu [1986]. The absorbance was 
measured at a wavelength of 700 nm. The results were expressed 
as mg Trolox /g DM. All analyses were conducted in triplicate.

r Ascorbic acid content determination 
Ascorbic acid content of fresh and osmotically dehydrated for 
3 h orange slices was determined using the H-Class ultra-perfor-
mance liquid chromatography (UPLC) system with a photodiode 
array detector (Waters, Milford, MA, USA) [Kowalska et al., 2023]. 
Crushed material (0.05 g) was extracted with 10 mL of a solu-
tion of 3% meta-phosphoric acid, 8% acetic acid, and 1 mM 
EDTA (v/v/v) for 10 min, followed by centrifugation (6,000×g, 
5°C, 5 min). The filtered supernatant was analyzed after a 2-fold 
dilution with a 0.1% formic acid solution in Milli-Q water. Separa-
tion was conducted on a Waters HSS T3 column (100×2.1 mm, 
1.8 µm). The flow rate of the mobile phase (0.1% formic acid) was 
0.25 mL/min, the injection volume was 5 μL, and the tempera-
tures of the column thermostat and samples were 25 and 4°C, 
respectively. The absorbance recorded at 245 nm was used to 
quantify ascorbic acid in orange slices. Results were expressed 
as mg/100 g DM of the sample based on the calibration curve 
plotted for the ascorbic acid standard.

r Sugar content determination
The high-performance liquid chromatography (HPLC) Spectra- 
-SYSTEM with a P100 pump, a refractive index detector and a Rhe-
odyne injection valve with a 20 μL-sample loop (Waters, Mil-
ford, MA, USA) was employed for sugar content determination 
in fresh and dehydrated orange slices. Separation occurred on 
a Sugar-Pak I column (300×6.5 mm; Waters) at 90°C, with a mobile 
phase (Milli-Q water) flow rate of 0.6 mL/min [Yang et al., 2021]. 
The homogenized material (approximately 0.3 g in triplicate) was 
suspended with 10 mL of water at 80°C, extracted at 25°C for 4 h, 
and after filtration, analyzed by HPLC. Standard solutions contain-
ing the reference compounds (fructose, glucose and sucrose) 
were prepared in milli-Q water. Retention time of standards was 
used to identify individual sugars in the samples. Quantification 
was based on the calibration curves plotted for standards. Results 
were expressed as mg/100 g DM of orange slices.

r Total carotenoid content determination
The spectrophotometric method was employed to deter-
mine the total carotenoid content in the orange samples. 
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The extraction process involved two stages: initially, with 100% 
acetone, followed by the addition of petroleum ether (100%), 
a more specific solvent for carotenoid extraction, into the mix-
ture, while the acetone fraction was discarded [Rodriguez-Ama-
ya, 2001]. The absorbance of the collected petroleum ether 
fraction was measured at 450 nm. The total carotenoid content 
was quantified and expressed as mg of β-carotene equivalent 
per kg of sample DM.

r Statistical analysis
Results reported in this work are presented as mean of three 
independent values accompanied by standard deviation. Ex-
perimental data were analyzed using JMP 14 software (SAS 
Institute Inc., Cary, NC, USA). Analysis of variance (ANOVA) was 
performed and Tukey-Kramer comparison test was used to esti-
mate significant differences through osmotic dehydration time 
(p<0.05). Student’s t-test was used to show significant difference 
(p<0.05) between osmotically dehydrated orange slices and fresh 
orange slices.

RESULTS AND DISCUSSION
r Osmotic dehydration of orange fruit slices in sucrose 

and molasses solutions
In the process of OD, water migrates from the food matrix into 
the hypertonic solution, while solutes from the solution perme-
ate into the food matrix. This phenomenon is driven by the vari-
ance in osmotic pressure between the food tissue and the os-
motic solution [Abrahão & Corrêa, 2023]. The changes in total 
mass loss, water loss, solid gain, and the ratio of water loss to solid 
gain for slices of orange fruits during OD in sucrose and molas-
ses solutions demonstrated distinctive patterns (Table  1). In 

sucrose, total mass loss steadily increased from 0.07 to 0.16 kg/kg 
between 0.5 and 3 h of processing. Immersion in molasses es-
calated total mass loss from 0.07 to 0.18 kg/kg during the same 
processing period, significantly (p<0.05) exceeding the values 
recorded for the samples dehydrated in the sucrose solution at 
each time point after 0.5 h of the dehydration, suggesting a faster 
process possibly due to higher osmotic potential. The orange 
slice water loss increased gradually from 0.13 kg H2O/kg at 0.5 h 
to 0.26 kg H2O/kg at 3 h in the sucrose solution, suggesting an 
effective dehydration process. Similarly, immersion in the molas-
ses solution demonstrated an escalating water loss from 0.08 kg 
H2O/kg at 0.5 h to 0.25 kg H2O/kg at 3 h. Solid gain of orange 
slices dehydrated in the sucrose solution increased progressively 
from 0.06 kg/kg to 0.11 kg/kg, while that recorded for samples 
dehydrated in molasses, although following a similar trend, con-
sistently displayed lower values, implying that the sucrose solu-
tion induced a more significant solid gain. The water loss to solid 
gain ratio during the OD of orange fruits in sucrose and molasses 
solutions provided insights into the efficiency of the dehydration 
process. In sucrose, the ratio ranged from 2.12 to 2.36 without sig-
nificant (p≥0.05) differences between dehydration time points, 
indicating that for each unit of solid gained, approximately 2.12 
to 2.36 units of water were lost. On the other hand, in molasses, 
the ratio decreased from 4.01 at 0.5 h to 3.12 at 3 h, suggesting 
a higher water loss for each unit of solid gained compared to 
immersion in the sucrose solution.

Molasses notable osmotic potential has made it a preferred 
choice for enhancing the dehydration process in food applica-
tions [Filipović et al., 2022; Nićetin et al., 2022; Šuput et al., 2020]. 
El Hosry et al. [2023] reported that fruit molasses has the complex 
composition. This complex composition of molasses solutions 

Table 1. Mass loss, water loss, solid gain and physicochemical characteristics of orange fruits during their osmotic dehydration in sucrose and prickly pear molasses 
solutions. 

Parameter Treatment
Osmotic dehydration time (h)

0.5 1 2 3

Total mass loss (kg/kg)
Sucrose-treated 0.07±0.01Ac 0.08±0.02Bc 0.11±0.05Bb 0.16±0.07Ba

Molasses-treated 0.07±0.02Ad 0.12 ±0.04Ac 0.15±0.07Ab 0.18±0.02Aa

Water loss (kg H2O/kg)
Sucrose-treated 0.13±0.01Ad 0.15±0.05Ac 0.17±0.07Bb 0.26±0.12Aa

Molasses-treated 0.08±0.03Bd 0.14±0.05Ac 0.21±0.12Ab 0.25±0.11Aa

Solid gain (kg/kg)
Sucrose-treated 0.06±0.02Ab 0.07±0.01Ab 0.08±0.05Ab 0.11±0.03Aa

Molasses-treated 0.02±0.00Bc 0.04±0.00Bb 0.07±0.02Ba 0.08±0.01Ba

Water loss/solid gain
Sucrose-treated 2.16±0.12Ba 2.14±0.33Ba 2.12±0.11Ba 2.36±0.09Ba

Molasses-treated 4.01±0.27Aa 3.51±0.33Ab 3.01±0.22Ad 3.12±0.12Ac

Total soluble solids (°Brix)
Sucrose-treated 17.53±1.02Ad 21.12±0.89Ac 24.33±0.99Bb 25.83±0.77Ba

Molasses-treated 18.18±1.35Ad 20.55±1.03Ac 25.71±0.99Ab 28.06±1.33Aa

Dry matter (g/100 g)
Sucrose-treated 22.55±0.75Ad 24.25±0.55Ac 25.75±0.36Ab 31.21±0.88Aa

Molasses-treated 22.49±1.20Ad 24.23±0.72Ac 25.77±0.93Ab 31.25±0.99Aa

Results are shown as mean ± standard deviation (n=3). Different letters a–d in rows indicate significant differences between the samples at different dehydration times (p<0.05). Different 
A and B letters indicate significant differences between treatments separately for each dehydration time and parameter (p<0.05). 
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may be the reason for a higher rate of total mass loss of the de-
hydrated material compared to dehydration in a sugar solution, 
which was observed in our study during OD of orange fruit. 
Molasses was produced from prickly pear fruit that contains 
not only sucrose but also other solutes, such as organic acids, 
minerals, and non-sugar organic compounds [Belviranlı et al., 
2019; Tsegay, 2020]. This diverse composition contributes to 
a higher osmotic potential in molasses compared to a simple 
sugar solution.

r Impact of osmotic dehydration on the water activity 
of orange slices

Fresh orange fruit exhibited a water activity of 0.947 (Figure 1), 
indicating high water availability for biological and chemical 
reactions. No statistically significant (p≥0.05) difference existed 
between a water activity of orange slices dehydrated for 3 h 
in the sucrose solution (0.895) and prickly pear molasses (0.909), 
indicating comparably reduced water availability in these solutions 
vs. fresh fruit. Kowalska et al. [2023] noted that fruit juice concen-
trates (from chokeberry, strawberry and cherry) as osmotic agents 
significantly reduced water activity, with the most substantial de-
crease observed in strawberries dehydrated in cherry concentrate 
(0.873). Sucrose and molasses solutions, with lower water activity, 
contributed to food preservation by inhibiting microbial growth 
and enzymatic reactions [Gomez et al., 2021]. Understanding these 
values is crucial for assessing the impact of different solutions on 
food system stability and shelf life [Tapia et al., 2020].

r Impact of hypertonic solution type on total soluble 
solid and dry matter contents of orange slices during 
osmotic dehydration

The trends in changes in the total soluble solid content of orange 
slices during fruit OD in sucrose and molasses solutions are 
shown in Table 1. During OD in the sucrose solution, the content 
of total soluble solids increased continuously from 17.53°Brix at 
0.5 h to 25.83°Brix at 3 h, indicating ongoing solute accumula-
tion in orange slices. The total soluble solids of fruits dehydrated 
in molasses showed a similar trend, with values increasing from 

18.18°Brix at 0.5 h to 28.06°Brix at 3 h, suggesting that prickly pear 
molasses was a more concentrated solute environment than 
sucrose. Compared to the total soluble solids of fresh orange fruit 
(10.00°Brix), OD resulted in a notable increase in solute content. 
As the total soluble solid content of orange slices increased over 
dehydration time in both sucrose and molasses solutions, a corre-
sponding increase in dry matter content was found, showcasing 
the absorption of substances dissolved in hypertonic solutions 
by the orange fruit. Rubio-Arraez et al. [2015] also studied the ef-
fect of isomaltulose, oligofructose and aqueous extract of stevia 
solutions on total soluble solid contents of orange slices during 
osmotic dehydration and they found that the content of soluble 
solids in orange slices augmented in conjunction with the elon-
gation of the dehydration time.

r Impact of osmotic dehydration on orange fruit color
Results of color analysis of fresh orange slices and these osmoti-
cally dehydrated in the sucrose solution and prickly pear molas-
ses for 3 h, depicted by L*, a*, b*, ΔE and H° values, are shown 
in Table 2. Fresh orange slices were characterized by L*, a*, 
and b* color parameters at the levels of 44.69, −1.64, and 22.15, 
respectively. The L* increased gradually from 44.80 at 0.5 h to 
47.50 at 3 h for orange slices dehydrated in the sucrose solution, 
while immersion in the molasses solution caused a decrease 
of L* from 39.50 at 0.5 h to 31.20 at 3 h. Similarly, the b* increased 
gradually from 22.40 at 0.5 h to 23.50 at 3 h for orange slices 
dehydrated in the sucrose solution, while decreased from 26.40 
at 0.5 h to 23.02 at 3 h upon slices immersion in the molasses 
solution. For a*, there was an increase from −3.50 at 0.5 h to 
−2.50 at 3 h in the sucrose solution and from 3.10 at 0.5 h to 
11.90 at 3 h in the molasses solution. According to Kowalska et 
al. [2023], the type of osmotic agent had a significant impact on 
the absolute color difference. Orange slices dehydrated in a mo-
lasses solution had a darker color compared with those dehy-
drated in a sucrose solution. This was related to the penetration 
of colored substances contained in the molasses solution into 
the fruit. Immersion in the sucrose solution resulted in minimally 
perceptible color changes of orange slices compared to fresh 
fruits, indicated by low ΔE values (3.28) and consistent hue val-
ues (Table 2), suggesting stable color tone. In contrast, orange 
slices dehydrated in molasses showed more pronounced color 
transformations with higher ΔE values (19.12) and a significant 
shift in hue from 94.23° (fresh fruits) to 62.75° (dehydrated fruits). 
These results suggested that molasses induced more substantial 
and perceptible color alterations in the orange fruit compared to 
sucrose, possibly due to the complex composition of molasses, 
including non-sugar components [Samborska et al., 2019]. These 
findings highlight the importance of considering color changes 
as part of the quality assessment for orange fruits osmotically 
dehydrated in different solutions.

r Impact of osmotic dehydration on orange slice texture 
parameters and microstructure

Texture, a key quality parameter, was assessed in osmotically de-
hydrated orange fruits after 3 h in various solutions (Figure 2). 
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Figure 1. Water activity of fresh orange slices and these dehydrated in sucrose 
and prickly pear molasses solutions. Different letters above bars indicate 
statistical differences (p<0.05).
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Immersion in both sucrose and molasses solutions reduced hard-
ness of orange slices to 0.52 N and 0.40 N, respectively, compared 
to the fresh state (0.63 N). Compression work of dehydrated orange 
slices was also lower (in sucrose solution – 0.38 mJ and in molasses 
solution – 0.36 mJ) compared to that of the fresh orange slices 
(0.58 mJ), reflecting a softer texture. These findings were consistent 
with the results reported by Kowalska et al. [2023] for strawber-
ries osmo-dehydrated in fruit juice concentrates as hypertonic 
solutions. Additionally, Gamboa-Santos et al. [2021] revealed that 
OD of strawberries resulted in reduced elasticity and increased 
hardness due to the concentration and penetration of osmotic 
substances. 

Microstructural analysis highlighted regular cellular arrange-
ments in fresh slices, while dehydration in molasses induced 
significant tissue alterations, forming new crystals (Figure 3). This 

phenomenon was attributed to the substantial difference in os-
motic pressure between the hypertonic solution and the rich 
composition of molasses, including non-sugar constituents. 
The distinctive microstructural changes emphasized the pro-
found impact of solution choice on the physical characteristics 
of osmotically dehydrated orange fruits.

r Effect of osmotic dehydration on total phenolic content 
and antioxidant capacity of orange slices.

The total phenolic content and antioxidant capacity of fresh 
and dehydrated orange slices are shown in Table 3. Immersion 
in both sucrose and molasses solutions caused that the total 
phenolic content significantly (p<0.05) decreased compared 
to fresh slices, for which TPC was 2,536 mg CA/100 g. In fact, 
the sucrose-treated slices had 1,512 mg CA/100 g DM, while 

Table 2. Color parameters of orange fruits during their osmotic dehydration in sucrose and prickly pear molasses solutions. 

Parameter Treatment
Osmotic dehydration time (h)

0.5 1 2 3

L*
Sucrose-treated 44.80±0.80Ac 45.60±0.80Ab 46.30±1.10Aa 47.50±1.10Aa

Molasses-treated 39.50±1.40Ba 39.10±1.80Ba 36.00±3.20Bb 31.20±1.90Bc

a*
Sucrose-treated −3.50±0.50Bb −2.30±0.20Ba −3.20±0.30Bb −2.50±0.40Ba

Molasses-treated 3.10±1.20Ac 4.10±2.10Ac 6.20±2.40Ab 11.90±2.80Aa

b*
Sucrose-treated 22.40±1.00Ba 22.60±1.80Ba 22.10±2.40Ba 23.50±2.50Aa

Molasses-treated 26.40±2.60Aa 27.00±2.70Aa 25.90±2.30Aa 23.02±2.20Ab

ΔE
Sucrose-treated 1.90±0.10Bd 1.27±0.06Bc 2.20±0.11Bb 3.28±0.16Ba

Molasses-treated 8.21±0.41Ad 9.34±0.47Ac 12.30±0.62Ab 19.12±0.96Aa

H°
Sucrose-treated 98.95±1.95Aa 95.85±1.79Ab 98.10±1.91Aa 96.03±1.80Ab

Molasses-treated 83.38±1.17Ba 81.41±1.07Ba 76.51±1.83Bb 62.75±1.14Bc

Results are shown as mean ± standard deviation (n=3). Different letters a–d in rows indicate significant differences between the samples at different dehydration times (p<0.05). Different 
A and B letters indicate significant differences between treatments separately for each dehydration time and parameter (p<0.05). L*, lightness; a*, redness/greenness; b*, yellowness/
blueness; H°, hue angle; ∆E, total color difference compared to fresh orange slices. 

A B

0

0.10

0.20

0.30

0.40

0.50

0.60

0.70

Fresh

M
ax

 fo
rc

e 
(N

)

a

b

c

Sucrose-treated Molasses-treated
0

0.10

0.20

0.30

0.40

0.50

0.60

0.70

Fresh

Co
m

pr
es

sio
n 

w
or

k 
(m

J)

a

b b

Sucrose-treated Molasses-treated

Figure 2. Texture parameters of fresh orange slices and these dehydrated in sucrose and prickly pear molasses solutions; maximum force (A) and compression 
work (B). Different letters above bars indicate statistical differences (p<0.05).



346

Pol. J. Food Nutr. Sci., 2024, 74(4), 340–349

the sucrose-treated slices displayed greater reducing power 
(2.32 mg Trolox/g DM) than these immersed in molasses (1.74 mg 
Trolox/g DM). Similar results were obtained by Nićetin et al. 
[2022], who reported that the antioxidant capacity determined 
by ABTS and reducing power assays were increased after OD 
treatment of celery root in sugar beet molasses (1.10–1.13 mM 
Trolox/L and 1.54–1.58 mM Fe2/L, respectively) compared to 
the fresh samples (1.01 mM Trolox/L and 1.52 mM Fe2/L, respec-
tively). They also found a strong positive correlation between 
the total phenolic content and antioxidant capacity in the ABTS 
assay (0.86, p≤0.01) and reducing power (0.79, p≤0.01). The com-
position of the osmotic solution has a direct effect on the reten-
tion of bioactive compounds in the dehydrated material during 
OD and, consequently, on its antioxidant capacity [Giovanelli 

the molasses-treated ones had 2,197 mg CA/100 g DM. Devic 
et al. [2010] stated that the main mechanism responsible for de-
creasing phenolic compound content in fruits during OD is water 
diffusion, because water-soluble phenolics can be leached out 
together with the water flowing from the dehydrated plant mate-
rial to the hypertonic solution. Another phenomenon that may 
occur during OD and cause the loss of some individual phenolics 
is their degradation by hydrolysis resulting in lower molecular 
weight molecules that can more easily pass through the cell 
membrane into the hypertonic solution [Almeida et al., 2015]. 

Antioxidant capacity, evaluated through ABTS and reduc-
ing power assays, showcased the molasses-treated slices with 
higher ABTS•+ scavenging activity (6.26 mg Trolox/g DM) than 
the sucrose-treated ones (2.68 mg Trolox/g DM). However, 

Figure 3. Appearance photos and microstructure images by scanning electron microscopy (500× magnification) of fresh orange slices (A) and after their 3-h 
osmotic dehydration in a sucrose solution (B) and pearly pear molasses (C). 

Table 3. Total phenolic content and antioxidant capacity of fresh orange slices, orange slices after 3-h osmotic dehydration in a sucrose solution and pearly pear 
molasses, and hypertonic solutions.

Sample Total phenolic content  
(mg CA/100 g DM)

ABTS•+ scavenging activity 
 (mg Trolox/g DM)

Reducing power  
(mg Trolox/g DM)

Orange slice

Fresh 2,536±47a 7.73±0.13a 4.04±0.06a

Sucrose-treated 1,512±29c 2.68±0.31c 2.32±0.33b

Molasses-treated 2,197±78b 6.26±0.06b 1.74±0.16c

Hypertonic solution

Sucrose 5±20B 0B 0B

Molasses 1,587±62A 3.50±0.06A 12.17±0.62A

Results are shown as mean ± standard deviation (n=3). Different letters in columns indicate significant differences (p<0.05). CA, chlorogenic acid equivalent; DM, dry matter.
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et al., 2012]. Moreover, Almeida et al. [2015] who osmotically 
dehydrated banana slices in sucrose solutions, found that high 
concentrations of the osmotic solution resulted in a protective 
effect on phenolics, mainly tannins, and higher retention of anti-
oxidant capacity. The authors concluded that the incorporation 
of solute into the banana tissue created a barrier to leaching 
of soluble solids, including phenolic compounds. 

r Impact of osmotic dehydration on content of ascorbic 
acid, total carotenoids, and sugars

The contents of ascorbic acid, total carotenoids and sugars 
in fresh orange slices and following 3 h of OD in various solutions 
are displayed in Table 4. Statistical analysis uncovered significant 
(p<0.05) differences in ascorbic acid content among dehydrated 
orange slices. Specifically, the molasses-treated slices exhibited 
significantly higher ascorbic acid content, at 50.14 mg/100 g DM, 
in contrast to the fresh slices (42.77 mg/100 g DM) and the su-
crose-treated slices (27.20 mg/100 g DM). This indicates that 
molasses played a protective role in preserving ascorbic acid 
during dehydration, possibly due to its significant antioxidant 
capacity. Kowalska et al. [2023] used different fruit juice con-
centrates as osmotic agents and found the highest vitamin C 
content in fruits dehydrated in the strawberry juice concen-
trate (220.48 mg/100 g DM), and the lowest one in strawber-
ries dehydrated in a sucrose solution (65.60 mg/100 g DM). 
However, the vitamin C content was equal to 235.80 mg/100 g 
DM in the fresh strawberries. These authors noticed that the low 
content of vitamin C in the strawberries dehydrated in the su-
crose solution and juice concentrates could be due to the low 
content or lack of vitamin C in these osmotic agents. 

There was no significant difference in the total carotenoid 
content of osmotically dehydrated orange slices between 
sucrose (20.54 mg/kg DM) and molasses (21.53 mg/kg) treat-
ments, while fresh slices boasted a total carotenoid content 
of 31.44 mg/kg DM (Table 4). Azoubel et al. [2008] found that 
the total carotenoid content of mango slightly decreased 
(around 3% of loss) after osmotic dehydration in a sucrose solu-
tion for 80 min, and it could be partially associated with pigment 
diffusion from the fruit to the solution. 

In osmotically dehydrated orange slices after 3 h, sugar 
composition displayed notable differences between treat-
ments in sucrose and molasses solutions (Table 4). A higher 
content of sucrose was determined in the sucrose-treated 

slices (41.41 mg/100  g  DM) and the molasses-treated slic-
es (38.10 mg/100 g  DM) as compared to the fresh slices 
(2.41 mg/100 g DM). The molasses-treated slices demonstrat-
ed higher glucose (5.47 mg/100 g DM) and lower fructose 
(1.80 mg/100 g DM) contents compared to the sucrose-treated 
slices (0.77 mg/100 g DM and 3.30 mg/100 g DM, respectively). 
Kowalska et al. [2023] also reported that the sucrose content 
increased in strawberry dehydrated in a sucrose solution, while it 
was reduced after immersion in fruit juice concentrates as com-
pared to fresh strawberry. They explained that the second ob-
servations could be due to the sucrose leak from the strawberry 
tissue to fruit juice concentrates. These authors also found an in-
crease in glucose and fructose contents in strawberries immersed 
in strawberry and cherry juice concentrates and a decrease 
in these sugars content in strawberries dehydrated in sucrose 
and chokeberry juice concentrates. Furthermore, the fructose 
content was higher in the fruits treated in the strawberry juice 
concentrate. They deduced that these differences can be result 
of the different molar masses of the osmotic solutions used. 
Those with lower molar masses allow for an increased diffusion 
of the substance into the tissue of the raw material.

CONCLUSIONS
This study showcased the effective OD of orange fruit using 
both sucrose and prickly pear molasses solutions, each influenc-
ing dehydrated fruits quality differently. While both treatments 
demonstrated distinctive patterns in total mass loss, water loss, 
solid gain, and the ratio of water loss to solid gain, color, texture 
and microstructure. Notably, no significant difference was found 
in water activity between orange slices dehydrated in the su-
crose solution and prickly pear molasses. Dehydration in mo-
lasses resulted in higher antioxidant capacity of orange slices 
and preservation of ascorbic acid as compared to the sucrose 
solution. According to the sugar profiles, orange slices dehy-
drated in molasses had favored glucose content and reduced 
fructose content compared to the product obtained by immer-
sion in the sucrose solution. 

The choice between sucrose solution and prickly pear mo-
lasses hinges on desired characteristics, with molasses offering 
faster dehydration, enhanced antioxidant activity, and a softer 
texture, offset by deeper color changes and higher sugar absorp-
tion. Conversely, dehydration in a sucrose solution yields a lighter, 
firmer product with a more balanced sugar profile, albeit with 

Table 4. Contents of ascorbic acid, total carotenoids and sugars in fresh orange slices and after their 3-h osmotic dehydration in a sucrose solution and pearly 
pear molasses.

Orange slice Ascorbic acid  
(mg /100 g DM)

Total carotenoids  
(mg/kg DM) 

Sucrose  
(mg/100 g DM)

Glucose  
(mg/100 g DM)

Fructose  
(mg/100 g DM)

Fresh 42.77±0.15b 31.44±0.19a 2.41±0.02c 1.54±0.02b 4.22±0.08a

Sucrose-treated 27.20±2.15c 20.54±1.39b 41.41±0.12a 0.77±0.06c 3.30±0.09b

Molasses-treated 50.14±1.59a 21.53±0.99b 38.10±0.05b 5.47±0.03a 1.80±0.20c

Results are shown as mean ± standard deviation (n=3). Different letters in columns indicate significant differences between the samples (p<0.05). DM, dry matter.
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slower dehydration and reduced antioxidant properties. This 
study paves the way for faster, healthier orange dehydration. 
By optimizing molasses use or finding new natural agents, we 
can create products with diverse colors, textures, and nutrient 
profiles to suit different consumer tastes.

ACKNOWLEDGEMENTS
The authors extend their appreciation to Taif University, Saudi 
Arabia, for supporting this work through project number (Tu-
DSPP-2024-115).

RESEARCH FUNDING
This research was funded by Taif University, Saudi Arabia, Project 
No. (TU-DSPP-2024-115).

CONFLICT OF INTERESTS
The authors declare that they have no conflict of interest.

ADDITIONAL INFORMATION
The data presented in this study are available on request from 
the corresponding author.

ORCID IDs
M. Hammami  https://orcid.org/0000-0002-4376-0638  
K. Hessini https://orcid.org/0000-0002-8929-9234  
M. Nowacka https://orcid.org/0000-0003-4689-6909 
K. Rybak https://orcid.org/0000-0003-3595-0818  
M. Saidani Tounsi https://orcid.org/0000-0003-0669-8414  
W. Aidi Wannes https://orcid.org/0000-0003-3134-0457  
D. Witrowa-Rajchert https://orcid.org/0000-0002-0937-3204  
R. Yazidi https://orcid.org/0009-0006-8861-8754  
W. Yeddes https://orcid.org/0000-0002-1439-7956  

REFERENCES
1. Abrahão, F.R., Corrêa, J.L.G. (2023). Osmotic dehydration: More than water loss 

and solid gain. Critical Reviews in Food Science and Nutrition, 63(17), 2970-2989. 
https://doi.org/10.1080/10408398.2021.1983764 

2. Almeida, J., Mussi, L., Oliveira, D., Pereira, N. (2015). Effect of temperature 
and sucrose concentration on the retention of polyphenol compounds 
and antioxidant activity of osmotically dehydrated bananas. Journal of Food 
Processing and Preservation, 39(6), 1061-1069. 
https://doi.org/10.1111/jfpp.12321 

3. AOAC (2002). Official Methods of Analysis, Official Method 934.06 The Associ-
ation of Official Analytical Chemists International, Gaithersburg, MD, USA.

4. Azoubel, P., Balem de Oliveira, S., de Brito Araujo, A.J., Alves Silva, I.R., Park, K.J. 
(2008). Influence of osmotic preatreatment on the total carotenoids content 
of drid mango. CIGR - International Conference of Agricultural Engineering XXXVII 
Congresso Brasileiro de Engenharia Agrícola. CONBEA 2008, Brazil, Artigo em 
anais de congresso, 37, 1-3. 
http://www.alice.cnptia.embrapa.br/alice/handle/doc/160469 

5. Belviranlı, B., Al-Juhaimi, F., Özcan, M.M., Ghafoor, K., Babiker, E.E., Alsawmahi, 
O.N. (2019). Effect of location on some physico-chemical properties of prickly 
pear (Opuntia ficus-indica L.) fruit and seeds. Journal of Food Processing 
and Preservation, 43(3), art. no. e13896. 
https://doi.org/10.1111/jfpp.13896 

6. Chun, O.K., Kim, D.O. (2004).  Consideration on equivalent chemicals in total 
phenolic assay of chlorogenic acid-rich plums. Food Research International, 
37(4), 337-342. 
https://doi.org/10.1016/j.foodres.2004.02.001 

7. Cota-Sánchez, J.H. (2016). Chapter 28 – Nutritional composition of the prickly 
pear (Opuntia ficus-indica) fruit. In M.S.J. Simmonds, V. Preedy (Eds.), Nutritional 
Composition of Fruit Cultivars, Academic Press, pp. 691-712). 
https://doi.org/10.1016/B978-0-12-408117-8.00028-3 

8. da Silva, W.P., da Silva e Silva, C.M.D.P., de Farias Aires, J.E., da Silva Jr, A.S. (2014). 
Osmotic dehydration and convective drying of coconut slices: Experimental 
determination and description using one-dimensional diffusion model. 
Journal of the Saudy Society of Agricultural Sciences, 13(2), 162-168. 
https://doi.org/10.1016/j.jssas.2013.05.002 

9. Devic, E., Guyot, S., Daudin, J.D., Bonazzi, C. (2010). Effect of temperature 
and cultivar on polyphenol retention and mass transfer during osmotic de-
hydration of apples. Journal of Agricultural and Food Chemistry, 58(1), 606-614. 
https://doi.org/10.1021/jf903006g 

10. El Hosry, L., Bou-Mitri, C., Bou Dargham, M., Abou Jaoudeh, M., Farhat, A., El 
Hayek, J., Bou Mosleh, J.M., Bou-Maroun, E. (2023). Phytochemical composi-
tion, biological activities and antioxidant potential of pomegranate fruit, juice 
and molasses: A review. Food Bioscience, 55, art. no. 103034. 
https://doi.org/10.1016/j.fbio.2023.103034  

11. Filipović, V., Filipović, J., Lončar, B., Knežević, V., Nićetin, M., Filipović, I. (2022). 
Synergetic dehydration method of osmotic treatment in molasses and suc-
cessive lyophilization of peaches. Journal of Food Processing and Preservation, 
46(5), art. no. e16512. 
https://doi.org/10.1111/jfpp.16512 

12. Gamboa-Santos, J., Vasco, M.F., Campañone, L. (2021). Diffusional analysis 
and textural properties of coated strawberries during osmotic dehydration 
treatment. Journal of Berry Research, 11(1), 151-169. 
https://doi.org/10.3233/JBR-200554 

13. Giovanelli, G., Brambilla, A., Rizzolo, A., Sinelli, N. (2012). Effects of blanching 
pre-treatment and sugar composition of the osmotic solution on physi-
co-chemical, morphological and antioxidant characteristics of osmodehy-
drated blueberries (Vaccinium corymbosum L.). Food Research International, 
49(1), 263-271. 
https://doi.org/10.1016/j.foodres.2012.08.015 

14. Gomez, E.J., Delgado, J.A., Gonzalez, J.M. (2021). Influence of water availability 
and temperature on estimates of microbial extracellular enzyme activity. 
PeerJ, 9, art. no. e10994. 
https://doi.org/10.7717/peerj.10994 

15. González-Pérez, J.E., Ramírez-Corona, N., López-Malo, A. (2021). Mass trans-
fer during osmotic dehydration of fruits and vegetables: Process factors 
and non-thermal methods. Food Engineering Reviews, 13, 344–374. 
https://doi.org/10.1007/s12393-020-09276-3  

16. Jimenez-Aguilar, D.M., Mujica-Paz, H., Welti-Chanes, J. (2014). Phytochemical 
characterization of prickly pear (Opuntia spp.) and of its nutritional and func-
tional properties: A review. Current Nutrition & Food Science, 10(1), 57-69. 
https://www.eurekaselect.com/article/59830 

17. Kaur, D., Singh, M., Zalpouri, R., Singh, I. (2022). Osmotic dehydration of fruits 
using unconventional natural sweeteners and non-thermal-assisted technolo-
gies: A review. Journal of Food Processing and Preservation, 46(12), art. no. e16890. 
https://doi.org/10.1111/jfpp.16890 

18. Kowalska, H., Trusinska, M., Rybak, K., Wiktor, A., Witrowa-Rajchert, D., Nowac-
ka, M. (2023). Shaping the properties of osmo-dehydrated strawberries in fruit 
juice concentrates. Applied Sciences, 13(4), art. no. 2728. 
https://doi.org/10.3390/app13042728 

19. Liu, N., Yang, W., Li, X., Zhao, P., Liu, Y., Guo, L., Huang, L., Gao, W. (2022). Com-
parison of characterization and antioxidant activity of different citrus peel 
pectins. Food Chemistry, 386, art. no. 132683. 
https://doi.org/10.1016/j.foodchem.2022.132683 

20. Lv, X., Zhao, S., Ning, Z., Zeng, H., Shu, Y., Tao, O., Xiao, C., Lu, C., Liu, Y. (2015). 
Citrus fruits as a treasure trove of active natural metabolites that potentially 
provide benefits for human health. Chemistry Central Journal, 9, art. no. 68. 
https://doi.org/10.1186/s13065-015-0145-9

21. Manzoor, A.,  Jan, B., Rizvi, Q.U.E.H., Junaid, P.M., Pandith, J.A., Dar, I.H., Bhat, 
S.A., Ahmad, S. (2023). Chapter 7 – Osmotic dehydration technology for 
preservation of fruits and vegetables. In M.R. Goyal, F. Ahmad (Eds). Quality 
Control in Fruit and Vegetable Processing. 1st edition, Apple Academic Press. 
https://doi.org/10.1201/9781003304999 

22. Nićetin, M., Pezo, L., Pergal, M., Lončar, B., Filipović, V., Knežević, V., Demir, H., 
Filipović, J., Manojlović, D. (2022). Celery root phenols content, antioxidant 
capacities and their correlations after osmotic dehydration in molasses. 
Foods, 11(13), art. no. 1945. 
https://doi.org/10.3390/foods11131945 

23. Nowacka, M., Tylewicz, U., Laghi, L., Dalla Rosa, M., Witrowa-Rajchert, D. (2014). 
Effect of ultrasound treatment on the water state in kiwifruit during osmotic 
dehydration. Food Chemistry, 144, 18-25. 
https://doi.org/10.1016/j.foodchem.2013.05.129 

24. Nowacka, M., Wiktor, A., Anuszewska, A., Dadan, M., Rybak, K., Witrowa-Raj-
chert, D. (2019). The application of unconventional technologies as pulsed 
electric field, ultrasound and microwave-vacuum drying in the production 
of dried cranberry snacks. Ultrasonics Sonochemistry, 56, 1-13. 
https://doi.org/10.1016/j.ultsonch.2019.03.023 

25. Omar, A.F., Matjafri, M.Z. (2013). Principles, methodologies and technologies 
of fresh fruit quality assurance. Quality Assurance and Safety of Crops & Foods, 
5(3), 257-271. 
https://doi.org/10.3920/QAS2012.0175 

26. Oyaizu, M. (1986). Studies on products of browning reaction prepared from 
glucoseamine. Japanese Journal of Nutrition, 44(6), 307-314. (in Japanese, 
English abstract). 
https://doi.org/10.5264/eiyogakuzashi.44.307



349

R. Yazidi et al. 

27. Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C. (1999). 
Antioxidant activity applying an improved ABTS radical cation decolorization 
assay. Free Radical Biology & Medicine, 26(9-10), 1231-1237. 
https://doi.org/10.1016/S0891-5849(98)00315-3 

28. Rodriguez-Amaya, D.B. (2001). A Guide to Carotenoid Analysis in Foods. Wash-
ington DC: ILSI Press, pp. 23-51.  

29. Rubio-Arraez, S., Capella, J.V., Ortolá, M.D., Castelló, M.L. (2015). Kinetics of os-
motic dehydration of orange slices using healthy sweeteners. International 
Food Research Journal, 22(5), 2162-2166. 

30. Salehi, F., Cheraghi, R., Rasouli, M. (2023). Mass transfer analysis and kinetic 
modeling of ultrasound-assisted osmotic dehydration of kiwifruit slices. 
Scientific Reports, 13(1), art. no. 11859. 
https://doi.org/10.1038/s41598-023-39146-x 

31. Samborska, K., Eliasson, L., Marzec, A., Kowalska, J., Piotrowski, D., Lenart, 
A., Kowalska, H. (2019). The effect of adding berry fruit juice concentrates 
and by-product extract to sugar solution on osmotic dehydration and sensory 
properties of apples. Journal of Food Science and Technology, 56(4), 1927-1938. 
https://doi.org/10.1007/s13197-019-03658-0 

32. Sun, Q., Zhang, M., Mujumdar, A.S. (2019). Recent developments of artificial 
intelligence in drying of fresh food : A review. Critical Reviews in Food Science 
and Nutrition, 59(14), 2258-2275. 
https://doi.org/10.1080/10408398.2018.1446900 

33. Šuput, D., Filipović, V., Lončar, B., Nićetin, M., Knežević, V., Lazarević, J., Plavšić, D. 
(2020). Modeling of mushrooms (Agaricus bisporus) osmotic dehydration 
process in sugar beet molasses. Food and Feed Research, 47(2), 175-187. 
https://doi.org/10.5937/ffr47-28436 

34. Tapia, M.S., Alzamora, S.M., Chirife, J. (2020). Chapter 14 – Effects of water 
activity (aw) on microbial stability as a hurdle in food preservation. In G.V. 
Barbosa-Canovas, A.J. Fontana Jr, S.J. Schmidt, T.P. Labuza (Eds.), Water Activity 
in Foods, 1st edition,  John Wiley & Sons, Ltd., pp. 323-355. 
https://doi.org/10.1002/9781118765982.ch14 

35. Tsegay, Z.T. (2020). Total titratable acidity and organic acids of wines produced 
from cactus pear (Opuntia-ficus-indica) fruit and Lantana camara (L. Camara) 
fruit blended fermentation process employed response surface optimization. 
Food Science & Nutrition, 8(8), 4449-4462. 
https://doi.org/10.1002/fsn3.1745 

36. Yadav, A.K., Singh, S.V. (2014). Osmotic dehydration of fruits and vegetables : 
A review. Journal of Food Science and Technology, 51(9), 1654-1673. 
https://doi.org/10.1007/s13197-012-0659-2 

37. Yang, S., Meng, Z., Li, Y., Chen, R., Yang, Y., Zhao, Z. (2021). Evaluation of physio-
logical characteristics, soluble sugars, organic acids and volatile compounds 
in ‘Orin’ apples (Malus domestica) at different ripening stages. Molecules, 
26(4), art. no. 807. 
https://doi.org/10.3390/molecules26040807  

38. Yazidi, R., Yeddes, W., Djebali, K., Hammami, M., Aidi-Wannes, W., Ben Farhat, 
M., Msaada, K., Saidani Tounsi, M. (2024). Optimizing prickly pear by-product 
valorization: formulating molasses with enhanced antioxidant capacities 
and sugar contents. International Journal of Environmental Health Research, 
1-12. 
https://doi.org/10.1080/09603123.2024.2337831



350

ORIGINAL ARTICLE
http://journal.pan.olsztyn.pl

Gomphrenin-Based Decarboxylated and Acylated Pigments from 
Basella alba L. Fruit Extracts Impair Survival of Colorectal Cancer 

Cells but Not Normal Cells – In Vitro Study

Katarzyna Sutor-Świeży1 , Łukasz Kozioł1 , Mateusz Knap1 , Ewa Dziedzic2 , Monika Bieniasz2 ,  
Przemysław Mielczarek3,4 , Monika Baj-Krzyworzeka5 , Rafał Szatanek5 , Sylwia Bobis-Wozowicz6 ,  

Łukasz Popenda7 , Sławomir Wybraniec1,*# , Małgorzata Tyszka-Czochara8# 

1Department C-1, Faculty of Chemical Engineering and Technology, Cracow University of Technology, ul. Warszawska 24, 31-155 Krakow, Poland 
2Faculty of Biotechnology and Horticulture, University of Agriculture in Krakow, al. 29 Listopada 54, 31-425 Krakow, Poland 

3Department of Analytical Chemistry and Biochemistry, Faculty of Materials Science and Ceramics,  
AGH University of Krakow, al. Adama Mickiewicza 30, 30-059 Krakow, Poland 

4Laboratory of Proteomics and Mass Spectrometry, Maj Institute of Pharmacology, Polish Academy of Sciences, ul. Smętna 12, 31-343 Krakow, Poland 
5Department of Clinical Immunology, Faculty of Medicine, Institute of Pediatrics, Jagiellonian University Medical College, 

 ul. Wielicka 265, 30-688 Kraków, Poland 
6Department of Cell Biology, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, ul. Gronostajowa 7,  

30-387 Kraków, Poland 
7NanoBioMedical Centre, Adam Mickiewicz University, ul. Wszechnicy Piastowskiej 3, 61-614 Poznan, Poland 

8Faculty of Pharmacy, Jagiellonian University Medical College, ul. Medyczna 9, 30-688 Krakow, Poland 

The fast-growing, soft-stemmed vine, Basella alba L., yields high quantities of gomphrenin pigments in its dark-violet fruits 
which can be converted to their decarboxylated derivatives while still possessing coloring properties. These pigments are 
much less investigated in terms of the health-promoting properties than their source counterparts. Hence, decarboxylated 
derivatives with potential health-promoting properties were generated by controlled thermal modifications of gomphrenin 
structure. Bioactivity experiments were performed on gomphrenin acylated (malabarin and globosin) and decarboxylated 
derivatives (17-decarboxy-gomphrenin, 2-decarboxy-gomphrenin, and 2,17-bidecarboxy-gomphrenin) derived from the fruit 
extracts using preparative HPLC. High-resolution mass spectrometric analyses of decarboxylated gomphrenins brought deep 
fragmentation patterns in the positive ionization mode. The combination of elimination pathways specific to 17-decarboxy-
gomphrenin and 2-decarboxy-gomphrenin contributed to the generation of pyridinium, dihydroindolic, as well as indolic and 
dehydrated indolic derivative ions characteristic of the fragmentation spectra of 2,17-bidecarboxy-gomphrenin. First studies 
on two Duke’s type C colorectal adenocarcinoma cell lines were performed on the isolated pigments. HT-29 cell line was ob-
tained from a primary (“in situ”) colon tumor, SW620 cancer cells was derived from a metastatic site, whereas non-cancerous 
CHO-K1 cell line served for comparative purposes. Gomphrenin, 2-decarboxy-gomphrenin and malabarin revealed the highest 
cytotoxic properties towards cancer cells, affecting cell proliferation and aggravating cancer cell survival due to programmed 
cell death. The obtained results show specific, beneficial health properties of decarboxylated and acylated gomphrenins.
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INTRODUCTION
Betacyanins (a subgroup of betalain plant pigments) are imine 
derivatives of betalamic acid which forms betanidin by conden-
sation with (2S)-5,6-dihydroxy-2,3-dihydro-1H-indole-2-carbox-
ylic acid (cyclo-DOPA). The above condensation results in the for-
mation of the basic structural unit of betacyanins [Strack et al., 
2003; Tanaka et al., 2008]. Other betacyanins, namely betacyanin 
glycosides as well as their acylated derivatives, can be regarded 
formally as formed upon the condensation of betalamic acid 
with glycosylated (as well as subsequently acylated) derivatives 
of cyclo-DOPA, however, the order of condensation, glycosylation 
and acylation is still a subject of debate [Miguel, 2018; Slimen et 
al., 2017]. A characteristic attribute of all betacyanin structures is 
the presence of nitrogen atoms derived from the dihydroindole 
moiety and betalamic acid [Mabry & Dreiding, 1968]. As indicated 
by recent literature reports, betacyanins can currently be divided 
into 7 subtypes based on the following primary structures: beta-
nin, melocactin, amaranthin, oleracin, apiocactin, gomphrenin 
and glabranin, which differ in substituents [Kumorkiewicz‐Jamro 
et al., 2021].

The most known betacyanin is betanin (betanidin 5-O-β- 
-glucoside). It has a glucosyl moiety attached to the carbon 
atom at the position C-5 [Gandía-Herrero et al., 2010] and is 
sourced mainly from Beta vulgaris L. (beetroot, red beet). 
Betanin is a compound with the most thoroughly studied 
physicochemical, antioxidant and bioactivity properties [Am-
jadi et al., 2018; da Silva et al., 2019; Esatbeyoglu et al., 2015; 
Knorr et al., 2015; Kumorkiewicz-Jamro et al., 2020; Wendel 
et al., 2016; Wybraniec et al., 2013; Wybraniec & Michalows-
ki, 2011]. Compounds from the gomphrenin group can be 
found mainly in plants of the Basellaceae family, particularly 
in Basella alba L. and its variety Basella alba L. var. “Rubra” 
(Malabar spinach) [Arokoyo et al., 2018; Cai et al., 2003; Khan 
& Giridhar, 2015]. 

B. alba is native to the Indian subcontinent, Southeast Asia 
and New Guinea where it is widely used as a leaf vegetable 
[Adhikari et al., 2012]. It is a fast-growing, soft-stemmed vine, 
reaching 10 m in length with thick, semi-succulent, heart-shaped 
leaves. It has small, dark blue stone fruits and distinctive branched 
climbing stems [Chaurasiya et al., 2021].

The total betacyanin content in the mature fruits of B. alba 
plants is 42.0 mg/100 g and in those of B. alba “Rubra” is 
86.6 mg/100 g. Gomphrenin is the major compound in these 
plants – ca. 40% of all betacyanins in both varieties, whereas other 
compounds found are derivatives the properties of which are 
still not fully explored [Sutor-Świeży et al., 2022a].

The stability of betalains in solutions is curbed by environ-
mental factors such as: pH, water activity, light, presence of oxy-
gen, temperature, presence of enzymes, compounds with anti-
oxidant activity or metal cations [Herbach et al., 2006; Stintzing 
& Carle, 2004]. Betalains are stable in the pH range from 3 to 7, 
with environment pH 4–6 found optimal for their stability, which 
has been reported to increase in anaerobic conditions [Azeredo, 
2009]. In the optimal pH range, temperature is a key determinant 
of their degradation [Kapadia et al., 2003].

However, by appropriately selecting the reaction condi-
tions, it is possible to generate decarboxylated derivatives with 
potentially different antioxidant and bioactive properties [Ku-
morkiewicz et al., 2020; Wybraniec & Mizrahi, 2005]. The use of sta-
bilizing agents, such as ethylenediaminetetraacetic acid (EDTA) 
or citrates, enables even more precise control of the resulting 
thermal decarboxylation products [Herbach et al., 2006; Pasch 
& von Elbe, 1979; Sutor-Świeży et al., 2022b]. Recently, we have 
conducted controlled thermal modifications of gomphrenin 
structure in order to obtain decarboxylated derivatives, and then, 
isolated the purified compounds [Sutor-Świeży et al., 2024]. 

Due to the potential health-promoting properties of the be-
tacyanin compounds as well as still insufficient study on this 
topic, the important approach of the present study was also to 
find out if the obtained gomphrenin derivatives express health- 
-promoting activities. Growing body of literature report anti-
cancer [Kumar et al., 2015a, b] and inflammatory [Lin et al., 2010] 
potential of gomphrenin. However, the studies conducted so far 
have mainly focused on extracts, but not isolated compounds, 
while the activity of decarboxylated gomphrenin derivatives has 
not been studied yet. Therefore, in this contribution, we aimed at 
verifying if decarboxylated and acylated gomphrenin derivatives 
may affect cell proliferation and aggravate cancer cell survival 
due to programmed cell death. 

To achieve this goal, two Duke’s type C colorectal adenocarci-
noma cell lines were employed. The HT-29 cell line was obtained 
from a primary (“in situ”) colon tumor, and SW620 cancer cells 
was derived from a metastatic site. Non-cancerous CHO-K1 cell 
line was used for comparative purposes.

MATERIAL AND METHODS
r Reagents
Formic acid, acetone, methanol (mass spectrometric grade), 
and water were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA). 

r Plant material
The plants of B. alba were cultivated in a greenhouse of the Uni-
versity of Agriculture (Faculty of Biotechnology and Horticul-
ture) in Cracow, Poland, according to the recently presented 
procedure [Sutor-Świeży et al., 2024]. The plants were grown 
at controlled temperature and moisture for proper flowering 
and fruiting (photo of the plants is shown in Figure S1 in Sup-
plementary Materials). Matured B. alba fruits were collected 
and used for analyses.

r Preparation of B. alba fruit extract
B. alba fruit extract was prepared according to a recently pub-
lished procedure [Sutor-Świeży et al., 2024]. Typically, 1 kg 
of the fruits was extracted 3 times with water (1 L) for 30 min 
at room temperature, and the combined extracts were centri-
fuged as well as filtered through a 0.2 mm i.d. pore size filter 
and a bed of 0.063/0.200 mm silica (J.T. Baker, Deventer, Hol-
land). Purification of 0.03 M HCl acidified extract was performed 
by means of open column chromatography (150 mm height 
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× 50 mm i.d.) on strongly acidic cation exchange resin (Strata 
X-C, Phenomenex, Torrance, CA, USA) acidified with 0.03 M HCl 
before adsorption of the pigments. The betacyanin fraction 
was eluted with water after prior purification with 1% formic 
acid, and the eluates were pooled before concentration using 
a rotary evaporator under reduced pressure at 25°C. The extracts 
were stored at -20°C for preservation over several weeks before 
exact experiments. 

r Generation of decarboxylated gomphrenins in semi- 
-preparative scale for bioactivity assays

Decarboxylated gomphrenins at specific positions were ob-
tained according to recently published procedures [Sutor-Świeży 
et al., 2024] in a diluted 2-L purified fruit extract solution (total 
betacyanin concentration of 30–60 μM). Pigment 17-decarboxy- 
-gomphrenin was generated in a fruit extract aqueous solution 
(60 μM total betacyanins) containing 100 mM citric acid, follow-
ing 3-h heating at 65°C. Similarly, the pigments 2-decarboxy- 
and 2,17-bidecarboxy-gomphrenin were generated in a fruit 
extract aqueous solution (30 μM total betacyanins) with 100 mM 
citric acid, subjected to 2–3 h of heating at 70°C. The resulting 
solutions were adsorbed onto a Chromabond silica C18 (Mach-
erey & Nagel Co. Düren, Germany) column, and the pigments 
were subsequently eluted with a formic acid/acetone/water 
(1/50/49, v/v/v) solution and concentrated before preparative 
high-performance liquid chromatographic (HPLC) separation.

r Isolation and purification of gomphrenin pigment 
from extracts

Gomphrenin and acylated gomphrenins were separated from 
B. alba purified fruit extract, and decarboxylated gomphrenins 
were isolated from the reaction mixtures obtained from the puri-
fied extract by heating (described in the previous section) on 
a HPLC semipreparative column Synergy Hydro-RP 250 mm 
× 30 mm i.d., 10 μm (Phenomenex), along with a 20 mm × 
25 mm i.d. guard column of the same material (Phenomenex), 
according to a previously described procedure [Sutor-Świeży et 
al., 2024]. A typical gradient system consisting of 1% aqueous 
formic acid (solvent A) and acetone (solvent B) was used as fol-
lows: 0 min, 14% B; increasing to 10 min, 20% B; increasing to 
15 min, 24% B; increasing to 28 min, 28% B; increasing to 36 min; 

75% B. The injection volume was 25 mL, and a flow rate was 
45 mL/min. Detection was performed using a UV-Vis detector 
at two selected wavelengths from the range of 510–540 nm, 
depending on the separated pigments, at column temperature 
of 22°C. The fraction obtained after concentration in a rotary 
evaporator at 25°C under reduced pressure were stored at −20°C 
for further analyses.

r Chromatographic analysis with detection by low- 
and high-resolution mass spectrometric systems 

A low-resolution mass spectrometric system LCMS-8030 (Shi-
madzu, Kyoto, Japan) controlled by LabSolutions software 
(v. 5.60 SP1, Shimadzu) equipped with HPLC pumps (LC-20ADXR), 
a SIL-20ACXR injector and an SPD-M20A detector was applied for 
the identification and determination of the obtained analytes. 
The same conditions as recently reported [Sutor-Świeży et al., 
2024] were applied for the analytical separation of the pigments 
with the eluent gradient composed of aqueous 2% formic acid 
(solvent A) and methanol (solvent B): (t (min), % A), (0, 90), (12, 
60), (15, 20), (19, 20). Detected pigments were readily assigned 
according to their chromatographic, optical and mass spectro-
metric properties presented in Table 1 based on our previous 
study [Sutor-Świeży et al., 2024].

The LC-MS analyses with high-resolution mass spectrometric 
detection were performed using an Orbitrap Exploris™ 240 Mass 
Spectrometer (Thermo Fisher Scientific, Brema, Germany) accord-
ing to the conditions provided in our recent report [Sutor-Świeży 
et al., 2024]. The detector was coupled to an HPLC Dionex Ulti-
Mate 3000 chromatographic separation system operating under 
Xcalibur software (Thermo Fisher Scientific) version 4.5.445.18. 

r Cell cultures
The following certified cell lines were derived from the Ameri-
can Type Cell Culture (ATCC) collection (LGC Standards-ATCC, 
Teddington, Great Britain): HT-29, Duke’s type C colorectal ad-
enocarcinoma (HTB-23); SW 620, Duke’s type C colorectal adeno-
carcinoma (CCL-227), and CHO-K1 normal ovary cells (CCL-61). 
The HT-29 and SW 620 cells were grown in Dulbecco’s Modified 
Eagle’s Medium, DMEM (Gibco Laboratories, Grand Island, NY, 
USA), and the CHO-K1 cells were cultured in DMEM/F12 medium 
(Gibco Laboratories). All the media were supplemented with 

Table 1. Chromatographic, spectrophotometric and low-resolution mass spectrometric data of the gomphrenin-based pigments obtained from Basella alba L. fruits.

No. Compound Abbreviation Rt (min) λmax (nm) m/z [M+H]+ m/z MS/MS of [M+H]+

1 Gomphrenin Gp 7.9 539 551 389; 343; 297; 269; 253; 150

2 17-Decarboxy-gomphrenin 17-dGp 8.1 509 507 345; 299; 255; 214; 164; 152

3 2-Decarboxy-gomphrenin 2-dGp 9.6 534 507 345; 299; 255; 178; 162; 150

4 2,17-Bidecarboxy-gomphrenin 2,17-dGp 10.2 510 463 301; 255; 214; 164; 152; 150

5 Malabarin Mb 12.8 545 713 669; 551; 389; 343; 297; 253

6 Globosin Gb 14.4 544 697 653; 551; 389; 343; 297; 253

Rt, retention time; λmax, the wavelength at the light absorption maximum; m/z, mass-to-charge ratio.
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10% (v/v) fetal bovine serum (FBS, Eurx, Gdańsk, Poland) and with 
an antibiotic solution (100 IU/mL penicillin, 0.1 mg/mL strepto-
mycin; Sigma-Aldrich, Seelze, Germany). Prior to experiments, 
the cells were cultured for 24 h to obtain monolayers and were 
kept under standard culture conditions (humidified atmosphere, 
37°C, 5% CO2 in air), as described elsewhere [Adach et al., 2016; 
Tyszka-Czochara et al., 2021]. The tested compounds (listed in Ta-
ble 1) were dissolved in an appropriate medium before cell 
culture experiments. Each experiment was repeated three times.

r Cytotoxicity assays
For experiments, 100 μL of a suspension of exponentially divid-
ing HT-29 or SW 620 cells at density of 1.0×105 cells/mL (CHO-K1 
at density of 1.5×105 cells/mL) were inserted onto 96-well cell 
culture plates (BD Biosciences, San Jose, CA, USA) and incubated 
for 24 h. The 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl tetrazolium 
bromide (MTT) colorimetric assay was performed for the detec-
tion of cell proliferation, as described previously [Adach et al., 
2015]. The cells were exposed to the tested compounds (listed 
in Table 1), each at concentrations of 0.01, 0.1, 1 and 10 mg/mL, 
for 24 h. The cells cultured in the medium with no additives 
served as positive controls (100% of growth). The cytotoxic ef-
fect of anti-cancer drug, Doxorubicin (DOX), at a concentration 
of 10 µg/mL was also determined. 

The medium was removed after incubation, and the MTT 
reagent (Sigma-Aldrich) was added to each well, and incuba-
tion was continued for 1 h. During incubation, generated MTT 
formazan was dissolved in dimethyl sulfoxide (DMSO, Sigma- 
-Aldrich), and the absorbance was recorded at 570 nm (with 
reference λ at 630 nm) in a microplate reader (Infinite M200 Pro, 
Tecan, Grödig, Austria). The amount of reduced MTT salt was 
proportional to the number of metabolically active (living) cells 
in the population exposed to gomphrenins. The results were 
expressed as cell proliferation (% of control cells). 

r Apoptosis and necrosis detection
HT-29 and SW 620 cells were seeded at density of 1.0×105 cells/mL 
(CHO-K1 at density of 1.5×105 cells/mL) into 6-well cell culture 
plates (Sarstedt AG&Co. KG, Nümbrecht, Germany) and incubated 
for 24 h to establish cell monolayer. Then, they were treated 
for 24 h with the tested pigments at concentrations of 0.01, 
0.1, 1 and 10 mg/mL. Control cells were exposed for 24 h to 
the medium only. DOX at a concentration of 10 µg/mL was used 
in experiments as cytotoxicity control. For cell death detection, 
the cells were detached with a trypsin/EDTA solution (Gibco 
Laboratories), washed with Dulbecco’s Phosphate Buffered Saline 
(DPBS, Gibco Laboratories) and centrifuged at 350×g for 5 min. 
Then, cell suspensions were exposed for 30 min in the dark to 
appropriate fluorescent dyes in a binding solution according to 
the recommended protocol (Biotium, Inc., Fremont, CA, USA). 
Fluorescent dyes used in the measurement were 488-AnnexinV 
(Biotium, excitation maximum at 490 nm/emission maximum 
at 515 nm), Ethidium homodimer (Biotium, EthD-III; excitation 
maximum at 528 nm/emission maximum at 617 nm) and SYTO 
41 Blue Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific 

Inc., Waltham, MA, USA, excitation maximum at 483 nm/emission 
maximum at 503 nm, used for proper discrimination between 
cells and debris). The assessment of apoptotic and necrotic cells 
was performed with a flow cytometer (FACSCanto10C) operated 
under software BD FACSCanto (BD Biosciences). The cells were 
gated according to forward (FSC), side scatter (SSC) and appro-
priate fluorescence parameters as described elsewhere [Tyszka-
Czochara et al., 2017]. The results were given as the percentage 
of apoptotic/necrotic cells of total counted cells.

r Statistical analysis
All experiments were conducted in triplicate. For the biological 
studies, data were analyzed using a one-way analysis of variance 
(ANOVA) followed by Tukey’s test, and differences were consid-
ered to be significant at p<0.05. All results were expressed as 
mean and standard deviation (SD) of the mean. Calculations were 
carried out using the commercially available package, Statistica 
PL v.10 (StatSoft, Tulsa, OK, USA).

RESULTS AND DISCUSSION
r Gomphrenin pigments isolated from B. alba fruits 

and their decarboxylated derivatives
Antioxidant and anti-inflammatory properties of decarboxylated 
and acylated gomphrenins compared to gomphrenin, a potent 
bioactive betacyanin, were reported in our recent work [Sutor-
Świeży et al., 2024]. In vitro screening experiments revealed also 
that these pigments demonstrated strong anti-inflammatory 
properties in lipopolysaccharide (LPS)-activated human mac-
rophages. Therefore, in this contribution, further characterization 
of gomphrenin decarboxylation mechanism as well as first re-
sults on the fragmentation pathways of the novel decarboxylated 
gomphrenins are presented. Sufficient quantities of decarboxy-
lated and acylated gomphrenins (Figure 1) obtained in the study 
enabled further bioactivity experiments. The structures of B. alba 
endogenous gomphrenin and acylated gomphrenins (malabarin 
and globosin) were analyzed previously by nuclear magnetic reso-
nance (NMR) techniques [Sutor-Świeży et al., 2022a]. Decarboxy-
lated gomphrenins (2-decarboxy-gomphrenin, 17-decarboxy- 
-gomphrenin and 2,17-bidecarboxy-gomphrenin) were structur-
ally elucidated by NMR very recently [Sutor-Świeży et al., 2024].

r Mechanism of gomphrenin 17-decarboxylation 
In this study, 17-decarboxy-gomphrenin and 2,17-bidecarboxy- 
-gomphrenin were generated in controlled thermal conditions 
in the purified B. alba extract at 65-75°C, which was elaborated 
previously [Sutor-Świeży et al., 2024]. Based on the previous 
mechanism reported for betanidin [Dunkelblum et al., 1972], 
the mechanism of 17-decarboxy-gomphrenin formation is pre-
sented in Figure 2. The monodecarboxylation of gomphrenin 
which involves the loss of the C-19 carboxyl with concomitant 
migration of the double bond C-17=C-18 to C-14=C-15 is pro-
posed, which was proved previously by deuteration and NMR 
study on betanidin [Dunkelblum et al., 1972]. 

It became clear that carbons C-15 and C-17 of betanidin 
had interchanged to become C-17 and C-15, respectively, 
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The removal of a substantial portion of the unfavorable matrix 
from the extract enabled efficient protection of the pigments 
from degradation presumably due to the removal of unknown 
reactive species. 

A tremendous influence on the decarboxylation pathways 
was observed for the addition of citrates whose high concen-
tration played a significant role in enhancing the formation 
of 2-decarboxy-gomphrenin [Sutor-Świeży et al., 2024], thus 
highly inhibiting the Dunkelblum et al. [1972] pathway of 17-de-
carboxylation. The above-elaborated methods were applied 
for the selective generation of 2-decarboxy-gomphrenin, 

in decarboxybetanidin and that the decarboxylation removed 
C-19 of betanidin [Dunkelblum et al., 1972]. Therefore, in the cur-
rent reaction scheme (Figure 2), the rotation of the dihydro-
pyridinic moiety in the last step of the pathway resulted in es-
tablishing the final 17-decarboxylated system. The structures 
of the generated decarboxylated gomphrenins were confirmed 
by NMR analyses [Sutor-Świeży et al., 2024].

The matrix effect on the pigment generation in the extract 
as well as the extract purification using a cation exchanger 
under various conditions were decisive in obtaining the re-
quired quantities of the selected decarboxylated gomphrenins. 

Figure 1. Chemical structures of novel decarboxylated gomphrenins and endogenous gomphrenin pigments obtained from Basella alba fruits.
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Figure 2. Formation of 17-decarboxy-gomphrenin based on the previous mechanism reported for betanidin by Dunkelblum et al. [1972].
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17-decarboxy-gomphrenin and 2,17-bidecarboxy-gomphrenin 
for the following studies.

r Fragmentation results on novel decarboxylated 
gomphrenins in the high-resolution mass spectrometric 
Orbitrap system

Except for confirmation of the chemical formulas [Sutor-Świeży 
et al., 2024], C23H27N2O11 for 17-decarboxy-gomphrenin (2) 
and 2-decarboxy-gomphrenin (3) as well as C22H27N2O9 for 

2,17-bidecarboxy-gomphrenin (4), based on exact m/z values 
(Table S1 in Supplementary Materials), first detailed results on 
the pigment fragmentation experiments were obtained in this 

study by high-resolution mass spectrometric experiments 
in the Orbitrap system (Table S1). The list of the m/z values 
obtained and calculated for most abundant ions formed dur-
ing the fragmentation is presented in Table S1. The elimination 
profiles (Figure 3) as well as chemical structures of the gener-
ated ions (Figures S2 and S3 in Supplementary Materials) are 
also depicted. 

In the case of 2-decarboxy-gomphrenin (3), fragmentation 
experiments (Tables 1 and S1, Figure 3) of the protonated 
molecular ion (m/z 507) resulted in its deglucosylation (m/z 345; 
− Glc) and subsequent neutral loss of formic acid (m/z 299; 
− HCOOH), presumably from carbons C-14,15 because it leads 

Figure 3. MSn fragmentation pathways of 2-decarboxy-gomphrenin, 2-dGp (A), 17-decarboxy-gomphrenin, 17-dGp (B), and 2,17-bidecarboxy-gomphrenin, 
2,17-dGp (C). Mass spectrometric data are shown in Table S1 in Supplementary Materials.
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to the dehydrogenation of C-14,15 and formation of derivatives 
of the pyridinium cation. The loss of formic acid can also be 
regarded as the concurrent elimination of H2O and CO [O’Hair 
et al., 2000]. Both scissions lead to the oxidation/dehydrogena-
tion of the dihydropyridinic ring. Therefore, further fragmen-
tation steps resulted in the formation of pyridinium-based 
ions (m/z 106, 80, and 56), either coupled with the elimination 
of the last carboxyl at C-17 (m/z 255; − CO2) or with no decar-
boxylation (m/z 124 and 98).

The elimination of betalamic acid and its derivatives from 
the starting deglucosylated precursor (3) (m/z 345) resulted 
mainly in the generation of ions comprising the dihydroindolic 
system (m/z 214, 164, and 152) as well as the indolic (m/z 150) 
and dehydrated indolic (m/z 132) structures.

In contrast to 3, for 17-decarboxy-gomphrenin (2), except 
of deglucosylation (m/z 345; − Glc), a neutral loss of formic 
acid (m/z 299; − HCOOH) is predicted at carbons C-2,3 instead 
of C-14,15, based on the previously indicated prevailing tendency 
of concurrent dehydrogenation and decarboxylation at carbons 
C-2,3 in betacyanins [Wybraniec & Michalowski, 2011] during their 
oxidation. These observations are supported in the current frag-
mentation study by the formation of the indolic (m/z 178 and 162) 
instead of the dihydroindolic (m/z 214, 164, and 152) derivatives, 
demonstrating the dehydrogentation position in the product 
of HCOOH neutral loss (m/z 299) at C-2,3 (Figure 3).

Further fragmentation of the precursor ion at m/z 299 ena-
bled detecting the indolic (m/z 150) and dehydrated indolic 
(m/z 132) structures, as in the case of 3. The decarboxylation 
of the precursor (m/z 299) at carbon C-15 enabled confirming 
the formation of an ion at m/z 255. In turn, the fragments detect-
ed at m/z 94 indicate the presence of a mono-decarboxylated 
betalamic acid derivative with the carboxyl present at carbon 
C-15.

Detection of pyridinium-based ions (m/z 106, 80, and 56) 
from both the precursors (m/z 345 and 299) confirms that their 
formation is feasible, as in the case of 3; however, with accom-
panying deformyloxylation (− HCOOH).

The fragmentation of 2,17-bidecarboxy-gomphrenin (4) re-
sulted in the generation of a spectral pattern similar to the pat-
terns of 2 and 3; however, with key differences. The forma-
tion of dihydroindolic (m/z 214, 164, and 152) as well as indolic 
(m/z 150) and dehydrated indolic (m/z 132) derivatives indicates 
similarities between the structure of the deglucosylated precur-
sor 4 and deglucosylated 3. The same can be stated for the de-
tected pyridinium-based ions (m/z 106, 94, 80, and 56) which can 
be generated from both the fragments of 4 (m/z 301 and 255) 
and were confirmed for both the deglucosylated precursors from 
2 and 3.  The main difference in the fragmentation patterns is 
the presence of an ion at m/z 100 (instead of m/z 98 detected 
after fragmentation of 3), indicating the presence of a carboxy-
lated fragment generated from the mono-decarboxy-betalamyl 
moiety in 4 (Figure 3).

The presented in-depth interpretation of high-resolution 
mass spectrometric (HRMS) fragmentation coupled with NMR 

results obtained previously [Sutor-Świeży et al., 2024] confirmed 
the decarboxylated pigment structures (2-4).
r Antiproliferative and proapoptotic activity 

of gomphrenin and its decarboxylated derivatives
Biological activity of decarboxylated and acylated gomphrenin 
derivatives has been poorly investigated so far. It was reported 
that gomphrenin-type betalains may modulate cellular function 
via several mechanisms in the human body [Farabegoli et al., 
2017]. A potential chemopreventive effect exerted by betalains 
was proposed, including a systemic action in the intestine, liver 
and peripheral tissues [Rahimi et al., 2019]. Therefore, in the pre-
sent experiments, the MTT assay was employed to determine 
the effect of the pigment 1-6 treatment on the survival of cancer 
as well as non-cancerous cells.

The isolated individual gomphrenin as well as decarboxy-
lated (2-dGp, 17-dGp and 2,17-dGp) and acylated (Mb and Gb) 
gomphrenin derivatives (1-6) from B. alba fruits expressed toxicity 
against cancer cell lines, HT-29 and SW620, in particular at con-
centrations 1 and 10 mg/mL. The comparative plots are presented 
in Figure 4. Our study demonstrated that tested betacyanins exert 
antiproliferative effect on both cancer cell lines at concentrations 
of 1 mg/mL and 10 mg/mL. The individual gomphrenin deriva-
tives inhibited colorectal cancer cell growth to different extent. At 
concentration of 1 mg/mL, all the compounds (1-6) were toxic 
to cancer cells, but among the derivatives, 2-dGp and Mb were 
the most active. It should be noted that Gp, among others, at 
1 mg/mL did not express any harmful effect on non-cancerous 
cells while it was still toxic towards tumor cells. 

The biological action of acylated gomphrenins remains 
unknown; therefore, the finding that both acylated Gp deriva-
tives can significantly restrain tumor cell growth compared to 
untreated cells, is of interest. 

Extracts obtained from Hylocereus polyrhizus contributed 
to the chemopreventive effect against the formation of DNA 
breaks in the pUC19 plasmid under the influence of hydrogen 
peroxide/UV radiation and even stimulated the formation of na-
tive DNA forms [Tsai et al., 2019]. It was reported that gom-
phrenins had cytotoxic effects on cancer cells (SiHa) without 
negative effects on normal cells [Herb & Schramm, 2021; Kumar 
et al., 2015a].  The extract containing gomphrenin reduced the 
rate of T24 bladder cancer cells proliferation also without harm-
ing normal cells [Scarpa et al., 2016]. It should be emphasized 
that the biological action of acylated gomphrenins is not yet 
known, therefore, the finding that both acylated Gp deriva-
tives can significantly restrain tumor cell growth, is of interest.

So far, only the cellular effects of some acylated polyphenol 
derivatives have been tested, and it was found that aromatic 
acyls, i.e., galloyl derivatives, appeared to improve anti-cancer 
efficacy of compounds through enhancement of their binding 
affinities to molecular targets [Essa et al., 2023]. In this report, we 
found that both acylated Gp (5 and 6) had great ability to hamper 
cell proliferation (Figure 4) and both were able to induce cell 
death due to apoptosis (Figure 5). 

As reported before, betalains can contribute to the inhibi-
tion of proliferation of tumors, such as melanoma cancer cells, 
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and decarboxylated gomphrenins are capable of inducing 
cell death via apoptosis may be of interest when designing 
modifications of Gp derivatives with targeted biological activity. 
Therefore, the proapoptotic activity of gomphrenin derivatives 
towards cancer cells can potentially foster a very beneficial 
effect.

A positive control used in the study, DOX, caused massive cell 
death at 1 μg/mL due to both mechanisms, apoptosis and ne-
crosis. However, the results obtained for gomphrenins should be 
compared to the effect of DOX with caution. Taking into account 
the inhibitory activity of gomphrenins, it should be noted that 
the reference drug showed similar effects as Gp derivatives at 
a concentration approximately one thousand times lower than 

suppress the development of prostate and breast cancer [Khan, 
2016] and delay chemically-induced lung tumorigenesis due to 
the progressive elimination of cancer cells via apoptosis [Zhang 
et al., 2013]. A programmed cell death, apoptosis, is a critical 
biological process that protects an organism against the devel-
opment of cancer. A study performed by Tesoriere et al. [2013] 
on the human intestinal carcinoma cell line Caco2 showed that 
betalains triggered the mitochondrial-dependent apoptotic 
pathway, which resulted in cancer cell death. 

The data presented in Figure 5, indicate that all individual 
acylated as well as decarboxylated gomphrenins induced cell 
death due to apoptosis and necrosis in human colorectal car-
cinoma HT-29 and SW620 cell lines. The finding that acylated 
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that of the tested compounds. However, it is known that DOX 
effectively inhibits the proliferation of colon cancer cells by re-
straining cellular divisions and that it is clinically used in cancer 
treatment regimens.

Both human cell lines employed in this study express mor-
phological features of adenocarcinoma, the most common 
form of colon cancer which constitute up to 98% of all cases 
of colorectal cancer in humans. Moreover, both cell lines rep-
resent cells derived from tumor in situ at an advanced stage, 
which invade colon tissue (HT-29) and which pervaded the in-
testinal wall to the nearest lymph node (SW620) [ATCC, 2024]. 
Accordingly, both cell lines differ in their gene profile related 
to carcinogenesis and are commonly used in research models 
of colon cancer prevention by food compounds [van Erk et 
al., 2005]. In particular, all gomphrenins were toxic towards 
SW620 cells, which is of interest considering SW620 colorectal 
cancer cells characteristics, including their high proliferative 
capacity and chemotherapy resistance [Kawamoto et al., 2010]. 

We previously showed that among the tested gomphren-
ins, 2-dGp and Gp expressed the highest antioxidant activity 
in the 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid 
(ABTS), ferric reducing antioxidant power (FRAP) and oxygen 
radical absorbance capacity (ORAC) assays, and this activity was 
even higher than that of a reference compound, caffeic acid 
[Sutor-Świeży et al., 2024]. It was shown by Zielińska-Przyjemska 
et al. [2012] and comprehensively reviewed by Sadowska-
Bartosz & Bartosz [2021] and Bastos & Schliemann [2021] that 
betalains expressing high antioxidant capacity may play an 
important role in chemoprevention in humans. The data ob-
tained here may be another promising prerequisite for further 
experiments on decarboxylated and acylated Gp derivatives’ 
role in the prevention of gastrointestinal tract cancer.

As reported by many authors, chronic inflammation can pro-
mote carcinogenesis at the stage of initiation and progression 
of cancer [Landskron et al., 2014]. Emerging data indicate that 
betacyanins may express regulatory action towards immune 
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cells [Tyszka-Czochara et al., 2016]. Moreover, gomphrenins may 
act as potential anti-inflammatory agents via inhibition of in-
flammatory mediators, especially endotoxin-induced secretion 
of interleukin-1β (IL-1β), prostaglandin E2 (PGE2) and nitric 
oxide (NO) as well as the main pro-inflammatory cytokines with 
systemic effects [Ghonime et al., 2015], tumor necrosis factor 
α (TNF-α), cyclooxygenase-2 (COX-2), inducible nitric oxide 
synthase (iNOS) and interleukin-6 (IL-6). Our recent study dem-
onstrated anti-inflammatory properties of several betalainic 
pigments, including decarboxylated and acylated gomphrenins 
[Sutor-Świeży et al., 2024]. It was found that 2-dGp and 17-dGp 
specifically targeted IL-6 production in LPS-activated human 
macrophages. In the previous work, we also demonstrated that 
acylated gomphrenins, Gb and Mb, were able to significantly 
reduce IL-8 secretion from human macrophages during in-
flammation. Since IL-8 is involved in the inflammatory process 
underlying the development of colon cancer [Lee et al., 2012], 
the ability of acylated gomphrenins to modulate inflammation 
via the principal regulatory cytokine, IL-8, is of interest. In line 
with the published results, our present study data confirm that 
both acylated Gp derivatives tested, Gb and Mb, are effective 
in restraining adenocarcinoma cells survival.

In the present experiments, gomphrenins revealed cytotoxic 
properties towards cancer cells at microgram and milligram 
concentrations. In fact, poor bioavailability of betacyanins was 
previously reported by a number of studies and was also attrib-
uted to gomphrenin [Khan, 2016]. Several in vivo experiments 
on betalain activity confirmed their limited absorption after oral 
intake, probably because of their degradation in the gastrointes-
tinal tract [Khan, 2016]. At the same time, betalains as cationic 
compounds have high affinity for negatively-charged cell mem-
branes, thus improving their influence on cells and their efficacy 
as antioxidants [Kanner et al., 2001]. It can be presumed that fol-
lowing the intake of a large dose of betacyanins, e.g., in the form 
of supplements or food enriched in particular compounds, they 
can still affect intestinal cells.

Considering the likely modifications of betacyanin mol-
ecules, our former experiments suggested that amaranthin-type 
betacyanin oxidation products were the most stable among all 
the tested pigments, especially during the preparative purifica-
tion and isolation [Kumorkiewicz-Jamro et al., 2023]. In particular, 
betanin glycosylated in the C-5 position was oxidized more 
slowly than gomphrenin glycosylated in the C-6 position [Ku-
morkiewicz et al., 2018]. It is of interest whether gomphrenin 
oxidation products retain their intracellular action and biological 
activity in the body.

CONCLUSIONS
Sufficient quantities of decarboxylated gomphrenins, mostly 
17-decarboxy-gomphrenin and 2,17-bidecarboxy-gom-
phrenin, were obtained in controlled thermal decarboxylation 
in the purified B. alba extract at 65–75°C, presumably accord-
ing to the previously reported decarboxylation mechanism 
of betanidin [Dunkelblum et al., 1972]. The addition of citrates 
promotes the generation of 2-decarboxy-gomphrenin due to 

the inhibition of the Dunkelblum et al. [1972] pathway of 17-de-
carboxylation. 

The presented in-depth interpretation of HRMS fragmenta-
tion supports the confirmation of decarboxylated pigment struc-
tures. Fragmentation pattern of 2,17-bidecarboxy-gomphrenin 
(4) is a combination of both the fragmentation pathways specific 
for 17-decarboxy-gomphrenin (2) and 2-decarboxy-gomphrenin 
(3). Especially, the formation of dihydroindolic as well as indolic 
and dehydrated indolic derivatives indicated similarities between 
the structures of 2-decarboxy-gomphrenin (3) and 2,17-bide-
carboxy-gomphrenin (4), whereas the generation of pyridini-
um-based ions confirmed the presence of 17-decarboxylated 
and non-decarboxylated betalamic acid components specific 
for 2 as well as 3, respectively.

Inhibitory action of isolated gomphrenin derivatives on can-
cer cell lines has not been demonstrated before. We performed 
preliminary studies with promising findings suggesting that 
decarboxylated and acylated gomphrenins can exert beneficial 
effects and positively influence human health. All these pigments 
have potential for the application in the food industry.

SUPPLEMENTARY MATERIALS
The following are available online at https://journal.pan.olsztyn.
pl/Gomphrenin-Based-Decarboxylated-and-Acylated-Pig-
ments-from-Basella-alba-L-Fruit-Extracts,194251,0,2.html; 
Table S1. High-resolution mass spectrometric data obtained by 
the Orbitrap system for the novel decarboxylated gomphrenins 
and their fragmentation ions. Figure S1. Image of cultivated B. alba 
plant in a greenhouse with ripening fruits containing gomphrenin-
based pigments. Figure S2. Detected primary MSn fragmentation 
ions of 17-decarboxy-gomphrenin (2), 2-decarboxy-gomphrenin 
(3) and 2,17-bidecarboxy-gomphrenin (4) (Table S1). Figure S3. 
Detected secondary MSn fragmentation ions of 17-decarboxy-
gomphrenin (2), 2-decarboxy-gomphrenin (3) and 2,17-bidecar-
boxy-gomphrenin (4) (Table S1).
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The present study aimed to scrutinize the hypothesis that the dietary addition of fiber with functional properties would prevent 
the thwarting effects of copper nanoparticles (Cu-NP) on fecal microbial metabolic activity. The Wistar rats were fed for 6 weeks 
with diets with two different contents of Cu-NP (a recommended dose of 6.5 mg/kg or doubled) and four sources of dietary 
fiber: control – cellulose; and experimental – pectin, inulin, and psyllium. The activity of bacterial enzymes and short-chain 
fatty acids (SCFA) production were analyzed in the excreted feces collected on subsequent days of feeding. The inclusion 
of Cu-NP to the diet, especially in the higher dose tested, resulted in a rapid reduction in the fecal microbial enzymatic activity 
after only the first day of feeding. The addition of functional fiber to diets containing Cu-NP enhanced bacterial α-glucosidase, 
β-glucosidase, β-glucuronidase, α-arabinofuranosidase activity and SCFA production vs. diets with control cellulose. That ef-
fect was most rapidly evident with pectin, while the effect of inulin or psyllium addition exceeded that of pectin only in some 
cases, i.e., α-glucosidase activity as well as content of propionic and butyric acids. In conclusion, the high potential of dietary 
functional fiber in reducing the suppressive effect of Cu-NP on the intestinal microbiota activity should be recognized.
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INTRODUCTION
Copper is one of the most important trace elements, essential 
for both humans and animals to ensure that life processes occur 
harmoniously, maintaining a state of homeostasis [Malavolta et 
al., 2015]. The main sources of Cu include food, drinking water, 
and Cu-containing supplements [Herman et al., 2022; Olivares 
& Uauy, 1996]. Sources of copper in food can be both inorganic 
and organic, with the latter being considered more bioavailable 

and having higher retention in the body [Jankowski et al., 
2020]. However, comparative results of organic vs. inorganic 
Cu sources are inconsistent. In recent years, researchers have 
focused on copper nanoparticles (Cu-NP) as an alternative 
to the aforementioned sources, due to the unique physical 
and biological properties of nanometals, including bioavail-
ability, which may limit excessive copper excretion in feces 
and urine. Some authors suggest that Cu-NP in the body may 
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play the same role as copper from conventional sources, while 
still allowing for reduced supplementation options [Kiyani 
et al., 2022]. But, in our opinion, the truth about the dietary 
Cu-NP should be rediscovered. In the first years of the cur-
rent century, the results regarding Cu-NP application as an 
alternative feed component were rather rare. Gonzales-Eguia 
et al. [2009] demonstrated enhanced production parameters 
of piglets fed a diet with Cu-NP supplementation. On the other 
hand, Pineda et al. [2013] showed disrupted development 
of internal organs in chicken embryos. The Cu-NP has more 
and more applications in daily life these days. They are utilized 
in the manufacturing of chips, power sources, gas detectors, 
photovoltaic generators, electronic devices, and heating sys-
tems [Zhang et al., 2023]. Cu-NP have been used at a growing 
rate in the manufacturing of medications and beauty products 
because of their strong bactericidal characteristics [Anreddy, 
2018; Ermini & Voliani, 2021]. Cu-NP are also proposed by some 
researchers as a potential dietary supplement for consumers 
struggling with mineral deficiencies in the body [Baravkar et 
al., 2021; Kargin et al., 2021; Lee et al., 2016].

There is no doubt that adjusting the dietary fiber content 
and fiber type may, directly and indirectly, affect copper bio-
availability by modifying its absorption and modulating the bio-
availability of mineral antagonists. Studies indicate that soluble 
fiber is beneficial, which, in addition to increasing the bioavail-
ability of copper, favorably modulates the passage of digestive 
contents in the gut [Baye et al., 2017]. Different dietary fibers 
substantially affect the large intestinal pH values, dry matter 
content, buffering capacity of digesta, and finally the microbial 
community actions in the large gut lumen [Perler et al., 2023]. 
The impact of consumed nanoparticles in the body, including 
on bacteria colonizing the large intestine, is usually described as 
a double-edged sword effect that both benefits and harms. This 
rule appears to apply to the interaction between gut microbes 
and Cu-NP. Our previous studies have shown that the addition 
of Cu-NP to the cellulose-containing diet of rats resulted in re-
duced proliferation of the cecal microbiota and lower bacterial 
enzymatic activity, leading to a diminished amount of short-
chain fatty acids (SCFAs) produced [Cholewińska et al., 2018]. 
Strychalski et al. [2021] showed the modulatory effect of dietary 
fiber type on the enzyme release rate from bacterial cells, thus 
creating a large intestinal environment with higher or lower 
extracellular enzyme activity. 

Considering that fiber is an essential dietary component 
and that its type would be critical to the absorption and subse-
quent physiological action of Cu-NP, the present study aimed to 
verify the hypothesis that the effect of Cu-NP on the metabolic 
status of the fecal microbial community is strongly reliant on 
the physiological function of different dietary fiber types. In 
the present study, it has been proposed that a dietary concomi-
tant presence of Cu-NP with either a control inert (cellulose) or 
a prebiotic (inulin) or a viscous (pectin) or a bulking (psyllium) 
fiber would significantly and in a different way alter the enzy-
matic activity of the bacteria and the synthesis of short-chain 
fatty acids in the rat feces.

MATERIAL AND METHODS
r Nanoparticles and fiber source
Copper nanoparticles (Cu-NP) were purchased at Sky Spring Na-
nomaterials Incorporation (Houston, TX, USA). The characteristics 
of the Cu-NP preparation were as follows: spherical morphology, 
powder with 99.9% purity, particle size of 40–60 nm, specific sur-
face area of 12 m2/g, bulk density of 0.19 g/mL, and true density 
of 8.9 g/mL. In the diets prepared in our laboratory (Institute 
of Animal Reproduction and Food Research of the Polish Acad-
emy of Sciences, Olsztyn, Poland), α-cellulose (Sigma, Poznań, 
Poland) was used as control fiber, whereas inulin (FrutafitTex, 
Sensus, the Netherlands), pectin (PectinE 440(I), Brouwland, 
Beverlo, Belgium), and psyllium (Psyllium husk powder, Natu-
raleBio, Rome, Italy) were used as fibers with different functional 
properties.

r The in vivo protocol
The animal study was conducted on 100 nine-week-old outbred 
male Wistar rats (Cmdb:Wi) fed diets with two Cu-NP contents 
(recommended 6.5 mg/kg (L) and two-times higher (H)) along 
with different dietary fibers (cellulose, inulin, psyllium, pectin; see 
Figure S1 in Supplementary Materials). The rats were randomly 
assigned to ten study groups, with 10 animals in each group. 
The experimental group schema was as follows: Control C and CH 
groups, fed a control diet containing CuCO3 of 6.5 and 13 mg/kg 
and 8% of cellulose (n=10 per group); groups CN and CNH, 
fed diets with L and H content of Cu-NP, respectively, and 8% 
of cellulose; groups PN and PNH, fed diets with L and H content 
of Cu-NP, respectively, 2% of cellulose and 6% of pectin; groups 
JN and JNH, fed diets with L and H content of Cu-NP, respectively, 
2% of cellulose and 6% of inulin; groups SN and SNH, fed diets 
with L and H content of Cu-NP, respectively, 2% of cellulose 
and 6% of psyllium. The Local Ethics Committee for Animal 
Experiments in Olsztyn (Poland) approved the experimental 
protocol (No. 19/2021). The environment in the animal room 
was characterized by a stable temperature (22±1°C), relative 
humidity of 60±5%, a 12-h light-dark cycle, and a ventilation 
rate of 15 air changes per hour. The experiment lasted 6 weeks, 
and the animals had unlimited access to diet and water. The nu-
tritional acclimation period on diet C was 5 days for all rats (see 
Table 1 for diet compositions). 

r Sample collection and analyses
The fecal samples were collected on days 0, 1, 2, 7, 14, 21, 
and 42. The fecal pH was measured just after sample collec-
tion (pH meter, Model 301, Hanna Instruments, Vila do Conde, 
Portugal). The details of detreminations of the fecal ammo-
nia, SCFA content and bacterial enzyme (α- and β-glucosidase, 
β-glucuronidase, α-arabinofuranosidase) activity were provided 
elsewhere [Gugołek et al., 2021]. In brief, ammonia released 
from fresh feces was difuded to boric acid solution in Conway’s 
dishes and detremined by titration with sulfuric acid. Results 
were expressed in mg/g.

Gas chromatography method was used to determine 
the SCFA content in fecal digesta. The separation of SCFA was 
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carried out on a SGE BP21capillary column (30 m × 0.53 mm, 
Cole-Parmer, Vernon Hills, IL, USA) connected to the Shimadzu 
GC-2010 chromatograph with a flame ionization detector (Kyoto, 
Japan). Initial column temperature was 85°C and it was finally 
raised to 180°C at the rate of 8°C/min. Temperatures of the de-
tector and the injector were maintained at 180°C and 85°C, 
respectively. Identification of individual SCFA in the samples was 
performed comparing the retention times of their peaks with 
those of standards, including acetic, propionic, butyric, iso-bu-
tyric, iso-valeric, and valeric acids, which were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Quantitative evaluation was 
performed based on the generated standard curves. Content 
of SCFA in fecal digesta was expressed in µmol/g.

The appropriate p-nitrophenol glycosides were used as 
substrates to determine the α-glucosidase, β-glucosidase, 
β-glucuronidase, and α-arabinofuranosidase activities in fecal 
digesta. These were p-nitrophenyl-α-d-glucopyranoside, p-ni-
trophenyl-β-d-glucopyranoside, p-nitrophenyl-β-d-glucuronide, 
and p-nitrophenyl-α-l-arabinofuranoside, respectively. p-Nitro-
phenol released from the substrates was quantified by measuring 
the absorbance of the reaction mixture at 400 nm. The enzymatic 
activity was expressed as μmol p-nitrophenol released per h per g 
of feces. The total enzymatic activity was assessed after bacterial 
cell lysis of fecal contents by homogenization with glass beads 
(diameter of 212–300 μm) in ice using the FastPrep®-24 system 
(MP Biomedicals, St. Ana, CA, US). Fecal digesta samples were not 

homogenized for extracellular enzymatic activity determination. 
Values of the intracellular enzyme activity were calculated based 
on the difference.

r Statistical analysis
The data were subjected to two-way analysis of variance (ANOVA) 
and Student’s t-test. A single experimental group (CN, PN, JN, 
SN) was compared with the control C group using the t-test. 
Similarly, the CNH, PNH, JNH, SNH groups were compared 
with the aid of the t-test with the control CH group. Two- 
-way ANOVA (all groups treated with copper nanoparticles: CN, 
CNH, PN, PNH, JN, JNH, SN, SNH) was applied to assess the effects 
of two main factors: D – the dose of added Cu-NP (L, 6.5 mg/kg 
and H, 13 mg/kg) and F – dietary fiber type (cellulose, pectin, 
inulin and psyllium) as well as the D×F interaction. The Duncan’s 
multiple range test was used to assess means when ANOVA 
revealed significant treatment effects. Before performing any 
statistical analysis, the data were examined for normality of dis-
tribution. Differences with p<0.05 were considered significant 
(Statistica 12.0; StatSoft Corp., Kraków, Poland).

RESULTS AND DISCUSSION
A number of in vivo studies have demonstrated an important role 
of the content of standard dietary sources of copper in modulat-
ing the large gut microbiota profile [Cheng et al., 2020; Zhang 
et al., 2019], and even a stronger effect of the dietary inclusion 

Table 1. The composition (%) of control diets with CuCO3 at two levels (C and CH) and experimental diets with Cu nanoparticles (Cu-NP) at two levels (CN and 
CNH), and with Cu-NPs and replacing part of celulose with pectin (PN and PNH), inulin (JN and JNH) and psyllium (SN and SNH).

Component C/CH CN/CNH PN/PNH JN/JNH SN/SNH

Casein1 14.8 14.8 14.8 14.8 14.8

dl-methionine 0.2 0.2 0.2 0.2 0.2

Cellulose 8.0 8.0 2.0 2.0 2.0

Pectin – – 6 – –

Inulin – – – 6 –

Psyllium – – – – 6

Choline chloride 0.2 0.2 0.2 0.2 0.2

Rapeseed oil 8.0 8.0 8.0 8.0 8.0

Cholesterol 0.3 0.3 0.3 0.3 0.3

Vitamin mix2 1.0 1.0 1.0 1.0 1.0

Mineral mix3 3.5 3.5 3.5 3.5 3.5

Maize starch4 64.0 64.0 64.0 64.0 64.0

Cu source 

    CuCO3 (mg/kg diet) 6.5/13 0 0 0 0

    Cu-NP (mg/kg diet) 0 6.5/13 6.5/13 6.5/13 6.5/13

1Casein preparation: crude protein 89.7%, crude fat 0.3%, ash 2.0%, and water 8.0%. 2AIN-93G-VM, g/kg mix: 3.0 nicotinic acid, 1.6 Ca pantothenate, 0.7 pyridoxine-HCl, 0.6 thiamin-HCl, 
0.6 riboflavin, 0.2 folic acid, 0.02 biotin, 2.5 vitamin B12 (cyanocobalamin, 0.1% in mannitol), 15.0 vitamin E (all-rac-α-tocopheryl acetate, 500 IU/g), 0.8 vitamin A (all-trans-retinyl palmitate, 
500,000 IU/g), 0.25 vitamin D3 (cholecalciferol, 400,000 IU/g), 0.075 vitamin K1 (phylloquinone), 974.655 powdered sucrose. 3In the experimental diets with Cu-NPs the MX was deprived 
of CuCO3 and the CuNPs preparation was added as an emulsion along with dietary rapeseed oil. 4Maize starch preparation: crude protein 0.6%, crude fat 0.9%, ash 0.2%, total dietary 
fiber 0%, and water 8.8%. 
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of copper nanoparticles on the composition and activity 
of the intestinal microbial community [Cholewińska et al., 2018; 
Lai et al., 2022]. Bacteriological screenings (for example, identi-
fying specific bacterial taxa) are important for defining the gut 
environment, but they are restricted in their usefulness to studies 

of organism metabolism, nutrition, and health condition [Bankier 
et al., 2018; Utembe et al., 2022]. An alternative approach is to use 
biochemical assays to assess the functional activity of the entire 
microbiome. Their findings could help understand the con-
tribution of the community of microbes in gut metabolism. 
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Figure 1. Extracellular microbial activity of α-glucosidase (A) and β-glucosidase (C) in the feces of rats during the feeding period as well as the release rate 
of α-glucosidase (B) and β-glucosidase (D). 
The dietary treatments: groups C and CH, fed a control diet with standard and enhanced Cu content from CuCO3 (6.5 and 13 mg/kg, respectively) and 8% cellulose; 
groups CN and CNH, fed diets with Cu-nanoparticles (Cu-NP) content of 6.5 and 13 mg/kg, respectively, and 8% cellulose; groups PN and PNH, fed diets with 
Cu-NP content of 6.5 and 13 mg/kg, respectively, 2% cellulose and 6% pectin; groups JN and JNH, fed diets with Cu-NP content of 6.5 and 13 mg/kg, respectively, 
2% cellulose and 6% inulin; groups SN and SNH, fed diets with Cu-NP content of 6.5 and 13 mg/kg, respectively, 2% cellulose and 6% psyllium. Significant 
differences (p<0.05) between groups for an individual treatment time are marked with different letters (a–e) shown above the graph (the color of the points on 
the curve corresponds to the color of the letters). They are indicated only in the case of a significant interaction D×F (p<0.05). Significant differences between 
each group fed diet with Cu-NP content of 6.5 mg/kg (CN, PN, JN, SN) and the control C are indicated by # (t-test, p<0.05). Significant differences between each 
group fed diet with Cu-NP content of 13 mg/kg (CNH, PNH, JNH, SNH) and the control CH are indicated by & (t-test, p<0.05). 
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Previous research conducted by our team endeavored to assess 
the amount and composition of the microbial digestion end 
products (ammonia, SCFAs) along with the activity of particular 
bacterial enzymes in the large intestine digesta, in the latter case, 
instead of the bacterial count [Gugołek et al., 2021].

The two-way ANOVA showed that, irrespective of Cu-NP 
dietary application, the functional fiber (pectin, inulin, psyllium) 
addition to a diet enhanced the extracellular activity of fecal 
bacterial α-glucosidase on day 1 as compared to the cellulose 
treatment (main fiber effect in the two-way ANOVA; Figure 1A). 
The D×F interaction indicated the highest extracellular activity 
of that enzyme on day 2 in groups PN and SN while on day 7 – 
in groups PN, JN, and SN. On the next subsequent days 14, 21, 
42, the highest extracellular activity of fecal α-glucosidase was 
determined in the rats fed a diet with psyllium and a lower one 
when feeding animal a diet with Cu nanoparticles at 6.5 mg/kg 
diet. During all days analyzed between day 2 and 42, the low-
est extracellular activity was found in the CN and CNH groups, 
with the reduction in activity on days 21 and 42 being most 
pronounced in the latter group (p<0.05 vs. all other groups). 
In the aforementioned time interval (days 2–42), the addition 
of the higher dose of nanoparticles to the diet resulted in sup-
pressed activity in the functional fibre-fed groups. The exception 
were the groups fed with inulin (JN and JNH) where extracellular 
activities of α-glucosidase in the feces were similar on day  2 
and day 42. On days 2, 7, 14, 21, and 42, the t-test showed 
significantly lower activity of fecal extracellular α-glucosidase 
in the Cu-NP groups fed diets containing cellulose as compared 
to their CuCO3 control counterparts (CN vs. C and CNH vs. CH). In 
the case of diets containing functional fibers, the t-test showed 
an increase in this activity regardless of nanoparticle dose com-
pared to control cellulose diets without copper nanoparticles. 
The exception was the JNH group, whose feces showed higher 
extracellular α-glucosidase activity compared to the CH group 
only in the last measurement, i.e., on day 42. Regardless of fiber 
type, the dietary addition of the higher Cu-NP dose significantly 
diminished the intracellular activity of bacterial α-glucosidase 
in the rat feces on days 1, 2, and 7 (Table S1 in Supplementary 
Materials). Two-way ANOVA showed that all three functional 
fibers enhanced that activity on those days as compared to cel-
lulose, irrespective of Cu-NP dose. The significant D×F interaction 
noted on days 14, 21, and 42 revealed the highest intracellular 
activity in the JN and SN groups (p<0.05), and the lowest one 
– in the CN and CNH groups. During all measurement days 
(period 1–42), the CN and CNH groups showed lower intracel-
lular activity of bacterial fecal α-glucosidase compared to the C 
and CH groups, respectively (t-test). On days 14, 21, and 42, all 
the fiber-fed groups showed significantly suppressed intracel-
lular activity of bacterial α-glucosidase in the feces as compared 
to the respective control groups C or CH. The significant ef-
fects (p<0.05) of both fiber type and Cu-NP content in diets 
on the total fecal α-glucosidase activity on days 1 and 2 were 
shown by two-way ANOVA (Table S2 in Supplementary Ma-
terials). Irrespective of fiber type, a lower total α-glucosidase 
activity was found in the treatments with the higher dietary 

dose of Cu-NP. A significant D×F interaction revealed the high-
est total α-glucosidase activity in the feces of PN, JN, and SN 
rats on day 7 (p<0.05). On the next subsequent days 14, 21, 42, 
the aforementioned activity was the highest in groups JN and SN. 
The CN and CNH feces were characterized by significantly lower 
total activity of bacterial α-glucosidase on days from 2 to 42 as 
compared to their respective controls (C and CH, respectively; 
t-test). On those days (2, 7, 14, 21, 42), the feces of rats fed diets 
with pectin, inulin, psyllium and with the low Cu-NP dose were 
characterized by significantly enhanced total activity of bacterial 
α-glucosidase in comparison to the C control (t-test). The two- 
-way ANOVA showed that, irrespective of Cu-NP dose, the treat-
ments with inulin and psyllium caused a significant decrease 
in the percentage of fecal microbial α-glucosidase release rate 
on day 1 (p<0.05 vs. cellulose treatment; Figure 1B). On day 14, 
the release rate of α-glucosidase was significantly lower in the in-
ulin and psyllium treatments than in the cellulose and pectin 
ones. Regardless of the fiber type, the high Cu-NP dose enhanced 
the α-glucosidase release rate on day 14 vs. the low nanoparticle 
dose (p<0.05). A significant D×F interaction noted on days 21 
and 42 indicated the highest release rate of that enzyme into 
the fecal environment in the CN group and the lowest one 
in the JN animals. On day 7, there was a comparable situation, 
with the highest release rate being noted in the CNH rat feces.

The two-way ANOVA indicated that, regardless the Cu-NP ad-
dition, the highest activity of bacterial extracellular β-glucosidase 
was recorded since day 1 till 42 in feces of the rats fed the diet 
with pectin (Figure 1C). Irrespective of the fiber type, the effect 
of Cu-NP content in diet on extracellular β-glucosidase activity 
on days 2-42 was significant (p<0.05); the high Cu-NP content 
caused a lower enzyme activity. As compared via the t-test with 
their respective control groups, the CN and CHN feces were char-
acterized by significantly diminished extracellular β-glucosidase 
activity on days 7, 14, 21, and 42. All pectin, inulin and psyl-
lium groups showed higher extracellular β-glucosidase activity 
on days 21 and 42 as compared to their respective controls 
(t-test). Regardless of the Cu-NP addition, the “functional fiber” 
treatments enhanced the intracellular activity of fecal bacte-
rial β-glucosidase compared to the cellulose treatment from 
the second measuring day (p<0.05) except day 2 for the pectin 
treatment (Table S3 in Supplementary Materials). This enzyme 
activity was decreased by the high Cu-NP dose vs. the low dose 
on days 7, 14, 21, and 42, irrespective of dietary fiber type. On day 
2, the t-test showed suppressed intracellular activity of fecal 
bacterial β-glucosidase in the CN, CNH, and PNH groups (p<0.05 
vs. respective controls C and CH). On the subsequent days, that 
activity in all groups fed diets with Cu-NP was diminished vs. 
respective controls fed diets with CuCO3 (t-test). From day 2, 
all “functional fiber” treatments significantly increased (p<0.05) 
the total activity of fecal β-glucosidase compared to cellulose 
treatment, irrespective of Cu-NP addition (Table S4 in Supple-
mentary Materials). Regardless of the fiber type, the higher Cu-NP 
content in diet caused a significantly lower total β-glucosidase 
activity in the rat feces on all measuring days, except day 0 
and 1 (p<0.05). The two-way ANOVA showed that, regardless 
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of the dietary Cu-NP dose, the addition of pectin to a diet 
containing copper nanoparticles caused a significant increase 
in the fecal microbial β-glucosidase release rate on day 1 (p<0.05 
vs. cellulose; Figure 1D). The t-test showed that from day 7 all 
feces of the rats from groups fed diets with Cu-NP showed an 

increased percentage of β-glucosidase release rate in compari-
son to the respective controls C or CH (p<0.05). 

Regardless the fiber type, the higher content of Cu-NP 
in diets resulted in diminished extracellular activity of bacterial 
β-glucuronidase on days 1, 2, 14, and 21 (Figure 2A). On those 
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Figure 2. Extracellular microbial activity of β-glucuronidase (A) and α-arabinofuranosidase (C) in the feces of rats during the feeding period as well as the release 
rate of β-glucuronidase (B) and α-arabinofuranosidase (D). 
The dietary treatments: groups C and CH, fed a control diet with standard and enhanced Cu content from CuCO3 (6.5 and 13 mg/kg, respectively) and 8% cellulose; 
groups CN and CNH, fed diets with Cu-nanoparticles (Cu-NP) contnet of 6.5 and 13 mg/kg, respectively, and 8% cellulose; groups PN and PNH, fed diets with 
Cu-NP content of 6.5 and 13 mg/kg, respectively, 2% cellulose and 6% pectin; groups JN and JNH, fed diets with Cu-NP content of 6.5 and 13 mg/kg, respectively, 
2% cellulose and 6% inulin; groups SN and SNH, fed diets with Cu-NP content of 6.5 and 13 mg/kg, respectively, 2% cellulose and 6% psyllium. Significant 
differences (p<0.05) between groups for an individual treatment time are marked with different letters (a–e) shown above the graph (the color of the points on 
the curve corresponds to the color of the letters). They are indicated only in the case of a significant interaction D×F (p<0.05). Significant differences between 
each group fed diet with Cu-NP content of 6.5 mg/kg (CN, PN, JN, SN) and the control C are indicated by # (t-test, p<0.05). Significant differences between each 
group fed diet with Cu-NP content of 13 mg/kg (CNH, PNH, JNH, SNH) and the control CH are indicated by & (t-test, p<0.05).
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the PN feces showed the highest extracellular activity of bac-
terial α-arabinofuranosidase and that the CNH feces showed 
the lowest ones. The t-test showed that on day 7 and subsequent 
measuring days, the CN and CNH diets caused a decrease, while 
remaining dietary treatments (except JN) caused an increase 
in fecal bacterial α-arabinofuranosidase activity in comparison 
to the respective controls without nanoparticle application, i.e., 
C and CH (p<0.05). The two-way ANOVA showed that, regard-
less of the Cu-NP dose, the pectin and psyllium dietary addition 
increased intracellular α-arabinofuranosidase activity on day 1 as 
compared to the cellulose treatments (p<0.05; Table S7 in Sup-
plementary Materials). On days 2, 7, and 14, the pectin, inulin 
and psyllium treatments excelled the control cellulose one in this 
respect. A significant D×F interaction revealed the lowest activity 
of fecal intracellular α-arabinofuranosidase in the CNH rats on 
days 21 and 42 (p<0.05 vs. all remaining groups). As indicated 
Table S8 in Supplementary Materials, regardless of the Cu-NP 
dose, the total activity of fecal bacterial α-arabinofuranosidase 
was significantly enhanced by pectin and psyllium treatments 
on day 1 (p<0.05 vs. cellulose and inulin), while on days 2, 7, 14, 
21 all three functional fiber treatments excelled the cellulose 
one in this respect (p<0.05). A D×F interaction noted on day 42 
showed the lowest and the highest total α-arabinofuranosidase 
activity in the CNH and PN, SN groups, respectively (in both cases 
p<0.05 vs. all other groups). The t-test revealed that on all meas-
uring days, the CN, CNH, and JNH groups showed suppressed 
total α-arabinofuranosidase activity as compared to respective 
C and CH controls. A significant D×F interaction noted on days 
14, 21, 42 showed the highest and the lowest release rate of bac-
terial fecal α-arabinofuranosidase in the CNH and JNH groups, 
respectively (Figure 2D). Interestingly, on those days, the CN 
group showed significantly lower release rate of that enzyme 
as compared to the CNH one. In the “functional” fiber counter-
parts, such a situation was noted on days 21 and 42 between 
groups JN and JNH (p<0.05). The t-test revealed that from day 7 
till the end of the experiment all groups fed diets with copper 
nanoparticles were characterized with significantly enhanced 
fecal α-arabinofuranosidase release rate vs. respective controls, 
i.e., C and CH (p<0.05). 

The fecal acetic acid content on day 1 was significantly 
diminished by the higher Cu-NP dose as compared to the low 
Cu-NP dose, regardless of the fiber type (Figure 3A). On the sub-
sequent measuring days, a significant D×F interaction was noted 
with regard to fecal acetic acid. On days 2, 7, 14, and 42, the low-
est acetic acid content was determined in the CNH rat feces, 
while on Day 21 – in the CN and CNH rat feces (p<0.05 vs. all 
remaining groups). The highest acetic acid content in the feces 
was noted on day 2 in the feces of the PN and JN rats, on day 
7 – in those of  JN rats, on day 14 – in those of PN, JN and JNH 
rats, and on days 21 and 42 – in those of the PN animals (in all 
cases p<0.05 vs. other groups). The t-test revealed decreased 
acetic acid content on days 1 and 2 in all experimental groups, 
except JN as compared to respective C and CH controls (p<0.05). 
On the subsequent measuring days, such a decrease was noted 
in the CN, CNH, PNH, SN, and SNH groups (p<0.05 vs. respective 

days, the pectin dietary addition caused the highest enzyme 
activity, irrespective of Cu-NP dose (p<0.05). A significant D×F 
interaction was noted on days 7 and 42, and the nature of that 
interaction revealed the highest extracellular β-glucuronidase 
in the PN feces (p<0.05 vs. all other groups). The t-test showed 
that from day 1 till the end of experiment the CN and CNH feces 
were characterized with a significantly lower extracellular activity 
of bacterial β-glucuronidase in comparison to their respective 
controls C and CH (p<0.05). The dietary treatments with pectin, 
inulin and psyllium caused a significant increase in intracellular 
fecal activity of β-glucuronidase vs. cellulose on day 1, regard-
less of the Cu-NPs dose (Table S5 in Supplementary Materials). 
On the subsequent measuring days, a significant D×F interac-
tion was noted and its nature indicated the highest intracellular 
β-glucuronidase activity upon rat feeding a diet with inulin 
and the lower dose of copper nanoparticles. The t-test showed 
that CN and CNH groups had significantly lowered activity of in-
tracellular β-glucuronidase from day 2 till the end of experiment 
(p<0.05 vs. C and CH, respectively). On days 14, 21, 42, such a situ-
ation was also observed in the pectin and psyllium groups (ex-
cept PNH vs. CH on day 21). All treatments with “functional fiber” 
enhanced the total activity of fecal bacterial β-glucuronidase on 
day 1 vs. cellulose, irrespective of Cu-NP dose (Table S6 in Sup-
plementary Materials). Regardless of the fiber type, the high 
Cu-NP dose in a diet decreased that activity vs. L dose (p<0.05). 
A significant D×F interaction noted on measuring days 2, 7, 14, 
21, 42 revealed the highest and the lowest total activity of fecal 
bacterial β-glucuronidase in the PN and CNH groups, respec-
tively. Generally, the t-test showed that total β-glucuronidase 
activity in the feces of both pectin groups (PN and PNH) was 
significantly higher than in C and CH controls on all measur-
ing days. The percentage of β-glucuronidase release rate was 
significantly decreased by the higher Cu-NP dose, irrespective 
of the fiber type (p<0.05 vs. low dose; Figure 2B). The two-way 
ANOVA showed that, regardless of Cu-NP dose, the fiber pectin 
treatment caused the highest fecal β-glucuronidase release rate 
on days 1, 2, and 7 (p<0.05 other fibers). On day 14, the pectin 
and psyllium treatments increased the β-glucuronidase release 
rate in comparison to the cellulose and inulin treatments. A sig-
nificant D×F interaction recorded on days 21 and 42 showed 
the highest and the lowest β-glucuronidase release rate in the PN 
and CN groups, respectively. The t-test showed that on day 42 
all groups, except the CN, showed an increased percentage 
of β-glucuronidase release rate concerning their controls 
without Cu-NP. The two-way ANOVA showed that, regardless 
of the Cu-NP dose, the treatments with pectin and psyllium 
significantly enhanced the extracellular activity of fecal bacterial 
α-arabinofuranosidase on day 1 as compared to the cellulose 
and inulin treatments (p<0.05; Figure 2C). On the subsequent 
measuring days, i.e., days 2, 7, and 14, the highest and the lowest 
activity of this enzyme were noted in the pectin and cellulose 
treatments, respectively. On those days, the higher Cu-NP dose in-
creased extracellular activity of α-arabinofuranosidase in the fec-
es vs. the low nanoparticle dose, irrespective of dietary fiber type. 
On days 21 and 42, a significant D×F interaction revealed that 
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C or CH). On day 1, the fecal concentration of propionic acid was 
diminished by the higher Cu-NP dose, irrespective of fiber type 
(p<0.05 vs. L dose; Figure 3B). A D×F interaction showed that 
from day 2 till the end of the experiment the highest and the low-
est propionic acid fecal content followed the dietary treatments 
with JN and CNH diets, respectively (in both cases p<0.05 vs. 

all other groups). The t-test revealed that the JN feces were 
the only ones attributed with significantly enhanced propionic 
acid fecal content vs. C group on days 14, 21, and 42 (p<0.05). 
The decreased fecal butyric acid content followed the higher 
Cu-NP dietary dose treatment vs. the low dose on days 1, 2, 7, 
and 14, regardless of the fiber type (p<0.05; Figure 3C). On day 2, 
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the inulin treatment excelled the other fiber treatments with re-
gard to butyric acid content, irrespective of Cu-NP dose. On day 7, 
such an increase in butyric acid content was noted in the pectin 
and inulin treatments as compared to the cellulose and psyllium 
ones. On day 14, the lowest and the highest butyric acid fecal 
content were determined in the cellulose and inulin treatments, 
respectively (in both cases p<0.05 vs. remaining fiber treatments). 
A significant D×F interaction noted on days 21 and 42 showed 
the lowest and the highest butyric acid content in the feces 
in the CNH and JN groups, respectively. The t-test revealed that 
all groups with dietary addition of copper nanoparticles had 
lowered butyric acid content in the feces vs. respective C and CH 
controls, except group JN on days 1, 14, 21, and 42. Additionally, 
on day 42, the JN feces were characterized with enhanced butyric 
acid content vs. group C (t-test). 

An enhanced fecal content of putrefactive SCFA followed 
the pectin dietary addition on days 2 and 7, irrespective of Cu-NP 
dose (p<0.05 vs. remaining fiber treatments; Table S9 in Sup-
plementary Materials). On days 21 and 42, the CNH and PN 
rats had the lowest and the highest putrefactive SCFA content 
in the feces, respectively. The t-test showed that all experimental 
Cu-NP groups had lowered fecal putrefactive SCFA as compared 
to their respective C or CH controls from day 2, except the PN 
group. The two-way ANOVA showed that on day 1, the higher 
Cu-NP dose caused a decrease in the total fecal SCFA content, 
regardless of the fiber type (p<0.05 vs. L dose; Table S10 in Sup-
plementary Materials). From day 2, a significant D×F interaction 
was noted for fecal total SCFA in all subsequent measuring days. 
The nature of that interaction indicated the lowest total SCFA 
level in the CNH group on all measuring days (on day 7 in the SNH 
group as well) and the highest total SCFA content on days 2 and 7 
in the JN feces, on day 14 – in the JN and PN feces, and on days 
21 and 42 – in the PN feces (in all cases p<0.05 vs. other groups).

As in our previous experiments with the addition of various 
nanoparticles to the diet [Cholewińska et al., 2018], dietary Cu-NP 
used in the present experiment suppressed the activity of most 
of the analyzed bacterial enzymes in the feces and diminished 
the amounts of SCFAs produced by the microbiota. As for the ef-
fect of the doubled Cu-NP dose, lower levels of enzyme activity 
and amounts of bacterial metabolites were indeed found, al-
though this was not a doubly suppressive effect. One of the most 
important results observed was the limiting effect of Cu-NP on 
extracellular enzymatic activity and greater release of bacterial 
enzymes into the environment from within the bacterial cells 
upon the influence of nanoparticles. The extracellular activ-
ity of bacterial enzymes has direct implications for the rate at 
which nutrients and non-nutrients undergo microbial digestion 
in the large intestine. Extracellular enzyme activity is influenced 
by the type and counts of bacterial species present in the digesta 
and by the rate of enzyme secretion by bacterial cells. With regard 
to the presented hypothesis, a higher release rate of glycoside 
hydrolases could be an important adaptive mechanism of intes-
tinal bacteria which enables them to acquire additional energy 
from the large intestine through fermentation in the situation 
when Cu-NP seem to reduce bacterial activity and probably 

bacterial count. Doubling the dose of copper nanoparticles 
added to the diet increased the percentage of enzymes released, 
although in some cases the increase was not statistically signifi-
cant, such as for α-glucosidase and β-glucosidase in the last two 
measurements on days 21 and 42. According to some reports, 
nanoparticles may reduce the amount of microorganisms by 
entering bacteria through nanometric holes and disrupting 
internal organellas [Azam et al., 2012]. Mahapatra et al. [2008] 
showed diminished effect of nano-CuO on Klebsiella, Salmonella 
and Shigealla count via damaging intracellular enzymes. Lai et 
al. [2022] concluded their research that among a broad range 
of Cu-NP’s properties, their capability for microbial growth inhi-
bition, membrane disruption, DNA damage, and enhancement 
in oxidative stress in bacteria are of paramount importance when 
intestinal environment is considered. In the present experiment, 
the release rate of intracellular enzymes into fecal milieu was not 
totally enhanced under the higher tested copper nanoparticle 
dose, indicating selective inhibition of enzymatic activity rather 
than disruption of the bacterial cell membrane. Copper attached 
to nanoparticles made from chitosan removed gastrointesti-
nal pathogens such as Salmonella species, but left Lactobacilli 
and other beneficial commensals unharmed, according to Han 
et al. [2010] study. 

In the present experiment, it was hypothesized that the di-
etary inclusion of fiber with prebiotic (inulin), viscous (pectin) 
or bulking (psyllium) properties would alleviate adverse effects 
of copper nanoparticles on intestinal microbial activity, the latter 
effect observed in our previous experiments with diets contain-
ing cellulose [Cholewińska et al., 2018]. The scientific literature 
demonstrates that viscous dietary fiber effectively delays and re-
duces the absorption of nutrients in the intestine [Deehan et 
al., 2022]. This, of course, causes these nutrients to be trans-
ported to the large intestine in greater quantities, and therein 
used by the microbiota for growth and metabolite production. 
Żary-Sikorska and co-authors [2016] confirmed in their in vivo 
study that, compared to prebiotic fructans and less processed 
fiber-polyphenol preparations, pectin had the greatest viscosity- 
-enhancing properties in the small intestine and was fermented 
most rapidly, sometimes too vigorously, in the large intestine. At 
this point, there is little need to elaborate on the well-studied 
theme of the prebiotic positive effect of inulin-type fibers on 
the gut microbiota in both a taxa-dependent manner and its 
metabolic activity [Juśkiewicz et al., 2007]. An interesting case, 
and therefore not missed in this experiment, is the intestinal be-
havior of psyllium. Psyllium is a viscous, gel-forming fiber, claimed 
to ferment at a slow rate at the entire length of large gut, con-
tributing more fecal mass due to the bulking ability [Harris et al., 
2023; McRorie Jr., 2015]. This raises the question of whether these 
effects of various fiber on the viscosity of the intestinal contents, 
the rate of passage and the formation of SCFAs has, and what, 
implications for the consequences of the presence of nanopar-
ticles in the diet. The recent work of our team [Cholewińska et al., 
2023] showed that dietary pectin, inulin and psyllium diminished 
the absorption of copper nanoparticles and protected the small 
intestine by strengthening the intestinal barrier via DNA repair 
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mechanisms and inflammatory processes inhibition. Thus, it 
must be assumed that, in our experiment, a significant amount 
of copper nanoparticles had reached the large intestine of the rat 
together with the fiber and then appeared in the feces, modifying 
the enzymatic and metabolic activity of the microbiota. 

It is interesting to observe whether the rapid fermentation 
of pectin in the rat cecum followed by its passage through 
the colon would leave “fiber fuel” for the fecal bacteria to pro-
duce enzymes and metabolites in the form of SCFAs. Our study 
results and literature data indicate that fructans, such as inu-
lin, fructooligosaccharide or oligofructose, are well utilized by 
the large intestinal microbiota [Makki et al., 2018]; hence, we 
were intrigued before performing the analyses as to whether 
the enzymatic activity in the feces would be significant or mea-
gre. In contrast, it was almost certain that psyllium residues 
would appear in the feces, with the reservation that this type 
of fiber is poorly fermented by bacteria. The results indicated 
that the enzymatic activity of the fecal microbiota increased 
after the addition of each of the three types of functional fiber. 
The fastest and strongest increase in enzyme activity was found 
as early as on the first measurement day for pectin. Interestingly, 
the increase in extracellular activity of the analyzed enzymes 
was also evident with the other fibers. Even more surprising was 
that, in some cases, the addition of psyllium was not inferior to 
the effects of pectin; this was the case, e.g., on day 1 for extra-
cellular and total α-arabinofuranosidase, total α-glucosidase, 
and total β-glucuronidase activities. Such a result may indicate 
that the fermentation processes of psyllium already proceed-
ing in the cecum and colon have compromised the chemical 
structure of this fiber or that the gel structure produced by 
psyllium effectively “arrested” copper nanoparticles within it. But, 
this was not fully confirmed by the results obtained for SCFA, 
as the amounts of acids produced, including acetic, butyric 
and propionic acids, were significantly lower than in the pectin 
and inulin treatments. On the other hand, the amount of SCFA 
produced by fecal microbiota from the psyllium groups excelled 
the SCFA analyzed in the CN and CNH feces. Therefore, it can be 
concluded that psyllium is not as inert for fermentation processes 
in the gut as the control fiber cellulose is. For instance, the final 
effect of psyllium noted on day 42 on the total activity of a marker 
enzyme β-glucuronidase specific to the adverse microbiota 
was more similar to that of inulin than pectin. High activity 
of β-glucuronidase is associated with pathogenic bacterial spe-
cies rather than the beneficial ones [Lee et al., 2022]. The activity 
of β-glucuronidase is not specific only for E. coli, and it is also 
found in Shigella and Yersinia strains, as well as to some extent 
in Flavobacterium spp., Bacteroides spp., Staphylococcus spp., 
Streptococcus spp., and Clostridium spp. [Gao et al., 2022; Fiksdal 
& Tryland, 2008]. However, β-glucuronidase activity is intrinsic to 
more than 90% of E. coli strains, while almost all other coliform 
bacteria lack this activity [Poulouxi & Prodromidis, 2020]. In our 
previous in vivo experiments, we have shown some correla-
tions between dietary fiber supplementation and the intensity 
of fermentation processes in the large intestine. In a study with 
rats administered a dietary grapefruit extract, inulin did not 

counteract clearly detrimental effects of the extract in the hind-
gut due to a high dose of grapefruit preparation containing not 
only flavonoids but also silicon dioxide and glycerol [Jurgoński 
et al., 2012]. This can, in some respects, be related to the ef-
fect of the high Cu-NP dose in the experiment presented here, 
i.e., a strong reduction in enzymatic activity and the amount 
of SCFAs produced despite the dietary content of functional 
fiber, albeit not as drastic as in the CNH group (cellulose fiber, 
high dose of nanoparticles). In another experiment [Juśkiewicz 
et al., 2007], it has been shown that the typical effect of inulin 
in the rat cecum is only observed when fiber level in the diet 
was relatively high. Furthermore, the acquired data demon-
strated rapid reversibility of cecal fermentation intensity to that 
of the control cellulose group by removing inulin from the diet 
or lowering supplementation. Thus, it is reasonable to assume 
that, in the present experiment, the adverse effects of copper 
nanoparticles on the activity of the fecal microbiota would have 
been evident within a short time after the withdrawal of pectin, 
inulin and psyllium from the diet.

On day 1, the fecal ammonia content was significantly en-
hanced by the pectin treatment vs. cellulose and inulin treat-
ment, regardless of Cu-NP dose (Figure 3D). A significant D×F 
interaction showed the highest fecal ammonia content in the PN 
group on all measuring days from day 2 (p<0.05 vs. all other 
groups). The lowest ammonia level on day 2 was determined 
in the CNH rat feces, while on the remaining subsequent days 
– in the SNH group. The t-test showed a significant increase in fe-
cal ammonia in the PN rats on all measuring days vs. control C. 
The two-way ANOVA revealed that, irrespective of dietary Cu-NP 
dose, the inulin treatment decreased significantly fecal pH on 
day 1 as compared to the cellulose and psyllium treatments 
(Table S11 in Supplementary Materials). On the subsequent 
measuring days, such a decrease in fecal pH vs. cellulose treat-
ment was noted on day 2 in pectin and inulin, on days 7 and 14 
– in pectin, inulin, and psyllium, and on days 21 and 42 – in pectin 
and psyllium treatments. The t-test revealed that on day 2, fecal 
pH was decreased in the JN vs. C and in JNH vs. CH, while on 
day 7 – in JN, JNH, and PN groups vs. respective controls. On day 
14, such a decrease was observed on fecal pH in the SN rats 
(p<0.05 vs. C; t-test).  

A very interesting result was the content of ammonia 
in the feces of rats fed psyllium diets. The group of rats receiving 
the higher tested dose of nanoparticles along with the cellulose 
diet had very low levels of ammonia in the feces, and the addi-
tion of psyllium further exacerbated this decrease. It is clear that 
the copper nanoparticles interfered with the normal processes 
of digestion and absorption of proteins in the small intestine; 
hence, their large amount ended up in the large intestine, then 
in the feces, where protein fermentation is a putrefactive process. 
The abundance of protein available to microbial communities is 
one of the causes of excessive cecal ammonia generation [Griffin 
& Bradshaw, 2019]. But fermentation processes involve the gut 
microbiota, and its activity in this regard was also reduced by 
the addition of Cu-NP. As a result, the lower level of nanoparticles 
affected the observed levels of ammonia and putrefactive SCFA 
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to a much lesser extent than the higher dose of Cu-NP. And at 
this point, the effect of psyllium on ammonia and putrefactive 
SCFA levels should be regarded as positive, since psyllium pro-
actively reduced the levels of putrefactive substances without 
significantly inhibiting the enzymatic activity of the microbiota. 
It has been found that excessive intestinal ammonia release can 
damage epithelial cells by altering their morphology and disrupt-
ing their metabolism [Bell et al., 2023]. Undigested in the upper 
intestine amino acids, such as valine, leucine and isoleucine, may 
undergo the anaerobic microbial breakdown and be converted 
into compounds with not only strong odor but unhealthy prop-
erties as well, such as iso-butyric, iso-valeric and valeric acids, 
as well as cadaverine, putrescine, other amines, and hydrogen 
sulfide and methyl mercaptan [Markowiak-Kopeć & Śliżewska, 
2020]. Excessive accumulation of isobutyric, valeric and isovaleric 
acids, i.e., putrefactive SCFA, indicates malfunctioning fermenta-
tion and digestion processes [Badri et al., 2021].

 
CONCLUSIONS 
The addition of copper nanoparticles to the diet resulted in a dras-
tic and rapid reduction in the enzymatic activity of the microbiota 
in the rat feces after only the first day of feeding. This was related 
to both extracellular and intracellular activity. The percentage 
of enzyme release from the bacterial cell to the external envi-
ronment in the feces was higher when nanoparticles were used 
in the diets, compared to control diets containing respective 
doses of calcium carbonate. Analyses showed that the double 
dose of Cu-NP had a stronger suppressive effect on bacterial 
enzyme activity compared to the lower dose. This was already 
evident after the first or second day of feeding, and this condition 
persisted until the end of the 42-day experiment. The addition 
of functional fiber to diets containing copper nanoparticles 
significantly increased bacterial enzyme activity compared to 
the diets with nanoparticles and control cellulose. The afore-
mentioned effect was the strongest and most rapidly evident 
with pectin, while the effect of the addition of inulin or psyllium 
exceeded that of pectin only in some cases, i.e., α-glucosidase 
activity. Inulin, a typical and established prebiotic, most favora-
bly reduced the suppressive effect of nanoparticles in relation 
to the fecal content of butyric acid and propionic acid in rats. 
However, it should be noted that this beneficial effect of inulin on 
the content of individual SCFAs was only apparent at the lower 
Cu-NP dose. In the final phase of the experimental feeding, 
the positive effects of the addition of inulin to the diet with 
nanoparticles in relation to propionic and butyric acids were 
also evident compared to the control group fed a diet with cel-
lulose but lacking Cu-NP. In the case of psyllium, its addition to 
the diet most strongly reduced fecal ammonia formation, high 
concentrations of which in the intestine can be detrimental 
to the health status of the colonic epithelium. To summarize 
in one sentence, the high potential of dietary fiber in the form 
of pectin, inulin or psyllium in mitigating the suppressive effect 
of copper nanoparticles on the enzymatic and metabolic activity 
of the intestinal microbiota should be recognized.
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ing the experimental feeding period in rats. Table S4. Fecal 
microbial total β-glucosidase activity (µmol/h/g) during the ex-
perimental feeding period in rats. Table S5. Fecal microbial 
intracellular β-glucuronidase activity (µmol/h/g) during the ex-
perimental feeding period in rats. Table S6. Fecal microbial total 
β-glucuronidase activity (µmol/h/g) during the experimental 
feeding period in rats. Table S7. Fecal microbial intracellular 
α-arabinofuranosidase activity (µmol/h/g) during the experi-
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α-arabinofuranosidase activity (µmol/h/g) during the experimen-
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The objective of the study was to perform a nutritional analysis and antioxidant capacity of three varieties of sweet potatoes, 
Ipomoea batatas L., from Mexico, classified by color as: purple, yellow and white. In addition, sweet potato extrudates were 
produced and evaluated for their nutritional, antioxidant, sensory and texture properties. The average content of macronu-
trients for the three varieties was 77.92 g of carbohydrate, 10.51 g of dietary fiber, 8.25 g of protein, and 0.53 g of lipid per 
100 g tuber on a dry matter (DM) basis. The purple variety exhibited the highest content of fiber as well as zinc and sodium, 
and the white one displayed the highest content of protein. In turn, contents of calcium, iron, and magnesium were the high-
est in yellow potatoes. Ascorbic acid content ranged from 60.6 to 106.0 mg/100 g DM, being higher in the yellow potatoes, 
and the total phenolic content ranged from 216 to 581 mg GAE/100 g DM, being higher in the purple potatoes. The average 
antioxidant capacity was 40.7 and 23.4 μmol TE/g DM in DPPH and ABTS assays. A lower total phenolic content and antioxidant 
capacity of extruded sweet potatoes were found with respect to the fresh ones. Among the extrudates, the purple ones had 
the highest total phenolic content (307 mg GAE/100 g DM) and exhibited the highest antiradical activity in the ABTS assay 
(15.5 µmol TE/g DM). They were also scored the highest in the sensory analysis, although the instrumental texture analysis 
showed their greater hardness (64.4 N) compared to the yellow and white extrudates (46.9 and 30.5 N, respectively). Extrudates 
of the three potato varieties exhibited a sweet taste and, thus, can be considered as sweetener substitutes in snacks with 
increased nutritional and bioactive potential.
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ABBREVIATIONS
SP, sweet potato, Ipomoea batatas; RH, relative humidity; DM, dry 
matter; WM, wet matter; %DRI, percentages of the dietary refer-
ence intakes; GAE, gallic acid equivalent; TE, Trolox equivalent. 

INTRODUCTION
The sweet potato (SP), Ipomoea batatas L., is the second most 
important tuber crop globally and is harvested in over 110 
countries. It is native to and domesticated in tropical America, 

between Mexico and Peru. Sweet potato is a globally important 
vegetable, ranking among the six most important food crops 
after rice, wheat, potato, corn and manioc [Grüneberg et al., 2017; 
Leonel et al., 2023]. As reported by the Food and Agriculture 
Organization of the United Nations (FAO), its global production 
in 2022 reached 86.4 million tons, with Mexico contributing 
81,095 tons [Ritchie et al., 2023]. According to this report, China 
accounted for most of the global production at 53.9%, followed 
by Malawi (9.3%), Tanzania (4.9%), and Nigeria (4.6%). A diversity 
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of varieties is observed, displaying a range of colors, including 
orange, red, purple, yellow, brown, cream and white, and each 
variety possesses a distinct chemical and nutritional composi-
tion [Oloniyo et al., 2021]. Sweet potato composition includes 
carbohydrates, dietary fibers, vitamins, minerals, and several 
bioactive metabolites. The purple variety is characterized by its 
significant content of anthocyanins, while the yellow and orange 
varieties contain carotenoids and are dense in provitamin A [Tang 
et al., 2015]. In addition to their high water-soluble dietary fiber 
content, sweet potato tips are also a rich source of protein when 
compared to other vegetables, as well as iron, potassium, vi-
tamins B2, C, and E [Hong et al., 2022]. The main carbohydrate 
of sweet potato is starch; however, the tubers contain also sig-
nificant amount of sucrose, glucose and fructose, which are 
responsible for their sweet taste [Leonel et al., 2023]. Also, during 
storage and cooking, the presence of maltose is observed due 
to the hydrolysis of starch by α- and β-amylases.

Several biological activities of sweet potatoes have been 
reported, both in leaves and root tubers, including antioxidant, 
anti-inflammatory, antimicrobial, antifungal, antiviral, antidiabet-
ic, antimutagenic, hepatoprotective, anticoagulant, and anticar-
cinogenic ones [Murnihati et al., 2020; Vergun et al., 2020]. These 
activities vary depending on the part of the tuber and the color. 
Bioactive compounds of sweet potatoes, including phenolic 
acids, flavonoids, anthocyanins, ascorbic acid, and carotenoids 
enable these effects to occur [Hossain et al., 2022; Makori et al., 
2020].

The root pulp of sweet potatoes can be cooked, fried, roast-
ed, or used as an ingredient in stews. It is widely used in the food 
industry, including in baby food, cakes, pastries, frozen vegeta-
bles, ice cream, ready-to-eat meals, chips, syrups, starches, snacks, 
as well as beverages such as juices and teas, and in confectionery 
products due to the distinctive colors offered by its different vari-
eties. On an industrial level, starch, sugar, alcohol and natural dyes 
are also extracted. In addition, public awareness of the health 
risks associated with wheat gluten is opening a new market niche 
[Escobar-Puentes et al., 2022; Hong et al., 2022]. 

The objective of this study was to compare the nutritional 
composition and antioxidant capacity of three varieties of sweet 
potatoes native to Mexico, namely purple, yellow, and white, 
as well as extruded products obtained from these potatoes. 
The sensory and texture properties of extruded sweet potatoes 
were also analyzed in the study.

MATERIALS AND METHODS
r Raw material
Tubers of three types of sweet potato (SP), Ipomoea batatas L., 
were used in this study based on their color: purple, yellow, 
and white (Figure 1). The SP are indigenous to the Mexican 
state of Michoacán and were procured from a market in the city 
of Morelia. For analysis, they were washed with distilled wa-
ter and sliced into approximately 5-cm thick pieces, including 
the peel, and dehydrated at 50°C for 48 h in an oven (model 
9023A, Ecoshel, Pharr, TX, USA). Subsequently, the samples were 
ground and passed through a 60-mesh sieve, resulting in a flour 

with a particle size of less than 260 µm. The dry matter (DM) con-
tent of the samples was calculated by the difference in weight 
before and after drying. 

r Preparation of extrudates
The fresh SP were blanched for 10 min at boiling temperature, 
the peel was removed, and they were cut into 5-cm thick pieces. 
Subsequently, they were dehydrated in a gas oven at 55±5°C for 
up to 2 h at separate intervals to obtain varying levels of humid-
ity. The final humidity levels achieved were 15–20% in 30 min, 
10–15% in 60 min, and 5–10% in 120 min. The extruder equip-
ment was assembled in a laboratory within the Universidad 
Michoacana de San Nicolás de Hidalgo, México. The screw-type 
extruder used had a helical worm of circular panel with a 1-cm 
diameter, and a blade and a die made of stainless steel which 
allowed to produce 1-cm diameter filament. It was powered 
by a 1 HP Marver model 10012 series 1009 motor (Crompton, 
Mumbai, India). The extrusion of SP was conducted without any 
additives. After extrusion, the products were placed in a gas oven 
set to 90±5°C for 1 h to remove excess moisture and achieve 
the desired texture.

r Analysis of proximate composition, dietary fiber 
content and mineral contents

The proximate composition analysis of potatoes and extrudates 
was conducted according to AOAC International methods 
[AOAC, 2000]; moisture (method no. 934.01), protein (method 
no. 960.52), lipids (method no. 920.85), ash (method no. 942.05), 
and crude fiber (962.09) were determined. The content of dietary 
fiber (total, soluble and insoluble fractions) was assessed using 
the method of Prosky et al. [1988], with a total dietary fiber 
assay kit (Sigma-Aldrich, Saint Louis, MO, USA). The analyses 
were conducted in triplicate. The content of carbohydrates was 
calculated by difference from the data on moisture, protein, 
lipid, ash, and dietary fiber. The roots’ metabolizable energy 
was estimated using conversion factors of 4 kcal/g for proteins 
and carbohydrates, 9 kcal/g for lipids, and a value of 2 kcal/g for 
dietary fiber, as indicated in the data provided by the FAO [2003].

The determination of SP starch was conducted in accord-
ance with the stipulations of the Mexican standard NOM-F321-
S1978 [1978], which represents a modified iteration of the Lane-
Eynon procedure. A quantity of 5 g of the sweet potato powder 
was placed in a container with 150 mL of water and 25 mL 
of concentrated HCl, and the contents were mixed thoroughly. 
The solution was heated for 75 min, cooled and neutralized with 
NaOH/H2O (1:1, w/v) solution. Subsequently, the hydrolysate, 
after filling the volume to 250 mL was filtered. Then, the 10-fold 
diluted filtrate was transferred to a burette and was added drop-
wise to the flask containing a mixture of CuSO4×5H2O solu-
tion and NaKC4H4O6×4H2O solution. Just prior to the complete 
reduction of the copper, 1 mL of the 0.2% aqueous solution 
of methylene blue was added. The titration was completed until 
the indicator lost its coloration. Starch content in the sample 
(g/100 g DM) was calculated utilizing a glucose-to-starch con-
version factor of 0.9. 
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Certain minerals including calcium, copper, iron, potassium, 
magnesium, sodium, and zinc of SP were quantified using atomic 
absorption spectrometry. Digestion was performed using ni-
tric acid, according to the procedure described by Uddin et al. 
[2016]. A quantity of 0.5 g of the sample was weighed, and 5 mL 
of 65% HNO3 was added. The resulting mixture was then boiled 
gently over a water bath maintained at 90°C for a period of 1–2 h 
until a clear, fully digested solution was obtained. The solution 
was then filtered using Whatman 42 filter paper (2.5 μm). Enough 
deionized water was then added to the final sample’s volume to 
50 mL. The analysis was conducted in triplicate using an atomic 
absorption spectrometer model AAnalyst 200 (Perkin Elmer, 
Waltham, MA, USA). The results were reported as mg/100 g DM.

r Determination of ascorbic acid and total xanthophyll 
contents

Ascorbic acid in potatoes was quantified using the titrimetric 
method with 2,6-dichloroindophenol according to the AOAC 
International procedure (967.21) [AOAC, 2000] and its content 
was expressed as mg/100 g DM. 

The total xanthophyll content was determined in accordance 
with the AOAC International method no. 970.64 [AOAC, 2000]. 
A sample weighing 50 mg was mixed with 3 mL of a solution 
composed of hexane, ethanol, acetone and toluene (10:6:7:7, 
v/v/v/v), and then 2 mL of 40% KOH in 80% methanol was added. 
The mixture was then incubated at 20°C for 16 h, brought to a vol-
ume of 10 mL with 10% NaSO4 and shaken for 2 min in a vortex 
mixer. It was then allowed to stand for 1 h until the epiphase 
had clarified in the dark. Subsequently, the solution was trans-
ferred to a centrifuge tube and centrifuged at 3,000×g for 5 min. 
The absorbance was determined at a wavelength of 474 nm 
using a spectrophotometer, with hexane used as the blank. 
The total xanthophyll content was calculated using extinction 
coefficient for trans-lutein (236 L/(g×cm)) and expressed in μg/g 
potato sample.

r Determination of total phenolic content, total 
flavonoid content, and antioxidant capacity

An extraction of each of the three SPs and three extrudates was 
conducted in order to determine the content of total pheno-
lics, total flavonoids (only extrudates), and antioxidant capacity 
via assays with 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals 
and with 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) radical cations. The powdered samples were treated as 
follows: 10 mL of ethanol (75%) was added to 1 g of each sample 
and stirred for 24 h in the dark. The samples were then centri-
fuged at 3,910×g for 10 min, after which the supernatants were 
collected and kept at 4°C until used for analyses.

The total phenolic content was determined using the col-
orimetric method with the Folin-Ciocalteau reagent, follow-
ing the procedure established by Singleton et al. [1999] with 
minor modifications suggested by Treviño-Gómez et al. [2017]. 
A 250 μL aliquot of the extract was combined with 250 μL of 2 N 
Folin-Ciocalteu reagent and 250 μL of 20% Na2CO3, agitated, 
and incubated at 40°C for 30 min. Subsequently, 2 mL of distilled 

water were added to the mixture, which was then vortexed. 
The samples were subjected to absorbance measurement at 
750 nm using a spectrophotometer (Genesys 20, Thermo Fisher 
Scientific Inc.). Gallic acid was used as a standard and the results 
were reported as mg gallic acid equivalent (GAE)/100 g DM.

The total flavonoid content of the extrudates was evaluated 
in accordance with the methodology described by Zhishen et 
al. [1999]. A 150 μL aliquot of each extract was combined with 
150 μL of 5% NaNO2, 150 μL of 10% AlCl3, and 1 mL of 0.1 M 
NaOH. Subsequently, the samples were analyzed using a spec-
trophotometer (Genesys 20, Thermo Fisher Scientific Inc.) at 
an absorbance of 510 nm. The standard used was quercetin, 
and the results were expressed as mg quercetin equivalent 
(QE)/100 g DM.

The determination of DPPH radical scavenging activity was 
conducted according to the method developed by Brand-
Williams et al. [1995] with modifications proposed by Ru et al. 
[2019]. In summary, 200 µL of each extract was added to 3 mL 
of the DPPH radical solution in methanol (100 µM). The samples 
were homogenized for 10 s, then the reaction mixture was incu-
bated in the dark at room temperature for 30 min, after which its 
absorbance was measured at 517 nm using a spectrophotom-
eter (Genesys 20, Thermo Fisher Scientific Inc.). The results were 
expressed as μmol Trolox equivalent (TE)/g DM using a standard 
curve of Trolox.

The ABTS assay was conducted in accordance with the meth-
odology outlined by Re et al. [1999]. Firstly, a solution consisting 
of ABTS (7 mM) and potassium persulfate (2.45 mM) was mixed 
at room temperature in the dark for 20 h to generate ABTS•+. 
Then, methanol was used to dilute the ABTS•+ mixture to an 
absorbance around 0.70 at 734 nm. Subsequently, 0.1 mL of each 
extract was combined with 3.9 mL of the aforementioned ABTS•+ 
solution. The reaction mixture was kept at room temperature for 
6 min, then the absorbance was recorded at 734 nm. The results 
were calculated based on the calibration curve plotted with 
Trolox and were expressed as µmol Trolox equivalent (TE)/g DM. 

r Texture analysis 
A texture analysis by compression was conducted on the three 
extrudates using a Brookfield CT3 texture analyzer with Tex-
turePro CT v1.7 Build 28 software (Brookfield Engineering Lab. 
Inc, Middleboro, MA, USA). The apparatus was operated with 
a TA11/1000 probe TA-SB element. The analysis was conducted 
on a single cycle with the target at 6.0 mm and an activation 
load of 0.07 N at a speed of 0.5 mm/s and 0.5 mm/s lap speed 
with a sampling rate of 50 points per s. The sample was 16.0 mm 
in length and 6.0 mm in height. The analysis was performed 
at room temperature (25±2°C) with 10 samples per extrudate.

r Sensory analysis
Forty untrained participants were used to perform a sensory 
analysis of the extruded products using a hedonic test. The ac-
ceptability of the extrudates was determined using a 5-point 
hedonic scale, where 5 corresponded to “I like very much”; 4 to 
“I like”; 3 to “I neither like nor dislike”; 2 to “I dislike”; and 1 to 
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“I dislike very much”. Color, odor, texture, and taste of the samples 
were evaluated. 

r Color parameter analysis
The color was evaluated in fresh, blanched, and extruded sweet 
potatoes from the three varieties. A Spectro-guide 45/0 color-
imeter was employed for this purpose (BYK-Gardner GmbH, 
Geretsried, Germany). Values were obtained based on the CIELab 
scale with a brightness of D65, viewing angle of 10° and aperture 
diameter of 8 mm. The instrument provided darkness/brightness 
(L*), green/red intensity (a*), and blue/yellow intensity (b*). Three 
replicates of measurements were conducted for each sample, 
and the instrument was calibrated with a white ceramic plate 
standard prior to each procedure.

r Statistical analysis
Analyses of nutritional composition, mineral content, bioactive 
compound content, antioxidant capacity, and color parameters 
were performed in triplicate. For texture parameters and sensory 
scores, the number of repetitions were 10 and 40, respectively. 
Results were subjected to a one-way analysis of variance (ANOVA) 
using JMP software version 8.0 (JMP Statistical Discovery LLC, 
Cary, NC, USA). Means were compared using Tukey’s test, and dif-
ferences were considered significant when p<0.05. 

RESULTS AND DISCUSSION
r Macronutrients of sweet potatoes
The results of proximate analysis of SP are presented in Table 1. 
Moisture content was 60.80 g/100 g in purple, 72.44 g/100 g 
in yellow, and 68.54 g/100 g in white potatoes, with an average 
of 67.26 g/100 g. The moisture content of yellow and white 
varieties did not differ significantly (p≥0.05).

The three varieties under examination had an average dry 
matter content of 32.74 g/100 g. Grüneberg et al. [2017] con-
ducted a comprehensive study of SP with 1,174 clones analyzed 
in various environments and determined an average dry mat-
ter content of 34.9 g/100 g. They also noted that genotypic 
factors had a greater impact on variability than environmental 

factors. Rowena et al. [2009] reported a dry matter content 
of 32.46 g/100 g after analyzing five varieties from the Philip-
pines, while Teow et al. [2007] found a value of 30.2 g/100 g after 
studying nineteen clones from the USA.

Carbohydrates were found to be the most abundant nutrient 
of SP (Table 1), with an average content of 77.92 g/100 g DM. 
The highest content was found in the yellow variety, while 
the lowest content was in the purple variety. These findings were 
statistically significant (p<0.05). Additionally, the white variety did 
not differ statistically (p≥0.05) from the yellow and purple varie-
ties. Armijos et al. [2020] reported an average of 81.66 g/100 g DM 
in carbohydrate content for seven varieties native to Ecuador 
with yellow, orange, and purple colors. Nascimento et al. [2015] 
studied three Brazilian SP varieties (white and orange) from 
organic cultivation and reported that their carbohydrate con-
tent was 57.21 g/100 g DM, being higher in the white variety, 
which is consistent with the results of our study. The content 
of starch, the main carbohydrate fraction of SP, ranged from 
43.87 to 59.67 g/100 g DM (Table 1), and a significantly (p<0.05) 
higher value was noted for the purple variety compared to 
the other varieties. Armijos et al. [2020] reported an average 
of 60.56 g/100 g DM in starch content of SP with yellow, orange, 
and purple colors. Grüneberg et al. [2017] found that starch 
content of different clones of I. batatas was 66.0 g/100 g DM, 
while the content of sucrose, glucose, and fructose in DM was 
10.3 g/100 g, 2.2 g/100 g, and 1.7 g/100 g, respectively. Nasci-
mento et al. [2015] reported a starch content of 29.3 g/100 g DM 
in Brazilian SP. In turn, Hossain et al. [2022] who analyzed eight SP 
varieties from Bangladesh, reported an average starch content 
of 52.72 g/100 g in powdered dry roots. It is also noteworthy that 
the purple varieties exhibit the highest starch content, which is 
comparable to that determined in the present study.

The lipid content of SP was minimal with an average 
of 0.53/100 g DM, and the yellow variety had a significantly 
(p<0.05) higher lipid content (1.20 g/100 g DM) than the other 
varieties (Table 1). Armijos et al. [2020] and Hossain et al. [2022] 
reported lipid contents of 1.35 and 1.51 g/100 g DM, respectively. 
The latter author noted that the highest content of lipids was 

Table 1. Proximate composition and metabolized energy value of Mexican sweet potatoes with different tuber colors. 

Constituent/Parameter Purple Yellow White

Moisture (g/100 g) 60.80±1.52b 72.44±2.17a 68.54±1.37a

Carbohydrate (g/100 g DM)
Starch (g/100 g DM)

75.64±1.72b

59.67±3.12a
80.79±1.16a

43.87±2.94b
77.35±1.38ab

43.77±3.04b

Dietary fiber (g/100 g DM) 
Soluble fiber (g/100 g DM)
Insoluble fiber (g/100 g DM)

13.56±1.20a

1.20±0.10b

12.36±1.10a

8.33±0.61b

1.18±0.09b

7.15±0.52b

9.65±0.73b

1.88±0.13a

7.77±0.60b

Protein (g/100 g DM) 7.97±0.42b 7.03±0.33 b 9.73±0.48a

Lipid (g/100 g DM) 0.15±0.02b 1.20±0.10a 0.25±0.03b

Ash (g/100 g DM) 2.68±0.09b 2.65±0.12b 3.02± 0.13a

Energy value (kcal/100 g) 363±3c 379±1a 370±2b

Results are shown as mean ± standard deviation. Different letters in the same row indicate the significant differences (p<0.05). DM, dry matter.



380

Pol. J. Food Nutr. Sci., 2024, 74(4), 376–386

results were lower than those obtained by Armijos et al. [2020], 
who reported an average calcium content of 229 mg/100 g DM 
in Ecuadorian potatoes. Musilová et al. [2017] also determined 
a higher calcium content in the pulps of SP from the Slovak 
Republic (average of 468 mg/100 g DM). The average potas-
sium content in Mexican potatoes in our study was found to be 
2,778 mg/100 g DM, which was lower than the values reported by 
Armijos et al. [2020] (average of 3,501 mg/100 g DM) and higher 
than those reported by Musilová et al. [2017] (1,204 mg/100 g DM 
in pulp). The sodium levels varied significantly (p<0.05) among 
the three samples in the range of 54.0–106.9 mg/100 g DM, 
(Table 2). The average value found in this study was higher than 
those reported by other authors in the field; with Armijos et al. 
[2020] reporting 75.7 mg/100 g DM, while Musilová et al. [2017] 
reporting 63.4 mg/100 g DM in flesh.

Iron was determined in this study within a range from 
10.5 to 12.8 mg/100 g DM (Table 2). Armijos et al. [2020] 
and Grüneberg et al. [2017] reported the iron content of 13.7 
and 15.6 mg/100 g DM, respectively. Magnesium was recorded 
within a range from 75.3 to 117.4 mg/100 g DM with an average 
of 98.9 mg/100 g DM (Table 2). Lower magnesium levels were 
found in yellow, orange, and purple varieties from Ecuador with 
an average of 50.0 mg/100 g DM [Armijos et al., 2020] and in pulps 
of Slovak sweet potatoes with an average of 75.2 mg/100 g DM 
[Musilová et al., 2017]. Zinc was not detected in the white va-
riety and its content in the yellow and purple SPs was 0.40 
and 1.17 mg/100 g DM, respectively. Armijos et al. [2020] reported 
an average zinc content of 1.57 mg/100 g DM; Grüneberg et al. 
[2017] reported 0.93 mg/100 g DM, and Musilová et al. [2017] 
determined it at 0.92 mg/100 g DM. 

This study found that, among the analyzed SP varieties, 
the yellow variety was the rich source of calcium, iron, and mag-
nesium. On the other hand, the purple variety had the highest 
content of sodium and zinc but a  lower potassium content. 

Table 2 also shows the percentages of the dietary refer-
ence intakes (DRI) of the analyzed minerals by consuming 100 g 
of fresh sweet potato, which were calculated based on the rec-
ommendations of the National Institutes of Health (NIH) in USA, 
[NIH, 2022] (the average content of each mineral for the three 

found in the yellow variety, a finding that aligns with the results 
of our research.

The average protein content was 8.25 g/100 g DM, with 
the white variety having the highest content (9.73 g/100 g) 
and differing significantly (p<0.05) in this respect from the other 
varieties (Table 1). Armijos et al. [2020] reported a protein con-
tent of 6.50 g/100 g DM, while Grüneberg et al. [2017] reported 
a range from 2.7 to 8.9 g/100 g DM for different clones of I. bata-
tas. Leonel et al. [2023] analyzed data from multiple authors 
and reported values between 1.3 and 9.5 g/100 g DM. 

The dietary fiber content was observed to be an average 
of 10.51 g/100 g DM, with 9.09 g/100 g DM being insoluble 
fiber and 1.42 g/100 g DM being soluble fiber. The white variety 
had the highest amount of soluble fiber, while the purple one 
had the highest amount of insoluble fiber (Table 1). Armijos et 
al. [2020] reported a soluble fiber content of 2.82 g/100 g DM 
and an insoluble fiber content of 10.17 g/100 g DM in differently 
colored Ecuadorian SP. Additionally, Leonel et al. [2023] reported 
a dietary fiber content of 19.36 g/100 g DM.

The average metabolized energy value of the three types 
of sweet potato was 371 kcal/100 g DM, according to theoreti-
cal data (Table 1). However, there were statistically significant 
(p<0.05) differences between the three varieties, being higher 
in the yellow variety and lower in the purple one. Vergun et al. 
[2020] found that the energy values of SP from Ukraine, when 
determined using calorimetric equipment, ranged from 342 to 
362 kcal/100 g 

To sum up, the macronutrient composition of sweet po-
tatoes varied depending on their variety. Yellow potatoes had 
a higher content of carbohydrates and lipids, purple ones – di-
etary fiber, and white ones – proteins and ash. 

r Micronutrients of sweet potatoes
The mineral analysis results displaying the content of calcium, 
iron, potassium, magnesium, sodium, and zinc in dry matter 
of sweet potatoes are presented in Table 2. The copper was 
also analyzed but not detected. The level of calcium ranged 
from 44.4 to 139.8 mg/100 g DM, with the yellow variety having 
almost twice as much of this element as the other varieties. Our 

Table 2. Mineral content of Mexican sweet potatoes with different tuber colors (mg/100 g dry matter).

Mineral Purple Yellow White
%DRI

Men Women

Calcium 44.4±1.8c 139.8±5.7a 72.8±2.4b 2.6 2.6

Iron 10.5±0.4b 12.8±0.5a 11.4±0.4b 46.8 20.8

Potassium 2,439±119b 2,948±133a 2,948±105a 26.4 34.6

Magnesium 75.3±3.2c 117.4±4.4a 104.0±4.2b 7.7 10.0

Sodium 106.9±4.3a 87.8±3.5b 54.0±2.3c 1.8 1.8

Zinc 1.17±0.04a 0.40±0.01b 0.00±0.0 2.6 3.6

Results are shown as mean ± standard deviation. Different letters in the same row indicate the significant differences (p<0.05). %DRI, percentage of the dietary reference intakes of the minerals 
by consuming 100 g of fresh sweet potato calculated according to recommendations of the National Institutes of Health in USA [NIH, 2022].
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varieties was used). The reference values are for people aged 19 
to 50 years. It is noted that sweet potatoes were a micronutrient- 
-rich food, providing high levels of potassium and iron, as well 
as magnesium. In addition, the sodium content was very low, 
providing only 1.8% of the recommended daily intake.

r Contents of ascorbic acid, total xanthophylls and total 
phenolics in sweet potatoes

The contents of ascorbic acid, total xanthophylls, and total phe-
nolics in different varieties of SP are shown in Table 3. The ascor-
bic acid content ranged from 60.6 to 106.0 mg/100 g DM. The yel-
low variety had the highest content, being 1.7 times higher than 
that of the other varieties. According to literature data, ascorbic 
acid content of Ecuadorian yellow, orange, and purple varieties 
of sweet potatoes was on average 67.2 mg/100 g DM [Armijos 
et al., 2020], while Ukrainian SP contained approximately 41.5 mg 
of this compound in 100 g of pulp [Vergun et al., 2020]. Vidal et 
al. [2018] compiling information from various authors, reported 
an ascorbic acid content ranging from 2.4 to 25.0 mg/100 g wet 
matter (WM), and Gichuhi et al. [2014] reported a value rang-
ing from 6.4 to 15.5 mg/100 g WM for organic sweet potatoes 
from the USA. Considering the average content of ascorbic acid 
in the samples in our study and DRI of vitamin C recommended 
by NIH regulations [NIH, 2022], women and men over 19 years 
would receive 32.8% and 27.3% of DRI, respectively, by consum-
ing 100 g of fresh sweet potato. 

Total xanthophyll content of three SP varieties ranged from 
175 to 395 μg/g DM with an average of 252 (Table 3). The yellow 
variety showed its highest quantity, followed by white and purple 
varieties. Escobar-Puentes et al. [2022] analyzing studies of several 
authors, reported that the carotenoid content of sweet potatoes 
was 509 μg/g DM, with the highest content found in orange, 
followed by yellow, white, and purple potatoes. The authors also 

noted that these contents could be higher than those found 
in carrots and mangoes, which are typically recognized as reliable 
sources of carotenoids. 

The average total phenolic content of SP was 395 GAE 
mg/100 g DM with a range from 216 to 581 mg GAE/100 g DM. 
Sweet potatoes cultivated in the Philippines had an average 
total phenolic content of 567 mg GAE/100 g DM, with a high-
er content found in the purple varieties, followed by yellow 
and white ones [Rowena et al., 2009]. Escobar-Puentes et al. 
[2022] in a review publication reported values ranging from 
140 to 1,230 mg GAE/100 g DM, with the highest noted for 
purple potatoes, followed by orange, yellow, and white ones. 
The findings of this study indicated that the purple variety ex-
hibited the highest total phenolic content, followed by the yel-
low and then the white variety, which was consistent with 
the above-mentioned literature data. Musilová et al. [2017] 
reported that the content of total phenolics in the peel of SP 
was higher than in the pulp. On the other hand, Murnihati et al. 
[2020] found that the main antioxidant compounds in purple 
sweet potatoes were anthocyanins and other polyphenols, 
while orange and yellow sweet potatoes mainly contained 
carotenoids. Our research findings are consistent with these 
conclusions.

r Antioxidant capacity of sweet potatoes
The results of the antioxidant capacity of potatoes measured 
as the antiradical activity against DPPH• and ABTS•+ and re-
ported as μmol TE/g DM are shown in Table 3. The DPPH assay 
results showed homogeneity of values with no statistical dif-
ference (p≥0.05) between differently colored potatoes. How-
ever, the ABTS assay indicated that the purple potatoes had 
significantly (p<0.05) higher antioxidant capacity compared to 
the other samples.

Table 3. Content of antioxidants and antioxidant capacity of Mexican sweet potatoes and extrudates obtained therefrom.

Content/Activity Purple Yellow White

Sweet potatoes

Ascorbic acid content (mg/100 g DM) 64.8±4.2b 106.0±6.4a 60.6±3.8b

Total xanthophyll content (μg/g DM) 175±12b 395±25a 185±13b

Total phenolic content (mg GAE/100 g DM) 581±36a 388±25b 216±14c

DPPH• radical scavenging activity (μmol TE/g DM) 39.8±2.1a 41.7±2.8a 40.5±2.4a

ABTS•+ scavenging activity (μmol TE/g DM) 28.2±1.7a 22.1±1.8b 19.9±1.3b

Extruded sweet potatoes

Total flavonoid content (mg QE/100 g DM) 60.6±1.2a 29.6±0.4b 11.4±0.3c

Total phenolic content (mg GAE/100 g DM) 307±14a 115±3b 45±4c

DPPH• radical scavenging activity (μmol TE/g DM) 10.9±0.4b 16.9±1.5a 9.2±1.0b

ABTS•+ radical scavenging activity (μmol TE/g DM) 15.5±0.2a 13.8±0.5b 13.3±0.4b

Results are shown as mean ± standard deviation. Different letters in the same row indicate the significant differences (p<0.05). QE, quercetin equivalents; GAE, gallic acid equivalents; 
TE, Trolox equivalents; DM, dry matter.
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The average DPPH• radical scavenging activity of Mexican 
sweet potatoes was 40.7 μmol TE/g. This value was consistent 
with that reported by Zhang et al. [2022] for Chinese pig-
mented sweet potatoes (average of 39.3 μmol TE/g) and was 
slightly higher compared to that noted by Tang et al. [2015] 
(average of 25.1 μmol TE/g). In the second mentioned study, 
unlike in our study, higher DPPH• radical scavenging activity 
was observed in the purple and orange sweet potatoes than 
in the white and yellow ones. Makori et al. [2020] found that 
antiradical activity against DPPH• was dependent on the part 
of the potato tuber and reported higher values for the skin 
than for the flesh. 

The mean value in the ABTS assay obtained in our study 
was 23.4 μmol TE/g. Armijos et al. [2020] and Zhang et al. [2022] 
reported the averages of 33.6 and 28.2 μmol TE/g for Ecuadorian 
and Chinese sweet potato varieties, respectively.

r Proximate composition of sweet potato extrudates
In preliminary studies on obtaining extruded sweet potatoes, 
the fresh potatoes were dried at 50–60°C for various times to 
achieve different moisture contents of 5–10% (120 min), 10–15% 
(60 min), and 15–20% (30 min), and subsequently extruded. 
The dried products with a 5–10% moisture content had good 
color and flavor; however, they became excessively stiff over 
time. On the other hand, the extruded products with a moisture 
content of 10–15% exhibited favorable organoleptic properties 
and a crunchy consistency. Furthermore, these products dem-
onstrated a seamless and uniform flow within the equipment. 
In contrast, the extruded products with a moisture content 
of 15–20% exhibited a pasty consistency and an indeterminate 
shape, which resulted in equipment blockages. Based on these 
findings, SP with a humidity range of 10–15% were selected for 
further production. According to the preliminary sensory evalu-
ation, the products had a sweet taste, pleasing color and odor, 

high hardness, medium breaking, and high dryness, without 
being adhesive to the palate. 

The results of a proximate analysis conducted on extrudates 
of each sweet potato variety are shown in Table 4. The mois-
ture contents of the extruded purple, yellow, and white po-
tatoes were 6.41 g/100 g, 6.86 g/100 g, and 5.97 g/100 g, re-
spectively, and no significant (p≥0.05) differences were found 
between them. The extrudates had a protein content with an 
average of 7.00 g/100 g DM, with no significant (p≥0.05) dif-
ference between the three products. Extruded potatoes were 
also rich in carbohydrates (88.43–89.76 g/100 g DM), while 
the constituent which was devoid of any significant content 
was lipid (0.13–0.50 g/100 g DM). The average energy value 
was 389 kcal/100 g DM, theoretical data, being significantly 
(p<0.05) higher for the extruded yellow potatoes compared 
to the other varieties. The macronutrient content and energy 
value of the extrudates were consistent with the literature data, 
e.g., the carbohydrate, protein and lipid contents of extruded 
purple sweet potatoes reported by Palupi et al. [2024] were 
85.57, 5.51 and 0.56 g/100 g DM, respectively, and provided 
369.28 kcal/100 g.

r Total phenolic content, total flavonoid content, 
and antioxidant capacity of sweet potato extrudates

The contents of total phenolics and total flavonoids, as well as 
the antioxidant capacity of extruded Mexican sweet potatoes 
are shown in Table 3. A significant difference was observed 
in the total flavonoid content among the extrudates obtained 
from the three sweet potato varieties, with the product from 
purple variety exhibiting the highest total flavonoid content 
and the extruded potatoes of white variety exhibiting the low-
est. Simultaneously, the purple extrudate exhibited the highest 
total phenolic content, followed by yellow, and finally white 
one, with a notable distinction (p<0.05). Regarding the results 

Table 4. Proximate composition, metabolized energy value and texture parameters of extruded sweet potatoes.

Constituent/Parameter Purple Yellow White

Moisture (g/100 g) 6.41±0.51a 6.86±0.58a 5.97±0.54a

Carbohydrate (g/100 g DM) 88.57±0.77a 89.76±0.73a 88.43±0.83a

Crude fiber (g/100 g DM) 2.30±0.20a 0.99±0.12c 1.46±0.15b

Protein (g/100 g DM) 6.76±0.42a 6.60±0.44a 7.63±0.53a

Lipid (g/100 g DM) 0.13±0.02b 0.50±0.04a 0.14±0.02b 

Ash (g/100 g DM) 2.24±0.14a 2.15±0.12a 2.35±0.13a

Energy value (kcal/ 100 g) 387±1b 392±1a 388±1b

Hardness (N) 64.4±4.0a 46.9±5.7b 30.5±4.4c

Adhesiveness (N) 0.251±0.056a 0.237±0.054ab 0.183±0.069b

Fracturability strength (N) 28.1±3.2a 23.7±2.4b 17.7±1.6c

Number of fractures 11.1±2.3b 14.3±3.6ab 16.9±4.4a

Results are shown as mean ± standard deviation. Different letters in the same row indicate the significant differences (p<0.05). DM, dry matter.
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of the DPPH assay, the yellow extrudate exhibited the highest 
value, demonstrating a statistically significant difference (p<0.05) 
compared to the other varieties; conversely, the purple and white 
extrudates did not differ statistically significantly (p≥0.05) from 
one another. The extruded potatoes of the purple variety exhib-
ited the highest values in the ABTS assay, while no statistically 
significant difference (p≥0.05) was observed between the yellow 
and white varieties.

A decrease was observed in all extruded SP with respect to 
fresh SP when total phenolic content was subjected to analysis. 
A similar trend was observed in antioxidant activity, as determined 
by both the DPPH and ABTS assays. The blanching and extrusion 
process has a direct impact on the content of bioactive compounds 
and antioxidant capacity. Tang et al. [2015] reported that thermal 
treatment can reduce the quality of SP due to chemical degrada-
tion and the reduction of bioactive compounds such as phenolics 
and carotenoids. Boiling is a better heating method for keeping 
carotenoids, while steaming preserves more phenolic substances 
(excluding anthocyanin), and roasting keeps more anthocyanins.

r Texture parameters of sweet potato extrudates
The texture properties of the three extrudates (purple, yellow, 
and white) were determined by evaluating several physical 
parameters, including hardness, adhesiveness, fracturability 
strength, as well as the number of fractures according to frac-
turability strength, and respective results are presented in Ta-
ble 4. The proximate chemical composition of the three types 
of sweet potatoes was found to affect the texture properties 
of the extrudates obtained therefrom, resulting in observable 
differences among them.

Hardness is defined as the force required to compress or 
penetrate a food item with teeth; according to results (Table 4), 
the extruded purple sweet potato exhibited the highest hard-
ness, followed by the yellow and finally the white extruded 
products, showing a significant (p<0.05) difference between 
the three samples. The proximate composition indicated that 
the purple variety had the highest dietary fiber content (Table 1). 
In contrast, the white sweet potato, the least hard extrudate 
of the three varieties, exhibited the highest protein content 
and a lower content of dietary fiber than the purple sample. 
The yellow sweet potato exhibited an intermediate value. Con-
sidering these findings, it can be posited that the high fiber 
content in potatoes was associated with enhanced hardness 
of the extruded products, whereas the high protein content was 
linked to a reduction in hardness.

The same trend was observed for adhesiveness as for hard-
ness, with the extruded potatoes of the purple variety exhibiting 
the highest values and these of the white variety demonstrating 
the lowest values (Table 4). Adhesiveness is the force required 
to separate a food substance from another surface, such as 
the palate, lips, or teeth.

The requisite force to fracture the extrudates and the num-
ber of fractures generated by this force were also determined. 
In terms of fracturability, the extrudates from the purple variety 
required a greater degree of force to break them, whereas these 

made of the white variety necessitated less force. This finding 
aligns with the hardness data, as extruded white sweet potato 
was the least hard, and therefore required less force to fracture. 
Similarly, the white potato extrudate generated a greater num-
ber of fractures per unit of piece, with a statistically significant 
difference (p<0.05) compared to the purple potato extrudate, 
and yellow extrudates exhibited an intermediate value between 
the purple and white ones.

r Sensory analysis of sweet potato extrudates
A sensory analysis was conducted by 40 untrained panelists 
for the three SP extrudates. A 5-point hedonic scale was used, 
and scores of color, odor, texture, and taste are shown in Table 5. 
The purple extruded product was the one with the best sensory 
characteristics, presenting an average score of 4.45, followed 
by the yellow product with a value of 4.25 and finally the white 
extruded product with a value of 3.89. The purple and yellow 
extrudates exhibited no significant difference (p≥0.05), and com-
parable white and yellow were not different significantly (p≥0.05) 
from one another. However, the white extrudate was found to 
differ from the purple extrudate (p<0.05), demonstrating a lower 
level of acceptance. The main difference was in the color, since 
the purple color was more pleasant and accepted and white was 
less acceptable. No differences were observed between the ex-
trudates in terms of odor and texture. On the other hand, the pur-
ple extrudate was rated more favorably in terms of taste, followed 
by the yellow and white extrudates. In general, the panelists 
commented that the taste was pleasant and sweet, although 
no sugar or other sweetener was utilized. Overall acceptance 
of the three extruded products was 84%. 

r Color parameters of fresh, blanched and extruded 
sweet potatoes

The color of fresh, blanched, and extruded products from 
the three types of sweet potatoes were evaluated, and the val-
ues of parameters L*, a* and b* according to the CIELab scale are 
shown in Table 6. Figure 1 depicts the images of fresh sweet 
potatoes. At the L* parameter level, the purple variety exhibited 
a value of 29.13, while the yellow variety demonstrated a value 
of 71.38 and the white variety exhibited a value of 84.58. Armi-
jos et al. [2020] reported L* values ranging from 13.89 to 71.61 
for a variety of pigmented sweet potatoes. In turn, Tang et al. 
[2015] reported a value of 49.25 for the purple variety, 85.53 for 
the orange, 87.39 for the yellow, and 86.74 for the white one. 
The findings align with the values recorded in our research. 
The parameter a*, in which positive values correlate with red pig-
ments and negative values with green pigments, showed 26.38 
for the purple sample, 28.78 for the yellow sample, and 1.58 for 
the white one (Table 6). Armijos et al. [2020] referred to values 
from 13.07 to 34.30, which were reported for different Ecuadorian 
varieties. Conversely, Tang et al. [2015] reported 23.83 for purple, 
9.05 for orange, 5.72 for yellow, and 0.08 for white potatoes; with 
the data for the purple and white varieties aligning with our find-
ings, whereas the orange and yellow varieties exhibiting lower 
values, suggesting that our varieties possess a greater degree 
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referred to values from −8.89 to 57.81, whereas Tang et al. [2015] 
reported −9.56 for purple, 23.21 for orange, 25.83 for yellow, 
and 15.41 for white potatoes. These values are in accordance 
with those measured in this study.

It is noteworthy that the purple pigmentation of sweet 
potatoes is attributed to anthocyanins, which impart a dark 
hue and correspond with the lowest value of the L* parameter 
[Tang et al., 2015]. The presence of anthocyanins in purple sweet 

of red pigmentation than those reported by the aforementioned 
author. Regarding the b* parameter, where positive values are 
associated with yellow tones and negative values with blue, a sig-
nificant difference was observed among the three sweet potato 
varieties (Table 6). The values of 37.13 and 18.20 were measured 
for yellow and white varieties, respectively. The color of the purple 
variety was characterized by a negative value of a* parameter, 
−5.82, indicating a tendency towards blue. Armijos et al. [2020] 

Table 5. Results of sensory evaluation of extruded sweet potatoes. 

Attribute Purple Yellow White

Color 4.60±0.24a 4.35±0.14a 3.55±0.20b

Odor 4.55±0.15a 4.20±0.25a 4.05±0.28a

Texture 4.20±0.27a 4.35±0.26a 4.05±0.27a

Taste 4.45±0.16a 4.10±0.27ab 3.90±0.13b

Average score 4.45±0.20a 4.25±0.23ab 3.89±0.22b

The values correspond to the scores on the five-point hedonic scale. Results are shown as mean ± standard deviation. Different letters in the same row indicate represent the significant 
differences (p<0.05).

Table 6. Color parameters of fresh, blanched and extruded sweet potatoes.

Parameter Variety Fresh Blanched Extruded

L*

Purple 29.13±0.57c 30.99±1.01b 40.40±0.48a

Yellow 71.38±1.19a 55.31±2.51b 38.36±1.57c

White 84.58±0.40a 78.45±2.31b 60.70±3.46c

a*

Purple 26.38±1.31a 15.93±0.97b 8.71±0.25c

Yellow 28.74±1.77a 30.18±1.26a 14.49±0.60b

White 1.58±0.08b 0.32±0.03c 2.29±0.03a

b*

Purple −5.82±0.35b 12.89±0.78a 12.25±0.35a

Yellow 37.13±1.28b 40.93±1.81a 17.05±0.48c

White 18.20±1.15a 16.98±0.18a 12.00±0.32b

Results are shown as mean ± standard deviation. Different letters in the same row show significant differences (p<0.05). L*, darkness/brightness; a*, intensity green/red; b*, intensity blue/yellow.

Figure 1. Appearance of fresh purple (left), yellow (center) and white (right) sweet potatoes.
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potatoes could also be the reason for differences in the L* value 
among the three sweet potato varieties included in our study. Ad-
ditionally, purple pigmentation coincided with the highest con-
tent of phenolic compounds (Table 3). In contrast, the highest 
value of the L* parameter (whiteness) was observed in the white 
sweet potato. This may be attributed to the absence of colored 
pigments in the sample, which exhibited the lowest total phe-
nolic content. Similarly, the color of the yellow sweet potato 
was characterized by the highest b* value and the highest total 
xanthophyll content.

A color analysis was also conducted on blanched and ex-
truded sweet potatoes, noting that blanching represents a pre-
liminary step preceding the preparation of the extrudates. Re-
sults are shown in Table 6. In the purple sweet potatoes, it 
was observed that the blanching process caused a lightening 
of the color of fresh sweet potatoes, significantly (p<0.05) increas-
ing the L* value, and this phenomenon was more pronounced 
in the extruded samples. Regarding parameter a*, which con-
cerns green/red, the fresh-blanched-extruded sample displayed 
a significant decrease (p<0.05) in purple color in accordance 
with the prevailing tendency to transition from red to green. 
With respect to parameter b*, which refers to blue/yellow, no 
perceptible differences were observed between the blanched 
and extruded samples (p≥0.05). However, these samples differed 
from the fresh sample, exhibiting a tendency towards yellow 
and a loss of purple color.

In yellow products, the L* values demonstrated a proclivity 
towards darkening, fresh sweet potatoes exhibited a higher L* 
value than blanched ones, with this effect being further accentu-
ated in extruded sweet potatoes. On the a* parameter, no dis-
tinction was observed between the fresh and blanched samples; 
however, the extruded samples exhibited a loss of red coloration. 
Conversely, in the case of the b* parameter, the blanched prod-
uct exhibited a greater yellow than the fresh sample, whereas 
the extruded product displayed a diminished yellow pigmenta-
tion in comparison to the fresh and blanched sweet potatoes.

In the white sweet potatoes, it was observed that the bright-
ness tended to decrease with blanching, with a more pro-
nounced decrease evident in the extruded sample. Further-
more, both samples exhibited statistically significant differences 
(p<0.05) with respect to fresh sweet potatoes. The a* parameter 
revealed that blanching caused the red color to shift towards 
green in comparison to fresh sweet potatoes, but extrusion 
resulted in the opposite effect, with extruded sweet potatoes 
exhibiting a reddish hue. Additionally, on the b* parameter, 
a tendency from yellow to blue was observed, with a more pro-
nounced one in the extruded product. There was no statistically 
significant difference (p≥0.05) between the fresh and blanched 
SP samples, but a notable discrepancy was observed when 
comparing them to the extruded products.

CONCLUSIONS
The assessment of the nutritional value of the three varieties 
of sweet potatoes native to Mexico: purple, yellow, and white, 
showed that the purple variety exhibited the highest content 

of dietary fiber and starch, the yellow demonstrated the high-
est levels of carbohydrates and lipids, and the white exhibited 
the highest content of proteins and minerals. Conversely, yel-
low potatoes exhibited the mayor content of calcium, iron, 
and magnesium, whereas purple had the highest content of zinc 
and sodium. With respect to antioxidant content and antioxidant 
capacity, the yellow variety was characterized by the mayor levels 
of ascorbic acid and total xanthophylls, while the purple one 
demonstrated the highest total phenolic content. All varieties 
demonstrated antioxidant capacity in both the DPPH and ABTS 
assays. The extrudates prepared from the three varieties were well 
accepted in sensory analysis, especially the product from purple 
potatoes, and the panelists noted a sweet taste of the extrudates. 
Color parameter analysis indicated alterations in the hue of fresh 
sweet potatoes regarding blanching and extrusion processes. 
The extrusion process resulted in a reduction in the total phe-
nolic content and antioxidant capacity, as determined by DPPH 
and ABTS assays, in comparison to the fresh sweet potatoes; 
however, the extrudates still showed antioxidant potential. 

Mexican sweet potatoes can be considered a valuable raw 
material with nutritional and bioactive properties, suitable for 
the production of extrudates with good consumer acceptability. 
Their sweet taste can be used as an advantage in the composi-
tion of snacks, replacing sweeteners and preserving the natural 
character of the product.
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This study examined seasonal variations in fatty acid composition of the phospholipid (PL) fraction, triacylglycerol (TAG) frac-
tion, and phospholipid subclass (phosphatidylcholine, PC; phosphatidylinositol, PI; phosphatidylserine, PS; and phosphatidy-
lethanolamine, PE) of muscle tissue of Chondrostoma regium, a freshwater fish inhabiting the Munzur River (Turkey). It was 
found that the percentages of total monounsaturated fatty acids, myristic acid (C14:0), palmitoleic acid (C16:1n7), oleic acid 
(C18:1n9), linoleic acid (C18:2n6), and linolenic acid (C18:3n3) were higher in TAG fraction than in the PL fraction. The ratio 
of total polyunsaturated fatty acids to total saturated fatty acids was 1.44–1.85, the atherogenicity index ranged from 0.36 to 
0.46, while the thrombogenicity index was determined to be between 0.17 and 0.21 in total lipids. The n3/n6 ratio ranged from 
6.55 to 10.49. The fatty acid levels of the PL and PL subclasses, TAG, and total lipid were influenced by the season. Throughout 
the year, palmitic acid (C16:0), C18:1n9, eicosapentaenoic acid (C20:5n3, EPA), and docosahexaenoic acid (C22:6n3, DHA) were 
the most abundant in PC. In PE, the share of n3 fatty acids decreased from November to April, and percentages of EPA, DHA 
and docosapentaenoic acid (C22:5n3) were high among the n3 fatty acids. The predominant fatty acids in PI were stearic acid 
(C18:0) and arachidonic acid (C20:4n6), and throughout the year, the share of C18:0 was the highest in November. In the PS 
fraction, the percentages of C16:1n7 and C18:1n9 were high. In summary, C. regium can be deemed an excellent source 
of nutritionally valuable lipids and recommended for wider use in the human diet. 
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INTRODUCTION
Chondrostoma regium (Heckel, 1843), known as “kababurun” in Tur-
key, is a member of the Cyprinidae family and is distributed in large 
river systems such as Tigris, Fırat, Seyhan, Ceyhan and Göksu. It is 
a planktivorous fish that feeds mainly on Bacillariophyta [Tellioğlu 
et al., 2004]. It is a species of economic importance and is con-
sumed as food by the local people where it is found. 

In addition to being an excellent source of protein, this fish 
is also rich in lipids with polyunsaturated fatty acids (PUFA), 
especially n3 PUFAs, such as docosahexaenoic acid (DHA) 
and eicosapentaenoic acid (EPA) [Ackman, 2002; Biandolino et 

al., 2023; Uysal & Aksoylar, 2005]. These acids are not synthesized 
in the human body and must be provided with diet. Fish are 
recommended as an excellent source of dietary n3 fatty acids, 
which are high-energy nutrients, but also their consumption 
protects against chronic diseases such as cardiovascular diseases 
[Caffrey et al., 2023], arthritis [Kostoglou-Athanassiou et al., 2020], 
respiratory disorders [Lemoine et al., 2019], Alzheimer’s disease 
[Canhada et al., 2018] and cancers [D’Eliseo & Velotti, 2016]. In ad-
dition, a balanced ratio of n3 to n6 fatty acids in diet is important 
for health, e.g., an increase in the n6/n3 ratio increases the risk 
for obesity [Simopoulos, 2016].
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Fatty acids are components of triacylglycerols and phospho-
lipids. The first of them are storage lipids, the content of which 
in the fish muscle is significantly correlated with total lipid con-
tent [Shirai et al., 2002]. In turn, phospholipids, such as phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl-
serine (PS) and phosphatidylinositol (PI) are important structural 
lipids of the cell membranes [Tocher et al., 2008]. Moreover, PC is 
a substrate in the synthesis of the neurotransmitter, acetylcholine, 
and has the function of nourishing the brain and improving 
intelligence [Li et al., 2015]. In turn, PE plays an important role 
in membrane fusion, whereas PS improves nerve cell function, 
regulates nerve impulse transmission, and enhances the brain 
memory. The main acidic phospholipids are found in platelet 
membranes and are responsible for the coagulation process. 

Knowing the FA composition of fish lipids is important when 
investigating fish biology, such as nutrition, reproduction, adap-
tation, growth, and development. In addition, it is thought that it 
would be useful to know the FA composition of C. regium, which 
is consumed by both local community and also populations from 
the surrounding provinces. Studies have been conducted on 
the total fatty acid content of C. regium [Cengiz et al., 2010; Kaçar 
et al., 2018]. However, there are no studies on lipid subclasses. 
Therefore, the aim of this study was to determine the seasonal 
changes in the fatty acid composition of phospholipids, tria-
cylglycerols, and phospholipid subclasses of C. regium and to 
estimate the nutritional indices of these lipid fractions.

MATERIAL AND METHODS
r Fish collection
Fish (C. regium) were collected from Munzur River at a site located 
in a deep and rocky valley on the Tunceli-Ovacık road (Turkey), 
approximately 20 km from the city center. The coordinates of this 
place were 39°10’44.68”N, 39°27’43.08”E. Fish caught in July, No-
vember, January, and April were brought to the Dicle University 
laboratory (Diyarbakır, Turkey) in a cold environment to prevent 
them from spoiling. Three sexually mature female fish collected 
in each season were taken for analysis. Their weights and fork 
lengths were measured, and results are shown in Table 1.

r Lipid extraction and fractionation
Five grams of muscle were taken from the region between 
the lateral line and the dorsal fins of each fish collected 
in each month. Total lipids were extracted from the tissue with 
the method of Folch et al. [1957] using a mixture of chloroform 

and methanol (2:1, v/v), and crude extracts were stored at −80°C 
until analysis. Fractionation of total lipids was performed using 
thin layer chromatography (TLC). A mixture of petroleum ether, 
diethyl ether, and acetic acid (80:20:1, v/v/v) was used to run 
the crude extracts on the plates. The bands corresponding to 
phospholipid (PL) and triacylglycerol (TAG) fractions established 
by the standards, were scraped and transferred to tubes. The PL 
fraction was plated, and the separation of phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS), phosphatidylinositol (PI) was performed using a mixture 
of chloroform, ethanol, water, and triethylamine (30:35:7:35, v/v/v) 
[Vaden et al., 2005]. The bands were scraped and individual PL 
subclasses were washed out with n-hexane.

r Fatty acid analysis
Crude extracts and fractions separated by TLC were heated with 
methanol (4 mL) and sulfuric acid (4 drops) at 85°C under reflux 
for 2 h to produce methyl esters of fatty acids. Then, the mixtures 
were extracted three times with 5 mL of n-hexane, and analysis 
of fatty acid methyl esters was performed using a GC 2010 Plus gas 
chromatograph with a flame ionization detector (Shimadzu, Kyoto, 
Japan) and a DB-23 capillary column with (50% cyanopropyl)-
methylpolysiloxane (30 m × 0.25 mm i.d. × 0.25 μm film thickness) 
(J & W Scientific, Folsom, CA, USA). The compressed air and hydro-
gen were used with the flow rates of 400 mL/min and 30 mL/min, 
respectively. The flow rate of a carrier gas (helium) was 0.5 mL/min. 
Temperature of the injection port and the detector were constant 
at 250°C. The split ratio was 1:20. The oven temperature was set at 
an initial value of 170°C and held constant for 2 min, and then in-
creased from 170°C to 210°C at a rate of 2°C/min. Total analysis time 
was 42 min. A mixture of methyl esters of fatty acids (Sigma-Aldrich, 
Saint Louis, MO, USA) was utilized as a standard in the identification 
of fatty acids. The GC Solution (version 2.4, Shimadzu) software was 
utilized to obtain chromatograms of methyl esters of fatty acids 
and total quantities of fatty acids. Peaks in the chromatogram 
were identified by comparing the retention times of methyl es-
ters of all fatty acids in the standard. The quantitative values were 
calculated as percentage of total fatty acids. The samples were 
examined in triplicate. 

r Nutritional indices calculation
The atherogenic index (AI) and thrombogenic index were (TI) 
calculated using fish lipid fatty acid data [Biandolino et al., 2023], 
according to Equations (1) and (2), respectively: 

Table 1. Weight and length of Chondrostoma regium collected in different seasons, and total lipid content of its muscle. 

Parameter July November January April

Length (cm) 25±10b 31±125a 23±10b 24±13b

Weight (g) 162±8.4b 382±14a 146±4.3b 130±6.5c

Total lipid content (g/100 g) 1.51±0.06a 1.46±0.04a 1.26±0.04b 1.15±0.05c

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05).
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AI = 4 × C14:0 + C16:0 + C18:0
∑PUFA + ∑MUFA

 (1)

TI = C14:0 + C16:0 + C18:0

0.5 × ∑MUFA + 0.5 × ∑n6 + 3 × ∑n3 + ∑n3
∑n6

 (2)

where: ∑PUFA, total polyunsaturated fatty acids; and ∑MUFA, 
total monounsaturated fatty acids.

r Statistical analysis
The samples were examined in triplicate. The data were analyzed 
using one-way analysis of variance (ANOVA), and comparison 
of means for fish colledted in different seasons was performed 
using Tukey’s test. Differences were determined to be significant 
at p<0.05. The statistical analyses were carried out using SPSS 
Statistics 22.0 computer program (IBM, Armonk, NY, USA).

RESULTS AND DISCUSSION
r Total lipid content
The total lipid content of C. regium muscle varied between 
1.15 g/100 g (fish caught in April) and 1.51 g/100 g (fish colleted 
in July) (Table 1). These values allow us to consider C. regium as 
a lean fish based on the classification of Ackman [1990], accord-
ing to which lean fish are those with lipid content less than 2%. 
In our previous study, we found even a lower total lipid content 
(0.92%) in female C. regium from Atatürk Dam Lake [Kaçar et 
al., 2018]. 

The total lipid content of C. regium muscle was determined 
to be significantly (p<0.05) higher in the pre-reproductive pe-
riod (January) than in the reproductive period (April) (Table 1). 
According to research [Rasoarahona et al., 2008], muscle tissue’s 
lipid content decreases during the reproductive stage, which 
is consistent with our study findings. The content of storage 
lipids changes throughout the breeding and feeding periods, as 
the total lipids have been reported to increase in the winter but 
decrease in the summer months [Di Lena et al., 2016; Guerra et 
al., 2022]. In the present study, the highest total lipid content was 
found in the fish from summer (Table 1). Later, it was determined 
that the total lipid content of C. regium decreased towards April, 
which is the breeding season.

r Fatty acid composition of total lipids
Fatty acid composition of total lipids of C. regium collected in dif-
ferent months is shown in Table 2. Total saturated fatty acids 
(∑SFA) and palmitic acid (main SFA), were found at the lowest 
levels (26.03% and 18.16% of total FAs, respectively) in April, i.e., 
in the middle of C. regium breeding period. These values started 
to increase and reached the highest level (32.36% and 24.25% 
of total FAs for ∑SFA and C16:0, respectively) in January, which 
was the pre-breeding period. The contribution of total monoun-
saturated fatty acids (∑MUFA) and C16:1n7 in total FAs of C. regium 
lipids was low before fish breeding (January) and increased 
during the breeding period. 

The fatty acid with the highest percentage among SFAs was 
C16:0 (Table 2). C18:0 and C14:0 acids were found in smaller 
amounts. In turn, C18:1n9 and C16:1n7 acids were found to be 
dominant among MUFAs, while EPA and DHA were found to 
be dominant among polyunsaturated fatty acids. The C18:2n6, 
C18:3n3, C20:2n6, C20:3n6, C20:4n6 and C22:5n3 acids were 
also identified, but their share in MUFAs of total lipids was lower. 
The n3/n6 ratio of total lipids, which is a significant indicator 
in determining the nutritional value of fish lipids for humans, 
was found to be between 6.55 to 10.49.

The share of total polyunsaturated fatty acids in FAs of C. re-
gium lipids was higher than that reported in literature for other 
freshwater fish species [Bušová et al., 2020; Emre et al., 2020; 
Łuczyńska et al., 2012; Tommonaro et al., 2023]. This could be 
primarily due to water sources. It was expected that fish in cold 
waters, such as Munzur River, would have greater PUFA levels. 
Freshwater fish in temperate and warm climates contain less 
n6 fatty acids, because plankton, which fish feed on, inhibits 
the synthesis of unsaturated fatty acids with a low melting point 
at a higher temperature, whereas cold and deep-sea fish contain 
more fatty acids, which melt at a lower temperature [Sushchic 
et al., 2018]. 

Previous studies have reported that the content of C16:0 
was high in total lipids of C. regium caught in Atatürk Dam Lake 
[Kaçar et al., 2018] and Tigris River [Cengiz et al., 2010]. A similar 
result was obtained in the present study. Our finding regarding 
the percentage of C16:1n7 in total lipids of C. regium was also con-
sistent with literature data [Cengiz et al., 2010; Kaçar et al., 2018]. 

Fish obtain fatty acids, such as C18:2n6 and C18:3n3, which 
they cannot synthesize, from their food and use these fatty 
acids as precursors for the production of other PUFAs. Moreo-
ver, fish that generally feed on zooplankton are rich in C18:2n6 
and C20:4n6 [Parzanini et al., 2020]. However, in this study, these 
fatty acids were determined to be present in total lipids of C. re-
gium, feeding on plankton-based diet, in low percentages. This 
seems to be specific to this species because previous stud-
ies have also shown that C. regium lipids contained low levels 
of C18:2n6 and C18:3n3 [Cengiz et al., 2010; Kaçar et al., 2018]. 
In the total lipid fraction of C. regium muscle, the percentage 
of DHA and particularly EPA was found to be higher than those 
in many other freshwater fish [Bušová et al., 2020; Emre et al., 2020; 
Haliloğlu et al., 2004; Tommonaro et al., 2023] and in the same 
species from other fishing locations [Cengiz et al., 2010; Kaçar 
et al., 2018]. Similarly, the n3/n6 ratio of fatty acids of C. regium 
total lipids was substantially higher than in many freshwater fish 
(Sander lucioperca, Pseudophoxinus fahrettini, Capoeta mauricii) 
[Emre et al., 2020; Uysal & Aksoylar, 2005], and in C. regium from 
other rivers [Cengiz et al., 2010; Kaçar et al., 2018]. The quality 
of fish lipids is usually assessed using several indices including, 
apart from n3/n6 ratio, also ∑PUFA/∑SFA ratio, AI and TI based 
on fatty acid composition [Biandolino et al., 2023].   

The ∑PUFA/∑SFA ratio in a human diet is recommended to 
be above 0.45, whereas AI and TI of foods are recommended 
to be less than 1.0 and 0.5, respectively [Woloszyn et al., 2020]. 



390

Pol. J. Food Nutr. Sci., 2024, 74(4), 387–398

The values of these indices determined for C. regium (Table 2) 
met the above criteria and, therefore, this species of fish can be 
considered as food eliciting health benefits.

r Fatty acid composition of the triacylglycerol fraction
The triacylglycerol (TAG) fraction separated from C. regium 
muscle was characterized by the share of the ΣSFA in the to-
tal fatty acids in the range of 22.75–27.21%, with the lowest 
level recorded in the fish caught in January (Table 3), which 
was the pre-breeding season, and when water temperature 
was low. The percentage of C16:0 was determined as 16.80% 
of total FAs (January) to 19.73% of total FAs (November). Other 
predominant SFAs were C14:0 and C18:0. The ∑MUFA ranged 

from 22.86% to 36.85% of total FAs through the year. The high-
est contribution of MUFAs to FAs of the TAG fraction was found 
in the fish collected in April and November, and PUFAs were 
dominant in the fish from July and January. EPA and DHA 
among PUFAs, and C16:1n7 and C18:1n9 among MUFAs, were 
the most prevalent fatty acids in the TAG fraction of C. regium. 
Previous studies showed that the percentage of the main fatty 
acid of the fish muscle TAG fraction, C16:0, varied significantly 
within the species [Kaçar et al., 2018; Kayhan et al., 2015; Satar 
et al., 2012]. In turn, Shirai et al. [2002] reported that C16:0, 
C16:1n7 and C18:1n9 were the major fatty acids of TAG of wild 
and cultured catfish, and concluded that these fatty acids were 
primarily used for energy production.

Table 2. Fatty acid composition (% of total fatty acids) and nutritional indices of total lipids of muscle of Chondrostoma regium collected in different seasons.

Fatty acid/Nutritional index July November January April

C14:0 2.96±0.20a 2.11±0.16b 1.75±0.10b 2.16±0.13b

C15:0 0.32±0.02b 0.48±0.02ab 0.41±0.03ab 0.64±0.03a

C16:0 18.93±0.85b 20.94±1.02b 24.25±1.25a 18.16±0.74b

C17:0 0.47±0.02b 0.39±0.02b 0.22±0.01c 0.58±0.03a

C18:0 6.53±0.35a 5.90±0.25ab 5.73±0.28ab 4.49±0.25b

∑SFA 29.21±1.42b 29.82±1.40b 32.36±1.67a 26.03±1.18c

C16:1n7 12.33±0.72b 8.93±0.48c 8.9±0.34c 14.19±0.60a

C18:1n9 12.79±0.58a 13.12±0.70a 11.52±0.53a 11.11±0.56a

C20:1n9 0.41±0.03a 0.28±0.01b 0.49±0.02a 0.35±0.01ab

∑MUFA 25.53±1.36a 22.33±1.22ab 20.91±1.05b 25.65±1.19a

C18:2n6 1.71±0.06b 1.01±0.04c 0.73±0.03c 2.02±0.11a

C18:3n3 1.02±0.04a 1.03±0.06a 0.61±0.02b 0.80±0.04ab

C20:2n6 0.38±0.02b 0.20±0.01ab 0.27±0.01ab 0.51±0.02a

C20:3n6 0.51±0.03b 0.92±0.04a 0.39±0.02b 0.53±0.02b

C20:4n6 3.38±0.12a 2.45±0.10a 2.67±0.15a 2.93±0.16a

C20:5n3 20.33±1.02b 23.63±1.28a 20.1±0.92b 20.22±0.87b

C22:5n3 5.52±0.23a 5.61±0.18a 6.04±0.26a 4.38±0.20a

C22:6n3 12.33±0.62b 12.93±0.55b 15.84±0.70a 16.88±0.88a

∑PUFA 45.18±2.10a 47.78±2.18a 46.65±2.34a 48.27±2.32a

∑n3 39.2±1.76b 43.2±2.16a 42.59±2.18a 42.28±1.89a

∑n6 5.98±0.32a 4.58±0.35b 4.06±0.20b 5.99±0.30a

n3/n6 6.55±0.08b 9.43±0.12a 10.49±0.23a 7.05±0.11b

∑PUFA/∑SFA 1.55±0.45b 1.60±0.88b 1.44±0.39b 1.85±0.56a

AI 0.43±0.23a 0.42±0.16a 0.46±0.67a 0.36±0.90b

TI 0.20±0.09a 0.19±0.08a 0.21±0.01a 0.17±0.22b

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI; atherogenicity index; TI, thrombogenicity index.
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fraction of C. regium in our study, compared to the fish analyzed 
in other studies, whereas the share of n6 fatty acids, C18:2n6, 
C20:4n6 and C20:3n6, was low.

r Fatty acid composition of the phospholipid fraction 
and its subclasses

The fatty acid composition of the phospholipid (PL) fraction 
separated from of C. regium muscle is shown in Table 4. The share 
of C16:0 and ∑SFA was the highest in PL fatty acids of the fish 

Among the nutritional indices of the TAG fraction, 
the ∑PUFA/∑SFA ratio ranged from 1.45 (November) to 2.22 
(July), AI was from 0.28 (January) to 0.46 (April) and TI varied 
between 0.14 (July) and 0.20 (November) (Table 3). In turn, 
the n3/n6 ratio was found to be in the range of 5.77–7.87. 
Previous research with freshwater fish (Vimba vimba, Capoeta 
sieboldu, C. regium) showed lower values [Görgün et al., 2013, 
2014; Kaçar et al., 2018]. This was mainly because the two main 
n3 fatty acids, EPA and DHA, were highly abundant in the TAG 

Table 3. Fatty acid composition (% of total fatty acids) and nutritional indices of the triacylglycerol fraction of muscle of Chondrostoma regium collected in different 
seasons.

Fatty acid/Nutritional index July November January April

C14:0 1.36±0.07b 3.04±0.12a 1.19±0.08b 4.15±0.20a

C15:0 0.37±0.02b 0.53±0.03ab 0.32±0.02b 0.94±0.03a

C16:0 18.16±0.62a 19.73±0.85a 16.8±0.64a 17.82±0.70a

C17:0 0.91±0.03a 0.34±0.02b 0.12±0.01c 0.38±0.02b

C18:0 3.14±0.10b 3.57±0.13b 4.32±0.15a 2.31±0.09c

∑SFA 23.94±1.28b 27.21±1.52a 22.75±1.08b 25.6±1.20ab

C16:1n7 10.73±0.52c 17.38±0.70b 13.45±0.62c 20.64±1.01a

C18:1n9 11.74±0.58b 15.26±0.61a 14.65±0.64a 15.77±0.72a

C20:1n9 0.39±0.02b 0.54±0.03b 1.34±0.10a 0.44±0.02b

∑MUFA 22.86±1.02b 33.18±1.82a 29.44±1.33ab 36.85±1.80a

C18:2n6 2.05±0.06b 2.57±0.09a 1.98±0.06b 2.33±0.11a

C18:3n3 0.97±0.04b 1.23±0.05a 0.71±0.03c 1.17±0.04ab

C20:2n6 0.50±0.02a 0.16±0.01b 0.43±0.02a 0.29±0.01b

C20:3n6 0.57±0.02a 0.55±0.02a 0.65±0.03a 0.49±0.02a

C20:4n6 4.72±0.20a 1.31±0.10b 3.84±0.15a 1.11±0.09b

C20:5n3 24.04±1.11a 20.64±0.97b 22.75±1.13ab 20.48±1.03b

C22:5n3 7.34±0.32a 4.70±0.20ab 5.50±0.27ab 3.31±0.19b

C22:6n3 12.93±0.58a 8.39±0.47b 11.86±0.63a 8.29±0.38b

∑PUFA 53.12±2.78a 39.55±1.80b 47.72±2.31ab 37.47±1.89b

∑n3 45.28±2.19a 34.96±1.72b 40.82±2.12ab 33.25±1.82b

∑n6 7.84±0.34a 4.59±0.21b 6.90±0.32a 4.22±0.20b

n3/n6 5.77±0.05b 7.61±0.04a 5.91±0.34b 7.87±0.89a

∑PUFA/∑SFA 2.22±0.32a 1.45±0.48b 2.10±0.09a 1.46±0.98b

AI 0.31±0.50b 0.44±0.06a 0.28±0.05c 0.46±0.33a

TI 0.14±0.40b 0.20±0.23a 0.15±0.47b 0.19±0.08a

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index; TI, thrombogenicity index.
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caught in November, but there were no significant (p≥0.05) 
differences in C18:0 content throughout the year (7.23–8.79% 
of total FAs). The percentage of C18:1n9 was significantly (p<0.05) 
lower in the sample from April, although the ∑MUFA did not 
differ significantly (p≥0.05) depending on the month of fish-
ing. The contribution of ∑PUFA to PL fatty acids was the higest 
in the fish caught in April. Throughout all seasons, the percentage 
of ∑PUFA was higher than ∑MUFA, and EPA and DHA have been 
determined as the major PUFAs of PLs. During the reproductive 
season in April, DHA was found at the highest level. In trun, 
C20:4n6 was detected in low amounts throughout the year. 

The main fatty acids found in PLs of C. regium muscle were 
consistent with those found in other freshwater fish [Görgün et 
al., 2014, Kayhan et al., 2015; Shirai et al., 2002]. 

The C18:0 was detected at a higher share in PSs than in total 
lipids (Table 2 and 4). Although C18:0 is a saturated fatty acid, it 
tended to accumulate in the PL fraction. There were no signifi-
cant (p≥0.05) differences in EPA content throughout the year 
(Table 4). It is expected that phospholipids, which are structural 
lipids, are rich in PUFAs. 

Henderson & Tocher [1987] reported that the n3/n6 ratio 
of the PLs of freshwater fish was between 1.6 and 2.0, whereas 

Table 4. Fatty acid composition (% of total fatty acids) and nutritional indices of the phospholipid fraction of muscle of Chondrostoma regium collected in different 
seasons.

Fatty acid/Nutritional index July November January April

C14:0 0.72±0.04a 0.40±0.02b 0.59±0.02ab 0.51±0.03ab

C15:0 0.26±0.01b 0.30±0.02a 0.21±0.02b 0.36±0.02a

C16:0 20.99±1.06b 26.44±1.26a 23.45±1.11b 20.73±1.12b

C17:0 0.04±0.01b 0.55±0.03a 0.55±0.02a 0.68±0.05a

C18:0 8.09±0.30a 8.79±0.39a 7.23±0.27a 7.57±0.35a

∑SFA 30.1±1.58b 36.48±1.63a 32.03±1.69b 29.85±1.51b

C16:1n7 4.90±0.22a 3.37±0.20a 4.66±0.21a 3.93±0.17a

C18:1n9 12.15±0.60a 12.16±0.54a 13.35±0.68a 9.78±0.87b

C20:1n9 0.30±0.02b 0.59±0.03a 0.64±0.03a 0.31±0.02b

∑MUFA 17.35±0.63a 16.12±0.55a 18.65±0.85a 14.02±0.77a

C18:2n6 1.82±0.11a 0.65±0.04b 1.47±0.05a 1.57±0.07a

C18:3n3 0.62±0.03a 0.45±0.02b 0.53±0.03ab 0.27±0.01c

C20:2n6 0.47±0.02b 0.21±0.01c 0.44±0.02b 0.69±0.04a

C20:3n6 0.34±0.01b 0.40±0.02a 0.47±0.02a 0.43±0.01a

C20:4n6 3.15±0.17a 3.62±0.30a 2.92±0.10a 3.92±0.34a

C20:5n3 20.54±1.06a 20.12±1.17a 19.54±0.90a 20.19±1.03a

C22:5n3 4.92±0.22a 5.68±0.30a 4.41±0.17a 4.86±0.29a

C22:6n3 20.62±1.12b 16.19±0.82c 19.46±0.98b 24.12±1.68a

∑PUFA 52.48±2.60b 47.32±2.23c 49.24±2.41c 56.05±2.76a

∑n3 46.7±2.26a 42.44±2.10b 43.94±2.14b 49.44±2.42a

∑n6 5.78±0.28a 4.88±0.23a 5.30±0.24a 6.61±0.33a

n3/n6 8.07±0.67a 8.69±0.45a 8.29±0.30a 7.47±0.40a

∑PUFA/∑SFA 1.74±0.34a 1.30±0.32c 1.54±0.42b 1.88±0.58a

AI 0.34±0.30b 0.44±0.09a 0.38±0.06b 0.32±0.38b

TI 0.19±0.40b 0.24±0.20a 0.21±0.11a 0.17±0.07b

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index, TI, thrombogenicity index.
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in in our study it was in the range of 7.47–8.69 (Table 4). The main 
cause for the high n3/n6 ratio of the PLs from C. regium muscle 
was the relatively high levels of EPA, one of the essential n3 fatty 
acids, and the very low levels of n6 fatty acids. Other nutritional 
indices of PLs from C. regium muscle ranged from 1.30 to 1.88 
for the ∑PUFA/∑SFA ratio, from 0.32 to 0.44 for AI and from 0.17 
to 0.24 for TI.

Considering the fatty acid composition of the phospho-
lipid subclasses, it was observed that the seasonal fatty acid 
distribution in the phosphatidylcholine (PC) of C. regium muscle 
(Table 5) was similar to the fatty acid distribution in the PL frac-
tion (Table 4). C16:0, C18:1n9, EPA and DHA were found to be 

characteristic of the PC (Table 5). The fatty acid composition al-
lowed to determine quality indices of PC at the levels of 1.34–1.71 
for the ∑PUFA/∑SFA ratio, 0.34–0.49 for AI and 0.19–0.23 for TI. 

The predominant contribution of C16:0, C18:1n9, EPA, 
and DHA in the fatty acids of PC found in our study was con-
sistent with literature data; these fatty acids have been deter-
mined to be prevalent in Alburnus mossulensis [Kızmaz, 2021], 
Myoxocephalus jaok [Kostetsky et al., 2018], and Cololabis saira 
[Tao et al., 2024]. It has been shown that season, temperature 
and environment of fish growth, and dietary fatty acids have an 
effect on the composition of PC fatty acid in fish muscle [Lie et al., 
1992a]. For example, it was emphasized that the share of C16:0 

Table 5. Fatty acid composition (% of total fatty acids) and nutritional indices of phosphatidylcholine of muscle of Chondrostoma regium collected in different seasons.

Fatty acid/Nutritional index July November January April

C14:0 0.40±0.02b 0.42±0.02b 0.72±0.03a 0.68±0.04a

C15:0 0.23±0.01b 0.31±0.02ab 0.39±0.02a 0.40±0.02a

C16:0 21.95±1.04b 30.53±1.55a 28.83±1.32a 25.8±1.34ab

C17:0 0.83±0.04a 0.51±0.02b 0.51±0.02b 0.46±0.03b

C18:0 6.90±0.31a 2.79±0.12b 2.99±0.27b 5.29±0.55a

∑SFA 30.31±1.58a 34.56±1.60a 33.44±1.55a 32.63±1.74a

C16:1n7 4.73±0.20b 4.71±0.28b 7.40±0.44a 4.16±0.18b

C18:1n9 12.68±0.64a 13.19±0.55a 14.1±0.63a 12.81±0.57a

C20:1n9 0.34±0.02b 0.25±0.01b 0.27±0.02b 0.88±0.05a

∑MUFA 17.75±0.70b 18.15±0.78b 21.77±1.12a 17.85±0.83b

C18:2n6 1.15±0.07b 1.81±0.06ab 1.72±0.10ab 2.57±0.10a

C18:3n3 0.34±0.03b 0.55±0.03a 0.43±0.02ab 0.36±0.02b

C20:2n6 0.54±0.02a 0.14±0.01b 0.13±0.01b 0.31±0.03a

C20:3n6 0.40±0.04a 0.26±0.02b 0.46±0.02a 0.44±0.03a

C20:4n6 4.88±0.23a 2.20±0.16b 2.79±0.14b 2.74±0.17b

C20:5n3 17.63±0.69b 22.32±1.17a 20.54±1.03a 17.15±0.77b

C22:5n3 6.05±0.32a 4.35±0.24b 3.15±0.30b 4.21±0.21b

C22:6n3 20.88±1.13a 15.58±0.81b 15.48±0.68b 21.66±1.10a

∑PUFA 51.87±2.81a 47.21±2.30ab 44.70±2.42b 49.44±2.49ab

∑n3 44.9±2.21a 42.8±2.15a 39.6±2.10b 43.38±2.13a

∑n6 6.97±0.28a 4.41±0.23b 5.10±0.34b 6.06±0.28a

n3/n6 6.44±0.39c 9.70±0.56a 7.76±0.35b 7.15±0.22b

∑PUFA/∑SFA 1.71±0.11a 1.37±0.15c 1.34±0.36c 1.52±0.78b

AI 0.34±1.22b 0.49±1.09a 0.48±1.05a 0.42±0.35a

TI 0.19±0.05a 0.23±0.34a 0.23±0.25a 0.21±0.22a

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index; TI, thrombogenicity index.
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and C18:1n9 increased in PC fatty acids of A. mossulensis in No-
vember, while the share of EPA and DHA decreased in the same 
period [Kızmaz, 2021]. In the present study, it was determined 
that the percentage of EPA in PC fatty acids was significantly 
higher in the fish caught in November and January than in those 
from April and July. 

Similar to the PC, C16:0, C18:1n9, EPA and DHA were shown to 
be predominant in the fatty acid composition of phosphatidyle-
thanolamine (PE) of C. regium muscle (Table 6). However, the nu-
tritional indices of PE differed from those of PC; the ∑PUFA/∑SFA 
ratio of PE was found in the range of 2.49 (April) to 2.95 (July); 
AI was between 0.16 (July) and 0.22 (January) and TI varied from 

0.11 (July) to 0.13 (April). The contribution of ∑MUFA to fatty acids 
of PE of C. regium decreased slightly in November. In addition, 
the n3/n6 ratio of PE was found to be higher in lipids of the fish 
caught in November compared to those caught in other periods. 
Compared to the results obtained for the PL fraction, the fatty 
acid composition of PE was richer in C18:0, C20:4n6, EPA, C22:5n3 
and DHA. However, the contribution of C16:0 and C18:1n9 to 
PE was found to be lower than to the PL fraction. Compared 
to A. mossulensis [Kızmaz, 2021], C. regium, in our analysis, had 
a higher EPA and a lower C20:4n6 contribution to fatty acids of PE.  
The high proportions of DHA and EPA in the PE of C. regium lipids 
were consistent with results of studies conducted with halibut 

Table 6. Fatty acid composition (% of total fatty acids) and nutritional indices of phosphatidylethanolamine of muscle of Chondrostoma regium collected in different 
seasons.

Fatty acid/Nutritional index July November January April

C14:0 0.93±0.03a 0.13±0.01b 0.48±0.02ab 0.70±0.03b

C15:0 0.09±0.01a 0.05±0.01b 0.10±0.02a 0.09±0.01a

C16:0 8.92±0.37b 13.08±0.60a 14.51±0.63a 12.71±0.57a

C17:0 1.16±0.05a 0.79±0.03b 0.91±0.03b 0.77±0.02b

C18:0 11.09±0.51a 11.61±0.42a 7.63±0.37b 10.58±0.58a

∑SFA 22.19±1.06a 25.66±1.13a 23.63±1.09a 24.85±1.15a

C16:1n7 3.43±0.18a 1.33±0.06b 2.90±0.14ab 2.40±0.11ab

C18:1n9 8.53±0.33a 7.82±0.36a 9.11±0.44a 10.47±0.55a

C20:1n9 0.41±0.02a 0.35±0.02a 0.58±0.03a 0.34±0.02a

∑MUFA 12.37±0.58a 9.50±0.49b 12.59±0.63a 13.21±0.54a

C18:2n6 1.04±0.04a 0.54±0.02b 0.80±0.03b 1.16±0.07a

C18:3n3 0.35±0.02a 0.26±0.01a 0.35±0.03a 0.35±0.03a

C20:2n6 0.52±0.03a 0.20±0.01b 0.34±0.01ab 0.57±0.03a

C20:3n6 0.56±0.03b 0.53±0.02b 1.13±0.05a 0.76±0.03ab

C20:4n6 6.02±0.27a 3.68±0.15b 4.64±0.17b 5.58±0.25a

C20:5n3 17.85±0.88b 22.71±1.10a 19.12±0.92b 17.32±0.80b

C22:5n3 9.18±0.43b 11.27±0.58a 7.01±0.38b 7.65±0.33b

C22:6n3 29.84±1.39a 25.59±1.23b 30.31±1.53a 28.47±1.37a

∑PUFA 65.36±3.24a 64.78±3.19a 63.7±3.22a 61.86±3.02a

∑n3 57.22±2.21a 59.83±2.90a 56.79±2.73a 53.79±2.55b

∑n6 7.45±0.45a 4.95±0.20b 6.91±0.29ab 8.07±0.37a

n3/n6 7.68±0.56c 12.08±0.30a 8.21±0.40b 6.66±0.32d

∑PUFA/∑SFA 2.95±0.11a 2.52±0.13a 2.70±0.09a 2.49±0.65a

AI 0.16±0.08b 0.18±0.04b 0.22±0.02a 0.21±0.18a

TI 0.11±0.22a 0.12±0.34a 0.12±0.45a 0.13±0.29a

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index; TI, thrombogenicity index.
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(November) to 0.71 (July). In turn, TI was found in the range 
of 0.37 (January) to 0.80 (April). 

In general, when the water temperature was low in January, 
the share of PUFAs in PI was high compared to the other months, 
while the percentage of the predominant saturated fatty acids, 
C18:0 and C16:0, was low. The reason for this could be that 
membrane lipids have adapted to the cold environment. C18:0 
and C20:4n6 were characteristics of the PI fraction. The same 
dominant fatty acids in the PI fraction have been found in previ-
ous studies [Lie et al., 1992b; Kızmaz, 2021].

Analysis of the fatty acid composition of phosphatidyl-
serine (PS) of C. regium muscle showed that the main FAs 
were C16:0, C18:0, C16:1n7, C18:1n9, EPA, and DHA (Table 8). 

(Hippoglossus hippoglossus) [Lie et al., 1992b] and horse mackerel 
(Trachurus trachurus) [Bandarra et al., 2001].

Phosphatidylinositol (PI) isolated from C. regium lipids con-
tained mainly SFAs, which accounted for 44.47% to 57.98% 
of total FAs. The share of PUFAs was 27.13–46.16% of total FAs, 
and that of MUFAs ranged from 9.28% to 14.83% of total FAs 
(Table 7). The percentages of C16:0 and C18:0 were the lowest 
in PI of fish from November and January, respectively. Com-
pared to the fatty acid composition of the phospholipid frac-
tion (Table 4), contents of C18:0 and C20:4n6 were higher, but 
the share of C18:1n9, EPA (except sample from April), and DHA 
was lower in the PI (Table 7). The ∑PUFA/∑SFA ratio of PI was 
from 0.47 (April) to 1.04 (January) and AI ranged from 0.18 

Table 7. Fatty acid composition (% of total fatty acids) and nutritional indices of phosphatidylinositol of muscle of Chondrostoma regium collected in different seasons.

Fatty acid/Nutritional index July November January April

C14:0 1.90±0.06a 0.15±0.01c 1.05±0.04b 1.90±0.05a

C15:0 0.17±0.01b 0.06±0.01c 0.19±0.02b 0.24±0.01a

C16:0 22.54±1.08a 8.03±0.32c 15.37±0.68b 15.11±0.73b

C17:0 1.34±0.07a 0.65±0.03b 0.79±0.04b 1.08±0.04a

C18:0 31.62±1.31b 42.53±2.12a 27.07±1.27c 39.65±1.94a

∑SFA 57.57±2.77a 51.41±2.25ab 44.47±2.19b 57.98±2.80a

C16:1n7 4.40±0.22a 1.0±0.05c 2.30±0.09b 4.48±0.15a

C18:1n9 6.85±0.31b 8.51±0.45a 6.83±0.28b 9.97±0.40a

C20:1n9 0.45±0.02a 0.30±0.02a 0.15±0.01b 0.38±0.02a

∑MUFA 11.7±0.54b 9.81±0.37b 9.28±0.45b 14.83±0.67a

C18:2n6 0.89±0.04b 0.26±0.01c 0.76±0.03b 1.34±0.04a

C18:3n3 1.32±0.03a 1.65±0.07a 0.37±0.02b 0.50±0.03b

C20:2n6 0.12±0.01b 0.10±0.01b 0.25±0.02a 0.12±0.01b

C20:3n6 0.41±0.03c 2.15±0.10a 0.38±0.02c 0.63±0.04b

C20:4n6 5.16±0.18b 9.03±0.46a 9.61±0.39a 6.03±0.27b

C20:5n3 11.39±0.59b 15.87±0.68a 17.21±0.83a 9.26±0.48b

C22:5n3 3.36±0.11a 3.0±0.12a 3.72±0.17a 2.32±0.08b

C22:6n3 8.0±0.31b 6.61±0.30b 13.86±0.71a 6.93±0.26b

∑PUFA 30.65±1.45b 38.67±1.67ab 46.16±2.24a 27.13±1.23b

∑n3 24.07±1.14b 27.13±1.25b 35.16±1.60a 19.01±1.08c

∑n6 6.58±0.32b 11.54±0.55a 11.0±0.56a 8.12±0.48b

n3/n6 3.65±0.34a 2.35±1.20b 1.05±1.00c 2.34±0.49b

∑PUFA/∑SFA 0.53±0.04c 0.75±0.03b 1.04±0.04a 0.47±0.21c

AI 0.71±0.33a 0.18±0.26d 0.35±0.03c 0.54±0.01b

TI 0.66±0.03c 0.54±0.45b 0.37±0.32d 0.80±0.08a

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index; TI, thrombogenicity index.
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The contribution of C16:1n7 to total FAs of PS was the lowest 
in the sample from November (7.70% of total FAs) and the high-
est in that from April (14.11% of total FAs). Depending on 
the month of fishing, the ∑PUFA/∑SFA ratio ranged from 0.47 to 
1.40, AI varied from 0.39 to 0.70, and TI was found in the range 
of 0.24 to 0.57. Interestingly, levels of EPA and DHA were lower, 
while these of C16:1n7 and C18:1n9 were higher in the PS than 
in the PL (Table 4 and 8). In the study conducted with tuna 
(Thunnus obesus), bluefin (Thunnus thynnus), bonito (Sarda 
sarda), frigate (Auxis thazard), skipjack (Katsuwonus pelamis), 
and yellowfin (Thunnus albacares) fishes, PS was the subclass 
with the highest contribution of SFAs among PC, PE and PI 
subclasses [Medina et al., 1995].   

CONCLUSIONS
The findings demonstrated the high quality of lipids of C. regium 
because atherogenicity and thrombogenicity indices had low 
values, indicating no risk to human health. The C. regium muscle 
total lipid fraction was found to have a high n3/n6 ratio and con-
tain high levels of DHA and EPAs. The nutritional value of the fish 
species found in the Munzur River was high, as evidenced by 
the fact that this value was significantly greater than those of any 
other freshwater fish previously researched in Turkey.

The study results also showed that, in the reproductive period 
(January), the share of SFAs in total lipids increased and the share 
of MUFAs decreased compared to the other months. Season had 
an impact on the TAG, PL and PL subclass fatty acid (SFA, MUFA, 

Table 8. Fatty acid composition (% of total fatty acids) and nutritional indices of phosphatidylserine of muscle of Chondrostoma regium collected in different seasons.

Fatty acid/Nutritional index July November January April

C14:0 3.35±0.12b 2.12±0.08b 2.63±0.11b 4.60±0.25a

C15:0 1.22±0.05a 0.40±0.02b 0.23±0.01c 0.38±0.02c

C16:0 18.91±0.74b 20.74±0.92b 17.47±0.60b 24.08±1.22a

C17:0 2.53±0.10a 0.99±0.04b 1.80±0.05ab 1.13±0.05ab

C18:0 20.49±1.07a 7.5±0.35b 6.29±0.28b 9.19±0.42b

∑SFA 46.5±2.14a 31.75±1.72b 28.42±1.30b 39.38±2.02ab

C16:1n7 13.96±0.54a 7.70±0.37b 10.89±0.56ab 14.11±0.58a

C18:1n9 16.5±0.70b 15.62±0.63b 23.44±1.10a 24.5±1.05a

C20:1n9 0.43±0.02c 0.30±0.02c 0.64±0.04b 3.62±0.12a

∑MUFA 30.89±1.13b 23.62±1.18c 34.97±1.56b 42.23±2.14a

C18:2n6 1.96±0.04b 4.25±0.19a 3.40±0.15ab 2.58±0.10ab

C18:3n3 0.76±0.03b 1.30±0.05ab 1.19±0.05ab 2.36±0.10a

C20:2n6 0.67±0.03a 0.17±0.01b 0.55±0.03a 0.23±0.01b

C20:3n6 0.24±0.02b 0.70±0.03a 0.64±0.03a 0.21±0.01b

C20:4n6 1.77±0.06b 4.54±0.14a 4.04±0.20a 0.88±0.05b

C20:5n3 7.16±0.35b 10.66±0.54a 9.47±0.47a 5.23±0.30b

C22:5n3 2.96±0.17b 7.53±0.31a 5.37±0.28a 2.01±0.10b

C22:6n3 7.01±0.36b 15.4±0.73a 11.86±0.52ab 4.82±0.28c

∑PUFA 22.53±1.13b 44.55±2.10a 36.52±1.72ab 18.32±0.70b

∑n3 17.89±0.74b 34.89±1.55a 27.89±1.58ab 14.42±0.68b

∑n6 4.64±0.15b 9.66±0.55a 8.63±0.41a 3.90±0.13b

n3/n6 3.85±0.05a 3.61±0.08a 3.23±0.11a 3.69±0.67a

∑PUFA/∑SFA 0.48±0.04b 1.40±0.55a 1.29±0.40c 0.47±0.06b

AI 0.60±0.34b 0.43±0.05b 0.39±0.10c 0.70±0.07a

TI 0.57±0.05a 0.24±0.02b 0.24±0.01b 0.54±0.08a

Values reported are means ± standard deviation (n=3). Means followed by different letters in the same line are significantly different (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated 
fatty acids; PUFA, polyunsaturated fatty acids; AI, atherogenicity index; TI, thrombogenicity index.
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PUFA) levels as well. In summary, the fish of C. regium species are 
excellent sources of high quality, PUFA-rich lipids. As a result, it 
is stated that the consumption of C. regium is recommended 
for humans.
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Seasonal Variations in Baltic Sprat (Sprattus sprattus balticus) 
Chemical Composition and Their Impact on 

Smoked Sprat Quality
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This study aimed to evaluate the chemical composition of Baltic sprats throughout the fishing season (November-March) 
while examining the texture and color of smoked sprats produced after that. Smoked sprats were produced from fresh fish 
and fish from the same batches after one year of frozen storage and thawing. The protein content in raw sprats remained 
stable with lysine and leucine exhibiting the highest content among essential amino acids. The lipid content showed an 
inverse correlation with moisture content during fishing season. Throughout the fishing season, there was a notable reduc-
tion in fatty acid content, particularly in n3 fatty acids. The lowest values of atherogenicity and thrombogenicity indexes were 
recorded in the autumn sprats, while the hypocholesterolemic to hypercholesterolemic fatty acid ratio was the highest in this 
fish, indicating its higher nutritional value. The moisture content increased from 62.4 g/100 g in the fish from the autumn 
catch to 70.0 g/100 g in those from the spring; thereby, impacting the physical properties of smoked sprats such as texture, 
color, and pH. The observed decrease in hardness, as well as reduced redness and yellowness of smoked fish sourced from 
the spring catches was likely attributed to the higher moisture content. Smoked sprats produced from frozen sprats exhibited 
lower hardness and slightly darker color.
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ABBREVIATIONS
DL, drying loss; HH, hypocholesterolemic to hypercholesterolem-
ic fatty acid ratio; IA, index of atherogenicity; IT, index of throm-
bogenicity; MUFA, monounsaturated fatty acids; PUFA, polyun-
saturated fatty acids; SFA, saturated fatty acids; SL, smoking loss.

INTRODUCTION
Fish represents a vital source of nutrients essential for maintaining 
human health. Numerous scientific studies highlight the ben-
eficial impact of fish consumption on various aspects of human 
well-being, particularly in cardiovascular disease prevention 
[Milićević et al., 2022; Shalini et al., 2021]. Among the range of fish 

products, smoked fish holds a prominent position due to its 
traditional appeal and widespread popularity. The quality of raw 
sprats is the primary factor affecting the quality of the smoked 
product. However, it is well-established that the quality of fish, 
particularly within the fishing season, is subject to fluctuations 
influenced not only by the inherent quality of the raw material 
but also by factors such as the method of catch and storage con-
ditions preceding further processing [Sabu & Sasidharan, 2020].

Typically, in the Baltic Sea, the sprat fishing season starts 
in September or October and ends in April or May. Fish flesh 
quality parameters are influenced by seasonality, sex, age, size, 
skin properties, and geographical location, all contributing to 
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changes in its lipids and proteins [Abbas et al., 2008]. In the spring, 
the Baltic sprat lipid content is low, but in the autumn (October, 
November), it reaches its highest level. The lipid and moisture 
contents influence texture, while protein content remains stable 
throughout the fishing season, although amino acid composition 
varies [Usydus et al., 2012].

To ensure a year-round supply of raw material, sprats are 
frozen, but it is essential to maintain the stability of the nutri-
tional composition in fish during freezing and storage. Freezing 
is a preservation method that ensures longer shelf-life of fish but 
causes structural damage to muscle cells, leading to changes 
in meat quality. Before use, frozen fish needs to be thawed, 
which alters its sensory attributes and nutritional value [Trigo 
et al., 2018]. Proper thawing aims to minimize quality changes, 
but impacts texture, moisture loss, and microbiological activity 
[Yang et al., 2019]. The pH of fresh fish or thawed fish is close 
to neutral. Babikova et al. [2020] reported a positive correlation 
between pH, moisture content, and textural properties. The pH 
is also responsible for changes in fish color. The main physical 
changes which occur in fish upon processing are those observed 
in texture and color, which are the main factors influencing 
consumer acceptance [Abraha et al., 2018].

While extensive literature exists regarding Atlantic fish 
and their processing techniques [Dawson et al., 2018; Fernandes 
et al., 2024; Jiang et al., 2024], including smoking and quality en-
hancement methods [Güngören et al., 2023; Liu et al., 2023; Sutik-
no et al., 2019] and similar research on sardines and their practical 
applications [Scheuer et al., 2024; Serdaroglu et al., 2015], there is 
a dearth of data concerning Baltic sprats – a staple in many parts 
of Europe – and the seasonal variations in their quality. Sparse 
are also investigations on applying prior processing techniques 
to fresh and frozen fish for improvement of the production yield 
by mitigating smoking losses and minimizing drying in storage 
chambers while enhancing quality indicators such as texture, 
color, pH, sensory attributes, and microbiological safety.

In light of these gaps in knowledge, this study aimed to 
evaluate the chemical composition of Baltic sprats through-
out the fishing season, while examining the texture and color 
of smoked sprats produced thereafter. Smoked sprats were 
produced from fresh fish and fish from the same batches after 
one year of frozen storage and thawing.

MATERIALS AND METHODS
r Fish collection and processing
Fresh Baltic Sea sprats caught during the fishing season from 
November to March 2020 in the Baltic Sea FAO27, III.d.28.2 us-
ing a trawl were used in the present study. The fresh fish were 
transported to the producing company within 48 h, and the in-
ternal temperature of the fish was maintained at 2±2°C. The fish 
belonged to freshness category A and size category 1 for sprats 
described in Council Regulation (EC) No. 2406/96 [EC Regula-
tion, 1996]. Sprats were stored until processing in a container 
covered with ice (in a proportion of fish to ice of 1:3) at 2±2°C 
in a refrigerated room. Fish from the same batches were fro-
zen and packed in plastic bags, then placed inside cardboard 

boxes. To produce frozen sprats, fresh sprats were sorted by size 
and placed in polyethylene bags (with thickness not exceed-
ing 0.15 mm) in 10-kg portions. These bags were placed on 
horizontal frames and quickly frozen at temperatures between 
–35°C and –39°C for at least 3 to 5 h using a tunnel freezer with 
periodic operation. The frozen sprats were then stored for one 
year at –18±2°C with a relative humidity above 85%.

Frozen sprats, packaged in blocks within plastic bags, were 
thawed in a defrost chamber using water spray and hot water 
steam until their internal temperature reached 2±2°C, a pro-
cess took 1 to 2 h). Both fresh and frozen sprats were smoked 
in a batch-type hot smoking chamber (Reich Foodsystems, 
Urbach, Germany) using beech wood chips (with moisture be-
low 15%, wood chip size 5–8 mm). Three independent batches 
of 300–350 g were prepared per sample type. The main param-
eters for the hot smoking process were 35–40 min of drying 
at 45 to 60°C, 10–12 min of cooking at 60 to 75°C, 2–5 min 
of steaming at 75 to 77°C, 10–15 min of adding smoke at 77 
to 80°C and cooling to 10°C to facilitate cutting of heads or 
tails after smoking. All smoked fish samples were analyzed one 
day after smoking.

r Analysis of fresh sprats
Moisture analysis of sprats was conducted following the method 
of International Organization for Standardization [ISO 1442:1997]. 
Briefly, a 3-g homogenized sample of fresh sprat carcass (without 
the head, blended into a paste) was mixed with 9 g of pre-heated 
sand. The mixture was dried at 150°C for 60 min until a constant 
weight was reached. After drying, the sample was placed in a des-
iccator to cool and then weighed.

The sprat pH analysis was performed using a pH meter 
(Jenway 3520, EU). To measure pH, a 1-g homogenized fish 
sample was mixed with 9 g of distilled water and immediately 
tested for pH.

The protein content was determined in triplicate using 
the Kjeldahl method [ISO 5983-2:2009], with 2 g of the sample 
analyzed on a Kjeltec 2300 automatic analyzer (Foss Analytical, 
Höganäs, Sweden). The protein content of sprats (g/100 g) was 
calculated using a nitrogen conversion factor of 6.25.

The lipid content of the raw fish was measured in triplicate 
via Soxhlet extraction using an Soxtec Avanti 2050 instrument 
(Foss Analytical, Höganäs, Sweden) and petroleum ether, follow-
ing a standard procedure [ISO 1443:1973].

Amino acid and fatty acid profiles were analyzed in the ac-
credited laboratory J. S. Hamilton Sp. z.o.o. (Gdynia, Poland). All 
results were expressed as g/100 g of product. The fatty acid 
profile was determined using gas chromatography after fatty 
acid transmethylation under alkaline conditions according to 
standard procedures [ISO 12966-1:2015-01; ISO 12966-2:2017-05; 
ISO 12966-4:2015-07]. 

The ratio between the saturated fatty acids (SFA) and the un-
saturated fatty acids (UFA) was demonstrated by the index of ath-
erogenicity (IA). This index was initially established in 1991 by 
Ulbricht & Southgate [1991], and can be calculated from Equa-
tion (1):
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IA = 
4 × C14:0 + C16:0

MUFA + PUFAn6 + PUFAn3
 (1)

where: MUFA means the sum of monounsaturated fatty acids, 
PUFAn6 is the sum of n6 polyunsaturated fatty acids and PUFAn3 
is the sum of n3 polyunsaturated fatty acids. 

The index of thrombogenicity (IT) represents the ratio be-
tween pro-thrombogenic (SFA) and anti-thrombogenic fatty 
acids (MUFA, PUFAn6, and PUFAn3), and was calculated using 
Equation (2):

IT = 
C14:0 + C16:0 + C18:0

0.5 × MUFA + 0.5 × PUFAn6 + 3 × PUFAn3 + PUFAn3
PUFAn6

 (2)

The hypocholesterolemic to hypercholesterolemic fatty acid 
ratio (HH index), as detailed in the study by Chen & Liu [2020], 
interprets the dynamics of cholesterol metabolism and was 
calculated using Equation (3):

HH = +
C18:1n9 + C18:2n6 + C18:3n3

C20:5n3 + C22:5n3 + C22:6n3

C14:0 + C16:0

C14:0 + C16:0

 (3)

Proteinogenic amino acid profile was analyzed as outlined 
in [PB-53/HPLC ed. II of 30.12.2008], where aspartic acid was 
the sum of asparagine, aspartic acid and its salts; glutamic acid 
was the sum of glutamine, glutamic acid and its salts; cysteine 
was the sum of cystine and cysteine.

r Analysis of smoked sprats
Moisture content and pH of smoked sprats were evaluated ac-
cording to the same methods as applied to fresh sprats.

The smoking losses (SL) were calculated using weight (W) 
in g before and after smoking, as shown in Equation (4):

SL (%) = × 100
Wbefore smoking − Wafter smoking

Wbefore pretreatment
 (4)

The drying losses (DL) are observed during smoked sprat 
cooling and storage. Therefore, for the study purposes, fish after 
smoking was stored in perforated plastic boxes at 2±1°C for cool-
ing. The DL was determined 24 h after smoking and calculated 
according to the Equation (5):

DL (%) = × 100
Wbefore storage − Wafter storage

Wbefore storage
 (5)

The texture analysis was conducted using a Texture Analyzer 
TX. HD Plus, equipped with the Warner-Bratzler knife blade set 
(Stable Microsystems, Godalming, UK). Before analysis, each 
smoked fish specimen was cut to remove the bone, resulting 
in two separate pieces of smoked sprat fillet. The width of each 
fillet was measured before cutting and entered into the software. 
Subsequently, each fillet was placed longitudinally on the slot-
ted platform of the texture analyzer. The blade was then set to 
move at a speed of 2 mm/s for a distance of 10 mm. This process 

yielded the cutting strength (measured in N/mm), indicating 
the firmness of the fish. Seven measurements were performed 
for each sample.

The color assessment was conducted using a ColorTec-
PCM color meter (Accuracy Microsensors Inc., Vernon Hills, IL, 
USA) equipped with Color Tec-Color Soft QCW software. Color 
measurements were taken on the surface of 5 to 7 smoked fish 
specimens, with no more than two different locations measured 
on each fish side. A total of 10 measurements were obtained, 
capturing variations across the samples. In the CIEL*a*b* system, 
the value L* represents lightness on a scale from 0 to 100, rang-
ing from black to white, while the value a* indicates redness 
(+) or greenness (–), and the value b* reflects yellowness (+) or 
blueness (–).

r Statistical analysis
Samples underwent triplicate testing, except for color and tex-
tural parameters, which were analyzed with at least 7 repetitions. 
Means and standard deviations were calculated using MS Office 
Excel 2016 (Microsoft, Redmond, WA, USA) software. Analysis 
of variance (ANOVA) and t-tests were conducted using XLSTAT 
2020 (Addinsoft, New York, USA). Comparisons were made at 
a significance level of p≤0.05. To investigate the relationship be-
tween chemical compositions and fishing periods, correspond-
ence analysis (CA) was employed. Differences in categorical 
variables were analyzed using the t-test (p≤0.05).

RESULTS AND DISCUSSION
r Composition of fresh Baltic sprats depending on 

the season
The nutritional composition of sprats varied significantly across 
individual periods of the fishing season (Table 1). This study 
revealed a high moisture content in the sprats caught during 
the spring, which was consistent with findings from other stud-
ies [Timberg et al., 2011; Usydus et al., 2012], while the highest 
lipid content was found in the sprats from the autumn catch 
when the moisture content was the lowest. Results showed that 
the protein content remained stable throughout the season. Ac-
cording to Rasul et al. [2021] the variations in fish composition are 
influenced by environmental factors such as water temperature, 
pH, salinity, and food availability during the season. The moisture 
content varies due to osmoregulation during the migration 
process. Regarding lipids, it is known that fish utilize those as 
an energy source during certain periods. Additionally, changes 
in fish composition are also affected by factors such as fish spe-
cies, age, size, sex, habitat, and breeding season [Chen & Liu, 
2020; Jiang et al., 2024; Usydus et al., 2012].

Sprats were recognized as a source of proteins with valu-
able amino acid profile. The highest contents among essential 
amino acids were found for lysine and leucine (Table 2). During 
the fishing seasons, noteworthy changes occurred in content 
of histidine, which decreased from 0.47 g/100 g in the autumn to 
0.34 g/100 g in the spring. The highest contents were observed 
for non-essential amino acids such as aspartic acid and glutamic 
acid, which is consistent with the findings reported by Vázquez 
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et al. [2023]. Sprats contain a significant amount of red muscle, 
which correlates with a higher content of free amino acids [Bo-
din et al., 2022]. This is influenced by pH, which in fresh sprats 
is higher in the winter, resulting in reduced decarboxylation 
of certain amino acids [Jääskeläinen et al., 2023].

Throughout the fishing season, there was a notable reduc-
tion in fatty acid content, particularly in n3 fatty acids, which 
exhibited a threefold decrease (Table 3, Table S1 in Supplemen-
tary Materials). Specifically, total n3 fatty acids decreased from 
6.3 g/100 g in the autumn to 1.9 g/100 g in the spring. As high-
lighted by Merdzhanova et al. [2018], sprats, being oily fish, are 
naturally rich in n3 fatty acids. The highest levels of n3 fatty acids 
were determined in the sprats caught in the autumn, indicating 
their elevated nutritional value during this period. This seasonal 
variation can be attributed to the weakening of protein-lipid 
linkages and reduction in lipid autoxidation as season progresses, 
as suggested by Beltrán & Moral [1991]. 

The primary fatty acids in sprats predominantly consist 
of n3 fatty acids, a finding consistent with previous research 
[Scheuer et al., 2024]. In autumn, the fatty acid composition 

follows the pattern PUFA > MUFA >SFA. By spring, this pat-
tern shifts, with MUFA becoming dominant followed by SFA 
and PUFA. This seasonal variation differed from the findings 
reported by Merdzhanova et al. [2018], but may be explained 
by changes in the sprat diet during spring, particularly a lower 
intake of lipids and a higher MUFA content. This suggests a re-
duced presence of cold-water copepods, which are typically 
part of the sprat diet in colder months. The seasonal changes 
in fatty acid composition were further confirmed by Jiang et 
al. [2024], reinforcing the idea that diet and environmental 
factors significantly influence the nutritional profile of sprats 
throughout the fishing season.

The plot diagram (Figure 1) illustrating the association be-
tween the analyzed periods of the fishing season and chemical 
composition shows that 97.87% of the variability was attributed 
to factor 1 (F1), while 2.13% was attributed to factor 2 (F2). 
Moisture and n3 fatty acid contents were the most important 
contributors to F1, each with a contribution of 0.252. In turn, 
protein content was the most significant contributor to F2, with 
a contribution of 0.522. The correspondence analysis indicates 

Table 1. Fresh sprat composition across the fishing season.

Variable Autumn Winter Spring

Protein content (g/100 g) 16.4±1.3a 14.9±1.2a 16.8±1.3a

Lipid content (g/100 g) 19.2±1.7a 12.9±1.1b 12.1±1.1b

Moisture (g/100 g) 62.4±1.2b 69.2±1.2a 70.0±1.2a

Average value (n=3) ± standard deviation. Different letters in the same row show significant differences at p≤0.05 (t-test).

Table 2. Amino acid content of sprats across the fishing season (g/100 g of product).

Amino acids Autumn Winter Spring

Non-essential amino acids

Arginine (Arg) 0.86±0.14a 0.92±0.15a 0.86±0.14a

Aspartic acid (Asp) 1.36±0.22a 1.16±0.19a 1.14±0.18a

Cysteine (Cys) 0.11±0.02a 0.10±0.02b 0.10±0.02b

Glutamic acid (Glu) 2.02±0.32a 2.13±0.34a 1.98±0.32a

Glycine (Gly) 0.73±0.12a 0.76±0.12a 0.74±0.12a

Serine (Ser) 0.57±0.09a 0.57±0.06a 0.56±0.09a

Essential amino acids

Histidine (His) 0.47±0.08a 0.38±0.06b 0.34±0.05b

Isoleucine (Ile) 0.58±0.09a 0.59±0.09a 0.58±0.09a

Leucine (Leu) 1.07±0.17a 1.14±0.17a 1.11±0.18a

Lysine (Lys) 1.25±0.20a 1.25±0.21a 1.24±0.20a

Methionine (Met) 0.44±0.07a 0.46±0.08a 0.46±0.07a

Phenylalanine (Phe) 0.57±0.09a 0.58±0.09a 0.58±0.09a

Threonine (Thr) 0.65±0.10a 0.67±0.11a 0.64±0.10a

Average value (n=3) ± standard deviation. Different letters in a row show significant differences at p≤0.05 (t-test).
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with a reduced risk of cardiovascular problems due to reduced 
proportion of saturated fatty acids, which may increase the risk 
of clot formation. Łuczyńska et al. [2017] determined its values at 
0.70 for herring and 0.31 for carp, with a range of 0.14 to 0.87 for 
most fish species. Furthermore, the HH index, which character-
izes cholesterol metabolism, fluctuated throughout the fishing 
season (Table 4). Its higher value indicates a lipid profile that is 
more beneficial for lowering cholesterol levels, thus promoting 
better cardiovascular health.

The lowest values of atherogenicity and thrombogenicity 
indices were recorded in the autumn sprats, while the HH 
index was the highest in this season, indicating a higher nu-
tritional value of the sprats. According to Chen & Liu [2020], 
IA and IT are the most commonly used to assess the composi-
tion of fatty acids. However, while these indices can be useful 
for comparing foods, no specific recommended values have 
been developed.

a linear relationship between moisture and lipid contents. Winter 
and spring fish were more similar in their chemical composition 
profiles, whereas the autumn fish showed more pronounced 
differences.

The nutritional value of fish is often assessed based on 
the PUFA/SFA ratio, which demonstrates the balance between 
polyunsaturated and saturated fatty acids. For sprats, this ratio 
ranged from 1.42 to 0.95 towards the end of the fishing season, 
while for other fish species, it varies from 0.5 to 1.62 [Chen & 
Liu, 2020]. The IA, which indicates the relationship between 
saturated and unsaturated fatty acids, increased from 0.43 to 
0.66 during the whole fishing season (Table 4). Its lower value 
suggests a healthier lipid profile, implicated in a reduced risk 
of heart disease development. In turn, the IT of the sprats ranged 
from 0.14 to 0.21. This index, reflects the ratio between saturated 
fatty acids and the combined amount of monounsaturated 
fatty acids, n6, and n3 fatty acids. Lower IT values are associated 

Table 3. Fatty acid groups in sprats across the fishing season (g/100 g of product).

Variable Autumn Winter Spring

Total saturated fatty acids (SFA) 4.9±0.6a 3.2±0.4b 2.3±0.3c

Total monounsaturated fatty acids (MUFA) 6.6±0.9a 4.6±0.6b 3.6±0.5c

Total polyunsaturated fatty acids (PUFA) 7.0±0.9a 3.6±0.5b 2.2±0.3c

Total n3 fatty acids 6.3±0.8a 3.1±0.4b 1.9±0.2c

Total n6 fatty acids 0.7±0.1a 0.4±0.1b 0.3±0.1b

Total n9 fatty acids 4.9±0.6a 3.5±0.5b 2.8±0.4c

Average value (n=3) ± standard deviation. Different letters in a row show significant differences at p≤0.05 (t-test).
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Figure 1. Correspondence analysis (CA) plot using chemical compositions and periods across the fishing season, including autumn (1), winter (2), and spring (3). 
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r Physiochemical characteristics of smoked sprats
Similar to fresh fish, the significantly higher moisture content 
was determined in smoked sprats produced from the fish 
caught during the spring season and the highest lipid con-
tent in those from the autumn catch fish, when the moisture 
content was the lowest (Table 5). However, smoked sprats 
produced from frozen fish did not exhibit the same pattern. 
Reduced moisture content was observed in the smoked sprats 
produced from frozen winter and especially frozen spring fish 
compared to those produced from fresh fish. This difference 
may be related to the higher moisture content and distinctive 
water distribution patterns in raw fish tissue [Loje et al., 2007], 
coupled with increased tissue damage induced by ice crystals 
[Martinez et al., 2012; Ruiz-Alonso et al., 2021]. Our study results 
indicate that a higher moisture loss occurred during freezing, 
subsequent frozen storage, and thawing in the sprat samples 
with a higher initial moisture content. This resulted in lower 
smoking and drying losses in these samples compared to their 
fresh counterparts (Table 5).

The pH of sprats was affected by both frozen storage 
and smoking. Following one year of frozen storage, a decrease 
in pH was noted, with the most significant decline observed 
in the sprats caught in the spring season (Table 5). Conversely, 
smoking led to an increase in the pH of the sprats compared to 
that of raw fish. The impact of analyzed periods of the fishing 
season was evident in the moisture content of the smoked fish, 
as well as in smoking and drying losses. In production, smok-
ing losses typically range from 35% to 50%. The results below 
30% are considered excellent, while losses exceeding 50% are 
deemed unacceptable.

The color values L*, a*, and b* determined for the smoked 
sprats changed throughout the fishing season, indicating differ-
ences in the product made from fresh or frozen fish (Figure 2). 
When comparing smoked sprats produced from fresh vs. frozen 
sources, distinct differences in redness (a*) and yellowness 
(b*) were evident. The color of the fish changes during heat 
treatment, primarily influenced by the non-enzymatic Mail-
lard reaction [Liu et al., 2022]. During heat treatment, protein 
reduces the porosity in the product’s structure and increases 
opacity, thereby enhancing light reflection. It is well known that 
opacity increases when myosin and actin denature [Valentim 
et al., 2024]. Smoking significantly decreases lightness and in-
creases yellowness but has less impact on redness [Astruc et al., 
2022]. The yellowness and redness were observed to be lower 
in smoked spring fish, likely due to the lower lipid content 
in raw fish, which may correlate with a reduced concentration 
of fat-soluble pigments [Nie et al., 2011]. Significantly lower 
redness was also found for Atlantic mackerel when comparing 
fresh and frozen fillets [Fernandes et al., 2024]. When compar-
ing fresh and frozen sprats, the color changes as the sprats 
are frozen and during storage, pigments from fish surface are 
released from tissues and begin oxidation, causing the sprat 
tissue to darken and fade.

The smoked sprats produced from fresh sprats caught 
in the autumn exhibited higher hardness, measuring 0.99 N/mm, 
in contrast to those produced from fresh spring catch fish, 
for which 0.49 N/mm was recorded (Figure 3). Throughout 
the fishing season, texture parameters decreased by at least 
two times. Likewise, smoked sprats manufactured from frozen 
sprats demonstrated a decrease in hardness across the seasons. 

Table 4. Nutritional indices of sprats across the fishing season.

Index Autumn Winter Spring

Index of atherogenicity (IA) 0.43±0.04b 0.48±0.03b 0.66±0.03a

Index of thrombogenicity (IT) 0.14±0.04c 0.15±0.02b 0.21±0.02a

Hypocholesterolemic to hypercholesterolemic fatty acid 
ratio (HH)

2.52±0.02a 2.44±0.02b 2.50±0.02a

Average value (n=3) ± standard deviation. Different letters in a row show significant differences at p≤0.05 (t-test).

Table 5. The pH of raw sprats and physicochemical characteristics of smoked sprats across the fishing season.

Variable
Autumn Winter Spring

Fresh Frozen Fresh Frozen Fresh Frozen

pH of raw sprats 6.70±0.02b 6.24±0.02c 6.98±0.02a 6.50±0.03bc 6.93±0.06a 6.15±0.01c

pH of smoked sprats 7.01±0.01a 6.48±0.07b 7.06±0.05a 6.70±0.17b 7.12±0.02a 6.52±0.08b

Moisture of smoked sprats (g/100 g) 62.4±0.01c 62.5±0.05c 65.0±0.03b 61.6±0.05d 67.50±0.03a 62.20±0.02c

Smoking losses (%) 29.57±0.06a 22.30±0.03c 25.90±0.04b 17.30±0.03d 22.10±0.02c 17.30±0.04d

Drying losses (%) 1.60±0.06a 1.04±0.10c 1.55±0.13a 1.19±0.04c 1.77±0.03a 1.44±0.05b

Average value (n=3) ± standard deviation. Different letters in a row show significant differences at p≤0.05 (t-test).
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At the beginning of the fishing season, the hardness was at 
0.77 N/mm, whereas by the fishing season’s end, it decreased 
to 0.36 N/mm.

Our study results suggest that smoked sprats produced from 
the fresh autumn fish exhibited the highest texture values. Tex-
ture characteristics may be related to moisture and lipid content; 
as excessive lipid content can lead to decreased muscle strength 
[Jiang et al., 2024]. Changes in hardness can result from muscle 
shear resistance, protein extraction capacity, solubility, and vis-
cosity changes during frozen storage [Xie et al., 2023]. Conversely, 
the reduced hardness observed in smoked sprats manufactured 
from the spring catch may be attributed to the higher moisture 
content in raw sprats. This increase in moisture could lead to 
a decrease in water-holding capacity due to protein denaturation 
and aggregation caused by ice crystals [Martinez et al., 2010]. To 
address this issue, various strategies can be employed to improve 
the water-holding capacity, such as salting and brining before 
smoking, which should be further investigated.

CONCLUSIONS
Baltic sprats are nutrient-rich fish, consistently high in protein 
throughout the fishing season. However, their lipid content 
undergoes significant changes over the season, significantly 
decreasing from autumn to spring. Autumn-caught sprats 

showed the highest n3 levels and the most favorable lipid pro-
file, suggesting greater nutritional value during this period. In 
spring, the moisture content increased, which affected the physi-
cal characteristics of smoked sprats, including texture, color, 
and pH. The reduced hardness, along with reduced redness 
and yellowness in smoked sprats produced from the fish caught 
in the spring was likely a result of the increased moisture con-
tent. To ensure consistent quality in smoked sprats year-round, 
future research should focus on strategies to enhance the quality 
of spring catches.
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Figure 2. Color values determined for smoked sprats produced from fresh or frozen sprats: (A) lightness value, L*; (B) redness value, a*; (C) yellowness value, b*.  
Bars show average value (n=7). Error bars represent standard deviation. Different letters above/below bars show significant differences p≤0.05 (t-test).

Figure 3. Texture of smoked sprats produced from fresh or frozen sprats.  
Bars show average value (n=10). Error bars represent standard deviation. Different letters above bars show significant differences at  p≤0.05 (t-test).
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The hemp industry uses traditional drying methods based on ambient temperature. However, these methods do not guarantee 
a high-quality dried product due to the possibility of mold growth. The present study aimed to evaluate the effect of the drying 
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INTRODUCTION
Cannabis sativa L. var. sativa is one of the oldest cultivated plants 
in the world, while cannabinoids are one of the most essential 
bioactive substances of its plants [Kanabus et al., 2021]. The most 
common cannabinoids include Δ9-tetrahydrocannabinol 
(Δ9-THC), cannabidiol (CBD), cannabigerol (CBG), and their acid 
forms [Aizpurua-Olaizola et al., 2014; Pellati et al., 2018], and can 
be found in both the inflorescences and the leaves [Knezevic et 
al., 2021], i.e., the parts of the plant where epidermal outgrowths 
called glandular trichomes are formed, which serve for the bio-
synthesis and storage of these compounds [Xie et al., 2023]. In 
contrast, they are found in trace amounts in the seeds [Kanabus 
et al., 2021]. The interest in hemp seeds as food to date has been 
mainly due to their high contents of protein (>20 g/100 g) 

and essential amino acids, and their unique and ideally balanced 
fatty acid composition (25–35 g/100 g) [Farinon et al., 2020]. 
A potential benefit from consuming both the inflorescences 
and leaves of the C. sativa plant is the delivery of the canna-
binoids to the body. When supplied to the body in adequate 
doses, cannabinoids exhibit many positive actions to support 
its functioning. The most important effects are analgesic, sed-
ative, anti-anxiety, and anticonvulsant ones [Baker et al., 2003]. 
One of the more interesting suggestions for the possible use 
of the dried extracts from this plant is to apply it as an ingredient 
in herbal teas or to add it to cakes or dairy products [Das et al., 
2022; Kanabus et al., 2021]. However, due to very high psycho-
active activity of cannabinoids, it was necessary to regulate 
their content in food, including in particular their most active 
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representative, i.e., total Δ9-THC, the maximum content of which 
in the dry matter of the plant has been set below 0.3% according 
the European Union (EU) Commission Regulation No. 2023/915 
[Regulation EU 2023/915]. 

The cannabinoid content depends not only on the part 
of the plant, but also on its chemotypes, development stage 
[Aizpurua-Olaizola et al., 2016; Ubeed et al., 2022], growth con-
ditions (temperature, fertilization, humidity) [Park et al., 2022], 
and post-harvest treatments such as drying [Das et al., 2022]. 
Bioactive compounds are usually degraded during processing 
at elevated temperatures. It is known that acidic cannabinoids 
are decarboxylated by heating (even at ≥30°C) [Meija et al., 
2022; Wang et al., 2016] or by the action of enzymes (e.g., CBDA 
synthase) in the plant to produce CBDA from CBGA [Kanabus 
et al., 2021]. However, there is little information on changes 
in the cannabinoid profile under the influence of the drying 
process. Determining the thermal stability of cannabinoids is im-
portant for handling plants and selecting the method of drying 
or processing of C. sativa plant parts for food production [Meija 
et al., 2022]. Fresh fiber hemp is usually harvested at a high initial 
moisture content (MC) (usually 80 g/100 g) and should be dried 
to a safe MC value (10 g/100 g) to prevent the development 
of harmful microflora [Kwaśnica et al., 2020]. The most common 
drying method is drying on hangers or trays. This process takes 
place at 15–20°C and lasts between 3 and 10 days. The structure 
of the hemp plant restricts airflow near the inflorescences, which 
can result in mold growth. 

The drying of agricultural products is a complex process 
that involves heat and mass exchange phenomena, and can 
cause physical, chemical, and biochemical modifications [Addo 
et al., 2023; Kwaśnica et al., 2020]. Both traditional drying (with 
or without light at ambient temperature) and hot air-drying are 
widely used for various plant materials. The heat and moisture 
exchange rate during the hot air-drying is significantly better 
than natural air-drying due to forced air convection [Chen et al., 
2021]. Convective drying at 40–60°C usually does not adversely 
affect the quality of the dried material. Still, the long drying time 
of this process does not guarantee the high quality of the dried 
plant material [Esfandi et al., 2024]. Freeze-drying is one of the lat-
est methods used to dry plant material. It involves dehydration 
by sublimation and surface desorption of the frozen product. 
Freeze-dried products retain nutrients, bioactivity, and color 
compared to traditionally-dried products [Addo et al., 2023; Kiani 
et al., 2018]. By operating at low temperatures, freeze-drying 
potentially reduces the loss of bioactive compounds, thereby en-
suring a higher-quality of the dried products [Challa et al., 2021]. 

The objective of the present study was to compare the profiles 
of cannabinoids of C. sativa var. sativa dried using different meth-
ods, including freeze-drying; drying at 20°C for 10 days; and con-
vective drying at 50, 60, and 70°C to obtain MC of 10±1 g/100 g. 

MATERIALS AND METHODS
r Chemicals and reagents
The certified reference materials (CRMs) including canna-
bidiol (CBD), cannabidiolic acid (CBDA), cannabigerol (CBG), 

cannabichromene (CBC), cannabinol (CBN), cannabinolic acid 
(CBNA), cannabidivarinic acid (CBDVA), cannabicyclol (CBL), 
and cannabicyclic acid (CBLA) were purchased as solutions at 
the concentration of 1.0 mg/mL in methanol (MeOH) or ace-
tonitrile (ACN) from Restek GmbH (Bad Homburg, Germany). 
Cannabigerolic acid (CBGA), cannabichromenic acid (CBCA), 
Δ9-tetrahydrocannabinol (Δ9-THC), Δ8-tetrahydrocannabinol 
(Δ8-THC), Δ9-tetrahydrocannabinolic acid A (Δ9-THCA-A), Δ9-tetra-
hydrocannabivarinic acid (Δ9-THCVA), and cannabidivarin (CBDV) 
were provided by LGC Standards (Teddington, UK). The solution 
of Δ9-tetrahydrocannabivarin (Δ9-THCV) in MeOH (1.0 mg/mL) 
was obtained from Cerilliant Corporation (Round Rock, TX, USA). 
The CRMs had a certified purity value of >98.00%. Quality control 
material (QCM) HEMP-1 in ground hemp form (National Research 
Council Canada) was used for validation. Solvents of purity for 
liquid chromatography-mass spectrometry (LC-MS) analysis 
of water, ACN, and MeOH were purchased from Witko (Łódź, 
Poland), whereas HCOOH and HCO2NH4 (LC-MS grade) were 
purchased from Sigma Aldrich (St. Louis, MO, USA). 

r Plant material
The Cannabis sativa L. var. sativa ‘Białobrzeskie’ plants were 
selected for analysis. This variety has a documented history 
of human consumption and has been used for years for CBD 
extraction. Plants were obtained from the Institute of Natural 
Fibres and Herbaceous Plants in Poznań, located in Pętkowo, 
Poland (52°12’32’’N 17°15’17’’E). They were harvested at the peak 
of flowering, specifically between twenty days after the start 
of flowering and ten days after the end of flowering [Regulation 
EU 2017/1155]. After harvesting, the plants were divided accord-
ing to the size of the inflorescences (small (<10 cm), medium 
(10–20 cm), and large (>20 cm)). Then, the inflorescences (S, 
M and B groups, respectively) and leaves (L) were collected, 
and the remaining plant parts (roots and stems) were removed. 
The samples were then frozen and stored at −60°C. 

r Drying methods 
The drying conditions were chosen based on the usual condi-
tions for this plant material type and the literature [Kwaśnica et al., 
2020; Thamkaew et al., 2021]. Each time, the drying process was 
carried out to achieve MC of approximately 10±1 g/100 g. The dry-
ing of the samples was carried out in triplicate, and the sample 
weight was 50±0.2 g each time. The traditional drying of fresh 
plant material was carried out on thin blotting paper in a ven-
tilated room without light, with low air humidity (52±2%) [Das 
et al., 2022]. The ambient temperature in the room was 20±2°C. 
The moisture content of the samples was checked every 24 h 
during 10 days. The freeze-drying of frozen samples (−60°C) 
was performed at 25°C for 24 h in the Alpha 1-4 LSC plus lyo-
philizer unit (Martin Christ Gefriertrocknungsanlagen GmbH, 
Osterode am Harz, Germany). A KBC G-100/250 laboratory dryer 
(Warsaw, Poland) with natural air circulation was used to carry 
out convective drying at 50, 60, and 70°C, and the temperature 
was checked each time for uniform process conditions. Sample 
weights were recorded every 1 h for the first 12 h. After obtaining 
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MC of 10 g/100 g, all dried samples were ground into a fine pow-
der using a Grindomix GM200 grinder (Retsch, Haan, Germany) 
and stored until analyzed. 

r Preparation of extracts
Samples of both fresh and dried hemp material (0.1 g) were 
extracted using MeOH (fresh material – 5 mL, dried material 
– 2×10 mL) at 25±1°C for 2 min. Mixtures of solids in solvent 
were homogenized (2 min, 5000 rpm) using a Unidrive X 1000 
homogenizer (CAT Scientific Inc., Paso Robles, CA, USA) and then 
centrifuged (2 min; 10,000×g) using an MPW-380R centrifuge 
(MPW Med. Instruments, Warsaw, Poland). Sample preparation 
procedure was described in detail in our previous publica-
tion [Kanabus et al., 2023]. The extracts were filtered through 
a 0.22 µm (13 mm filter diameter) syringe filter (LLG Labware, 
Meckenheim, Germany) and directly subjected to cannabinoid 
analysis. 

r Determination of cannabinoids
Identification and quantification of the cannabinoids were per-
formed using an ultra-high-performance liquid chromatography-
Q-Exactive Orbitrap mass spectrometry setup operating with 
a heated electrospray interface (UHPLC-HESI-MS) (Thermo Fisher 
Scientific, Waltham, MA, USA). Chromatographic separation was 
performed using a 2.1×100 mm, C18 Cortecs, 1.6 µm column 
(Waters, Milford, MA, USA). The mobile phase used in the isocratic 
mode (0.3 mL/min, 10 min) was a mixture of ACN and an aque-
ous 0.02% HCOOH and 5 mM HCO2NH4 solution (75:25, v/v). 
Chromatographic and spectral data and spectrometer opera-
tion parameters were described in detail in our previous work 
[Kanabus et al., 2023]. 

Standard solutions of all 17 cannabinoids with the con-
centration of 100 μg/mL were prepared by dissolving 1.0 mL 
of the compound reference standard in ACN or MeOH using 
10-mL volumetric flasks separately. This step was repeated as it 
was necessary to prepare higher dilutions for most compounds 
except CBD and CBDA. All solutions were stored at −80°C. Cal-
ibration curves in the relevant ranges for the compound were 
generated using Thermo TraceFinderTM software, version 5.1 
(Thermo Fisher Scientific, Pleasanton, CA, USA).

Validation of the method was described in detail in our pre-
vious publication [Kanabus et al., 2023]. To confirm and maintain 
the method’s validity, a Certified Reference Material (HEMP-1) 
analysis was performed for each series of cannabinoid analy-
ses (unpublished data). The recoveries achieved were within 
the 80–120% target range and fulfilled the guidelines included 
in ICH 2005 and AOAC 2002 [Kanabus et al., 2023].

The cannabinoid content was determined using a WPS 30S 
balance dryer (Radwag, Radom, Poland), and respective results 
were expressed on a dry matter basis (mg/g DM). In addition, 
total Δ9-THC content was calculated Δ9-THC and Δ9-THCA-A 
following Equation (1) [Regulation EU 2023/915]:  

Total Δ9-THC = Δ9-THC + (0.877 × Δ9-THCA-A)    (1)

r Statistical analysis
Data were analyzed statistically using Statistica 13 software 
(Statsoft, Carlsbad, CA, USA). A one-way analysis of variance 
(one-way ANOVA) was used to determine significant differ-
ences (p<0.01) between the mean contents of individual can-
nabinoids and their sum in the fresh plant material and dried 
using different methods. The homogeneity of the groups was 
determined using the Tukey’s honestly significant difference 
(HSD) test. 

RESULTS AND DISCUSSION
This study discusses the effect of selected drying methods on 
the stability of 17 cannabinoids (listed in M&M - Chemicals 
and reagents) found in the Cannabis sativa L. var. sativa ‘Biało-
brzeskie’ plant. The chromatographic and spectral data used to 
identify these compounds were presented in our previous study 
[Kanabus et al., 2023]. The conditions of the drying methods 
and the time required to obtain the MC of the samples at the level 
of 10 g/100 g are presented in the Supplementary Materials 
(Table S1). The contents of individual cannabinoids and their 
sums in fresh inflorescences and leaves, and after their drying 
by the chosen methods are presented in Table 1 and Figures 
1–4. The paper also presents results of determinations of the to-
tal Δ9-THC content, which was designed to represent the sum 
of Δ9-THC and Δ9-THCA-A equivalents in a given product [Reg-
ulation EU 2023/915]. 

r Effect of drying method on total cannabinoid content
The total cannabinoid content determined in the fresh mate-
rial ranged from 4.516 mg/g DM (leaves) to 11.386 mg/g DM 
(medium inflorescences) (Table 1). Freeze-drying and convec-
tive drying at low temperature (50°C) allowed the preservation 
of the total content of cannabinoids except for the medium-sized 
inflorescences. In contrast, inflorescences dried at 60 and 70°C 
contained less (p<0.01) total cannabinoids than the fresh mate-
rial. In general, the higher the drying temperature was, the lower 
was the content of the total cannabinoids in inflorescences. For 
leaves, a significantly (p<0.01) lower total cannabinoid content 
was determined in the samples dried via all methods compared 
to that in the fresh material. Among dried leaves, those obtained 
by convective drying (50°C and 70°C) had the highest content 
of total cannabinoids (3.062–3.418 mg/g DM). Compared to 
the fresh material, the cannabinoid content of leaves dried by 
traditional drying and freeze-drying decreased around 1.8-fold. 
The differences in the total cannabinoid content of materials 
obtained by different methods may result from the different 
thermal stability of individual cannabinoids and from possible 
conversions between them, primarily non-enzymatic decar-
boxylation of acidic cannabinoids to their neutral forms and iso-
meric forms occurring under the influence of heating and aging 
[García-Valverde et al., 2022; Grafström et al., 2016; Meija et al., 
2022; Wang et al., 2016]. The effects of each drying method used 
in our study on individual cannabinoid contents were described 
below in separate subsections concerning drying at ambient 
temperature, freeze-drying, and convective drying.
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Table 1. Cannabinoid content (mg/g dry matter) of fresh Cannabis sativa L. var. sativa small (S), medium (M) and large (B) inflorescences and leaves (L) and after 
their drying by selected methods.

Cannabinoid Part of plant Fresh material Traditional 
drying Freeze-drying

Convective drying

50°C 60°C 70°C

CBC

S 0.168±0.010fA 1.444±0.150aA 0.565±0.020bA 0.431±0.030dB 0.538±0.038bcA 0.208±0.010eC

M 0.125±0.006fB 1.154±0.048aB 0.471±0.022cB 0.850±0.059bA 0.424±0.029dC 0.301±0.048eAB

B 0.104±0.013fC 1.470±0.039aA 0.291±0.001eC 0.422±0.030cC 0.535±0.010bB 0.366±0.054dA

L 0.003±0.001eD 0.066±0.003cC 0.020±0.005dD 0.141±0.003bD 0.167±0.012aD 0.175±0.004aD

CBDV

S 0.001±0.001eA 0.125±0.014aB 0.020±0.001dA 0.068±0.005bA 0.041±0.003cA 0.063±0.004bA

M 0.001±0.001eA 0.150±0.009aA 0.018±0.008dA 0.052±0.004bB 0.027±0.002cB 0.029±0.004cB

B 0.001±0.001eA 0.125±0.011aB 0.009±0.002cdB 0.009±0.006cdD 0.023±0.002bC 0.007±0.002dC

L 0.001±0.001fA 0.008±0.002dC 0.003±0.001eC 0.015±0.002cC 0.022±0.002abC 0.029±0.007aB

CBG

S 0.025±0.007eB 1.040±0.026aA 0.280±0.015bA 0.107±0.008dA 0.195±0.014cA 0.201±0.023cA

M 0.040±0.001eA 0.627±0.045aC 0.193±0.022bB 0.080±0.006cB 0.193±0.011bA 0.053±0.008dC

B 0.043±0.004eA 0.970±0.023aB 0.203±0.005bB 0.085±0.006dB 0.126±0.017cB 0.134±0.006cB

L 0.006±0.003cC 0.087±0.003aD 0.018±0.003bC 0.026±0.008bC 0.083±0.004aC 0.019±0.009bD

CBL

S < LODdA 0.550±0.015aC 0.311±0.030bA 0.023±0.002cA 0.022±0.001cAB 0.022±0.001cA

M < LODeA 0.687±0.011aB 0.261±0.040bAB 0.025±0.002cA 0.026±0.003cA 0.021±0.002dA

B < LODcA 0.846±0.015aA 0.166±0.020bC 0.019±0.001bB 0.021±0.002bAB 0.020±0.002bA

L < LODdA 0.037±0.004aD 0.011±0.001cD 0.020±0.003bB < LODdC < LODdB

CBN

S < LODeA 0.033±0.001aA 0.017±0.002bA 0.003±0.001dA 0.014±0.001cB 0.014±0.001cA

M < LODeA 0.022±0.002aB 0.013±0.001cB 0.002±0.001dAB 0.017±0.001bA 0.013±0.001cA

B < LODdA 0.030±0.001aA 0.014±0.003bAB 0.002±0.001cAB 0.013±0.003bB 0.012±0.001bAB

L < LODcA 0.004±0.001aC 0.005±0.002aC 0.003±0.001bA < LODcC < LODcC

CBNA

S 0.002±0.001aAB 0.002±0.001aB 0.001±0.001aB 0.003±0.001aB 0.001±0.001aA 0.001±0.001aA

M 0.003±0.001bA 0.018±0.001aA 0.001±0.001cB 0.003±0.001bB 0.001±0.001cA 0.001±0.001cA

B 0.002±0.001abAB 0.002±0.002abB 0.001±0.001bB 0.004±0.001aAB 0.002±0.001abA 0.001±0.001bA

L 0.004±0.002abA 0.001±0.001bcB 0.008±0.001aA 0.006±0.002aA 0.002±0.001bA 0.001±0.001bcA

Δ9-THC

S 0.012±0.001cB 1.136±0.170aA 0.405±0.035bA 0.398±0.027bA 1.046±0.073aAB 0.440±0.016bA

M 0.017±0.001fA 0.576±0.021bC 0.350±0.004cB 0.287±0.020dB 1.230±0.031aA 0.200±0.007eD

B 0.015±0.001dA 1.071±0.025aAB 0.179±0.003cC 0.219±0.015bC 1.153±0.080aA 0.232±0.006bC

L 0.005±0.001eC 0.148±0.075bcD 0.038±0.002dD 0.189±0.004bD 0.267±0.021aC 0.267±0.004aB

Δ9-THCV

S 0.001±0.001dB 0.020±0.002aA 0.006±0.001cA 0.013±0.001bA 0.014±0.002bA 0.018±0.003aA

M 0.001±0.001cB 0.007±0.001bB 0.004±0.002bA 0.011±0.002aA 0.012±0.001aA 0.006±0.001bB

B 0.001±0.001cB 0.018±0.003aA 0.002±0.001cB 0.002±0.002cB 0.006±0.001bB 0.001±0.001cC

L 0.006±0.003aA 0.002±0.002abC 0.001±0.001bB 0.004±0.002aB 0.005±0.001aB 0.006±0.001aB

CBDVA

S 0.721±0.079abA 0.575±0.059cA 0.806±0.033aA 0.472±0.033dB 0.733±0.057abA 0.416±0.033dB

M 0.665±0.071bAB 0.510±0.087cAB 0.521±0.042cB 0.587±0.041bcA 0.429±0.050dB 0.925±0.040aA

B 0.385±0.038cC 0.511±0.036aB 0.198±0.014eC 0.280±0.054dC 0.440±0.030bB 0.250±0.017dC

L 0.092±0.014aD 0.046±0.009cC 0.017±0.002dD 0.082±0.008abD 0.020±0.003dC 0.021±0.002dD

CBD
S 0.061±0.003fB 5.996±0.136aA 1.575±0.080eB 3.450±0.458bA 1.947± 0.137dA 2.977±0.159bcA

M 0.066±0.007fB 4.443±0.161aC 3.890±0.186bA 2.450±0.171cB 1.849±0.170dA 0.864±0.021eC
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the 5th day of drying, and was definitely greater (more than 
2-fold), whereas the further increase was less spectacular than 
in the case of inflorescences (Figure 2). The highest increase, 
up to 100-fold, in the content after traditional drying was de-
termined for CBC, CBG, CBD, and Δ9-THC (Table 1). The content 
of CBD increased the most and the final content of this com-
pound in inflorescences ranged from 4.443 to 5.348 mg/g DM. 

r Effect of traditional drying on cannabinoid profile
The total content of cannabinoids in the inflorescences de-
creased slightly during the initial period of the process, reach-
ing a minimum value after 2 (small and large inflorescences) or 
4 (medium inflorescences) days of drying, and then began to 
increase successively until the 10th day (Figure 1). In the case 
of leaves, the decrease in the total content lasted longer, until 

Cannabinoid Part of plant Fresh material Traditional 
drying Freeze-drying

Convective drying

50°C 60°C 70°C

CBD
B 0.045±0.002cC 5.348±0.192aB 1.149±0.131bC 1.640±0.111bC 1.007±0.102bB 1.058±0.134bB

L 1.680±0.230aA 0.483±0.015dD 0.105±0.013eD 1.280±0.125bD 0.848±0.094cC 1.020±0.133bB

CBGA

S 0.152±0.016aB 0.027±0.002cB 0.053±0.013bB 0.020±0.001dA 0.008±0.002eB 0.005±0.001eA

M 0.190±0.026aA 0.058±0.004bA 0.058±0.003bB 0.017±0.002cB 0.014±0.005cA 0.006±0.002dA

B 0.151±0.013aB 0.020±0.006cB 0.071±0.001bA 0.016±0.002cB 0.006±0.004dB 0.002±0.001eC

L 0.172±0.012aA 0.002±0.001bC 0.002±0.001bC 0.002±0.001bC 0.004±0.002bBC 0.004±0.001bB

Δ9-THCVA

S 0.048±0.007aA 0.011±0.002dB 0.011±0.001dA 0.008±0.001eA 0.020±0.002bA 0.015±0.002cA

M 0.027±0.010aB 0.018±0.002bA 0.006±0.002dB 0.008±0.001dA 0.012±0.001cB 0.013±0.002cA

B 0.025±0.003aB 0.010±0.002bB 0.004±0.001dB 0.008±0.001bcA 0.002±0.001eD 0.001±0.001eC

L 0.006±0.001aC 0.001±0.001cC 0.002±0.001cC 0.002±0.001cB 0.005±0.001abC 0.006±0.001aB

CBLA

S 0.018±0.003aB 0.015±0.001aB 0.004±0.002bB 0.017±0.002aB 0.004±0.001bC 0.003±0.001bC

M 0.018±0.002aB 0.017±0.002aB 0.006±0.002cB 0.011±0.001bC 0.002±0.001dC 0.002±0.001dC

B 0.015±0.002aBC 0.011±0.003bC 0.004±0.001dB 0.017±0.001aB 0.013±0.001abB 0.009±0.001cB

L 0.032±0.005aA 0.025±0.002bA 0.036±0.004aA 0.037±0.004aA 0.033±0.002aA 0.032±0.008aA

CBCA

S 1.371±0.087aA 1.113±0.129bA 0.736±0.081cA 0.486±0.034dB 0.388±0.027eA 0.355±0.023eB

M 0.592±0.028aC 0.480±0.036cC 0.540±0.019abB 0.414±0.038dC 0.256±0.018fB 0.370±0.012eB

B 0.818±0.075aB 0.660±0.024bB 0.428±0.022cC 0.638±0.037bA 0.401±0.028cA 0.416±0.036cA

L 0.276±0.017aD 0.279±0.025aD 0.228±0.035bD 0.172±0.023cD 0.079±0.012dC 0.079±0.004dC

Δ9-THCA-A

S 0.420±0.017aC 0.390±0.011bB 0.360±0.016cC 0.275±0.025dC 0.289±0.027dB 0.264±0.021dB

M 0.600±0.023aB 0.500±0.064bcA 0.541±0.032bA 0.550±0.029bA 0.478±0.017cA 0.281±0.018dB

B 0.840±0.077aA 0.279±0.013dC 0.451±0.080bAB 0.440±0.051bB 0.464±0.028bA 0.345±0.069cA

L 0.240±0.017aD 0.220±0.024aC 0.230±0.025aD 0.241±0.013aC 0.079±0.013bC 0.080±0.015bC

CBDA

S 8.146±0.305bB 9.750±0.758aA 8.420±0.514bA 6.427±0.450cA 2.785±0.195dA 2.092±0.108eB

M 9.047±0.347aA 9.140±0.284aA 8.490±0.448abA 6.977±0.551cA 2.512±0.176dA 2.063±0.116dB

B 6.122±0.863aC 6.427±0.223aB 5.450±0.227bB 5.446±0.381bB 1.547±0.104dB 3.220±0.144cA

L 1.992±0.285aD 1.060±0.121cC 1.863±0.281aC 1.199±0.192bcC 1.070±0.073cC 1.328±0.071bC

Total 
cannabinoids

S 11.127±0.778bcA 22.209±1.554aA 13.461±0.942bB 12.183±0.852bA 8.043±0.563dA 7.163±0.501dA

M 11.386±0.796cA 18.403±1.288aB 15.362±1.075bA 12.124±0.848cA 7.478±0.523dA 5.147±0.360eC

B 8.562±0.599bB 17.608±1.232aB 8.619±0.603bC 9.245±0.647bB 5.564±0.389cB 6.077±0.425cB

L 4.516±0.316aC 2.472±0.173cC 2.587±0.181cD 3.418±0.239bC 2.687±0.188cC 3.062±0.214bD

Results are shown as mean ± standard deviation (n=3). Values in the rows marked with different letters (a–f ) differ significantly (p<0.01). Values in the columns (separately for each 
compound) marked with different letters (A–D) differ significantly (p<0.01). LOD, limit of detection. The full names of the compounds are listed in the “Chemicals and reagents” subsection.

Table 1 cont. Cannabinoid content (mg/g dry matter) of fresh Cannabis sativa L. var. sativa small (S), medium (M) and large (B) inflorescences and leaves (L) and 
after their drying by selected methods.
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The Δ9-THC content during drying of the inflorescences at 20°C 
increased from 0.012–0.017 mg/g DM to 0.576–1.136 mg/g 
DM. The main acidic cannabinoids in the fresh samples were 
CBDA, CBCA, CBDVA, and Δ9-THCA-A. The content of the Δ9-THC 
precursor, Δ9-tetrahydrocannabinolic acid (Δ9-THCA-A), in fresh 
inflorescences ranged from 0.420–0.840 mg/g DM and decreased 

after 10 days of drying at ambient temperature (0.279–0-500 
mg/g DM). A decrease was also recorded in the contents 
of CBCA and CBDVA in inflorescences as well as CBDVA and CBDA 
in leaves. Our study results were in line with those of Esfandi et al. 
[2024], who dried parts of the C. sativa L. plant at ambient tem-
perature without light. These authors compared changes in CBD 

Ca
nn

ab
in

oo
id

 c
on

te
nt

 (m
g/

g 
D

M
)

0

5

10

15

20

25

Drying time (h)

Fresh
material

2 31

e e e

d d

c

f
ε ε ζ

γ

δ

γ

β
β

α α α

D D D D

C
B

b

a a a

A A A

F
E

4 5 6 7 98 10

CBNA CBN CBL CBG CBDV CBC

CBDA CBCA CBLA Δ9-THCVA CBGA CBD CBDVA Δ9-THCV Δ9-THCΔ9-THCA-A

S M B S M B S M B S M B S M B S M B S M B S M B S M B S M B S M B

Ca
nn

ab
in

oo
id

 c
on

te
nt

 (m
g/

g 
D

M
)

0

1

2

3

4

5

Drying time (h)

Fresh material 2 31

a
b

c
d

h i

g
f e e e

4 5 6 7 98 10

CBNA CBN CBL CBG CBDV CBC

CBDA CBCA CBLA Δ9-THCVA CBGA CBD CBDVA Δ9-THCV Δ9-THCΔ9-THCA-A
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(M) and large (B) inflorescences.
Values marked with different letters (a–f for S, A–F for M, α–ζ for B inflorescences) differ significantly (p<0.01). The full names of the compounds are listed 
in the “Chemicals and reagents” subsection.

Figure 2. Changes in the cannabinoid profile during traditional drying (20°C, 10 days, without access to light) of Cannabis sativa L. var. sativa leaves. 
Values marked with different letters (a–i) differ significantly (p<0.01). The full names of the compounds are listed in the “Chemicals and reagents” subsection.
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and Δ9-THC contents in fresh and dried material and showed 
successively more than 7-fold and 10-fold increases in the con-
tent of these compounds after drying. A higher Δ9-THC content 
in traditionally dried inflorescences compared to the fresh ma-
terial was also reported by Uziel et al. [2024]. In turn, Das et al. 
[2024] dried hemp samples at 30°C and observed a 0.30-fold 
increase in Δ9-THC content. The content of Δ9-THCA-A decreased 
0.25-fold relative to fresh material. Similar results were obtained 
in the present study, and a decrease in the content of this com-
pound was observed as well.

In the case of C. sativa inflorescences and leaves, a decrease 
in CBGA content was observed compared to the fresh material, 
with a simultaneous increase in CBG content (Table 1). Moreover,  
an increase in CBDA content and a simultaneous increase in CBD 
content were noted in small and large inflorescences. Based on 
these observations, it can be assumed that CBGA was converted 
at 20°C by enzymes, such as cannabidiolic acid synthase, allow-
ing the formation of CBDA and then both compounds under-
went non-enzymatic decarboxylation to the neutral forms CBG 
and CBD. The enzymatic inter-conversion of CBGA to CBDA is 
well established in the biosynthesis pathway of cannabinoids 
during plant growth [Kim et al., 2022; Taura et al., 2007]. In turn, 
Meija et al. [2022] reported that decarboxylation of CBDA to CBD 
was likely to occur even during storage of dried inflorescences 
at ambient temperature. 

CBL and CBN, which were absent in the fresh material (<limit 
of detection, LOD), were determined in the inflorescences dried 
at ambient temperature in the range of 0.550–0.846 mg/g DM 
and 0.022–0.033 mg/g DM, respectively; for the leaves, the values 
were lower at 0.037 mg/g DM and 0.004 mg/g DM (Table 1). 
The Δ8-THC was not determined in any of the samples analyzed.

After 10 days of drying at 20°C without light, the total Δ9-THC 
content was 1.478, 1.015, and 1.246 mg/g DM in the small, me-
dium and large inflorescences, respectively, and 0.341 mg/g DM 
in the leaves, indicating that this drying method poses no risk 
of exceeding the total Δ9-THC content in the dried matter 
of plants according to the Commission Regulation (EU), which 
is 0.3% [Regulation EU 2023/915].

r Effect of freeze-drying on cannabinoid profile
After freeze-drying of different-sized inflorescences and leaves 
of C. sativa, no Δ8-THC was detected in any sample. Of all the can-
nabinoids identified in inflorescences of different sizes, the high-
est content was found for CBDA (5.450–8.490 mg/g DM), which 
was approximately 0.1 times lower than its content in the fresh 
material (6.122–9.047 mg/g DM) (Table 1). When the inflores-
cences were subjected to freeze-drying, the content of CBD 
increased from 0.045–0.066 mg/g DM to 1.149–3.890 mg/g DM 
(depending on the size of inflorescences). The opposite obser-
vation was noted for the leaf samples. Drying by this method 
resulted in a more than 16-fold decrease in CBD content, i.e., 
from 1.680 to 0.105 mg/g DM. Both CBN and CBL, which were 
not detected in the fresh plant material (<LOD), were found 
in the freeze-dried material (at 0.005–0.017 mg/g and 0.011–
0.311 mg/g, respectively), probably due to the decarboxylation 

of their acidic precursors (CBNA and CBLA, respectively). In freeze- 
-dried inflorescence and leaf samples, the total Δ9-THC content 
did not exceed the target level of 0.3% of plant dry matter, but its 
values were relatively high: 0.721 mg/g DM (small inflorescence), 
0.824 mg/g DM (medium inflorescence), 0.575 mg/g DM (large 
inflorescence), and 0.240 mg/g DM (leaves).

Several literature reports suggest that freeze-drying retains 
more aromatic and bioactive compounds in dried plants than 
other drying methods especially those involving heating [Di 
Cesare et al., 2003; Thamkaew et al., 2021]. While most of the works 
focus on the freeze-drying of herbs, there is a lack of information 
on the bioactive compound profile of C. sativa individual plant 
parts dried using this method. One of the first studies carried out 
by Addo et al. [2023] reported that the freeze-drying increased 
the contents of CBDA, CBGA, and CBG in dried samples by up to 
3-fold compared to the fresh material. The contents of the listed 
cannabinoids after drying were in the range of 0.380–0.450 mg/g, 
2.870–4.910 mg/g, and 0.570–1.330 mg/g, respectively. In our 
study, the contents of the cannabinoids in question fell within 
the ranges of 1.863–8.490 mg/g DM, 0.002–0.071 mg/g DM, 
and 0.018–0.280 mg/g DM, respectively. 

r Effect of convective drying on cannabinoid profile
The convective drying of inflorescences of different sizes 
and leaves was carried out using three temperatures: 50°C, 60°C, 
and 70°C. The changes in the total and individual cannabinoid 
contents during the drying of the inflorescences and leaves are 
shown in Figures 3 and 4, respectively. The total cannabinoid 
content of the small, medium and large inflorescences dried at 
70°C decreased during the initial period of the process, reaching 
a minimum value after 2 h of drying. In the case of drying at 
50°C and 60°C, the content of cannabinoids remained similar 
throughout the drying period. The most significant decrease 
in cannabinoid content was observed in all inflorescences dried 
at 60°C after the 8th h of drying. In the case of leaves dried at 50°C, 
an increase in the total content of cannabinoids was recorded up 
to 10 h of drying, while a further two-hour drying under these 
conditions resulted in a decrease in the total content of these 
compounds. For leaves dried at 60°C and 70°C, cannabinoid 
degradation was noted after 4 h of drying. The predominant 
cannabinoid in the dried inflorescences in each temperature 
variant was CBDA (1.070–6.977 mg/g DM), the content of which 
decreased up to fivefold compared to the fresh material (Table 1). 
Convective drying at 50°C resulted in inflorescences having a sig-
nificantly higher CBD content than the samples dried at the other 
temperatures tested. On the other hand, the convective drying 
of leaves at all temperatures decreased CBD content by up to half. 
In the dried inflorescences (all condition variants), the occurrence 
of CBL (0.019–0.083 mg/g DM) and CBN (0.002–0.017 mg/g DM), 
which were not detected in the fresh material, was observed. 
In contrast, in leaves, these compounds were present only 
in the samples dried at 50°C (0.020 and 0.003 mg/g DM, respec-
tively). The content of CBGA in the inflorescences decreased 
after drying at all temperatures and was the lowest after dry-
ing at 70°C (0.002–0.006 mg/g DM). The convective drying did 
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not affect the formation of Δ8-THC in either inflorescences or 
leaves. The dominant cannabinoid in leaves was CBDA, whose 
content was recorded at 1.328 mg/g DM after processing at 
70°C. In the variant at 60°C, the final content of this compound 
in the dried material was significantly lower.

The convective drying at different temperatures also signifi-
cantly affected the levels of Δ9-THC, Δ9-THCA-A, and total Δ9-THC 
in the dried samples (Table 1, Figures 3 and 4). The highest 
content of Δ9-THC was recorded for medium inflorescences 
dried at 60°C (1.230 mg/g DM). Among the dried leaves, those 
processed at 60 and 70°C had the highest Δ9-THC content (0.267 
mg/g DM). The convective drying of inflorescences and leaves 
at 70°C resulted in the samples having the lowest content 
of Δ9-THCA-A (0.080–0.345 mg/g DM). The values of total Δ9-
THC calculated for the samples dried at 50°C were in the range 
of 0.400–0.769 mg/g DM, for these dried at 60°C the range was 
0.336–1.560 mg/g DM, and content in materials dried at 70°C 
ranged from 0.337 to 0.671 mg/g DM. The total Δ9-THC contents 
determined in all analyzed samples were within the safe limit 
stipulated in the Commission Regulation (EU) [Regulation EU 
2023/915]. 

Literature data on the effect of the drying process on canna-
binoid content/degradation rates indicate that levels of neutral 
cannabinoids increase after drying. One of the first reports on 
drying plant parts was presented by Turner & Mahlberg [1984], 
who dried leaf samples of C. sativa L. for 24 h at 37°C, at room 
temperature (2 weeks), and at 60°C (oven drying – 12 h). In 
the samples dried at both 37°C and 60°C, a 2-fold higher amount 
of neutral cannabinoids was recorded compared to the fresh 
material, indicating that the decarboxylation process was al-
ready occurring at 37°C. Chen et al. [2021] used hot air drying 
(40, 50, 60, 70, 90°C) and infrared drying (40 and 60°C) to dry 
the inflorescences of C. sativa L. var. sativa plants. They showed 
that increasing the ambient temperature to 90°C significantly 
facilitated the decarboxylation of CBDA (from 0.2% to 14.1%) 
and also that the use of infrared drying resulted in a higher loss 
of cannabinoids compared to hot air drying by 16.2% and 72.3% 
on average, respectively. Uziel et al. [2024] compared microwave 
drying of hemp with conventional drying. Microwave drying 
was carried out at 4 temperature variants (40, 50, 60 and 80°C). 
The authors showed that the use of microwaves in drying hemp 
significantly shortened the drying time (<4.5 h depending on 
the temperature used) compared to traditional drying (10 days). 
They also confirmed that the use of high drying temperatures 
in cannabis caused changes in the composition of the cannabi-
noids present in the dried material. The cited article showed that 
the highest contents of CBDA and Δ9-THCA-A decarboxylation 
products were determined in the samples dried at 80°C, whereas 
in our study – in the samples dried at 50°C. These differences may 
be due to the initial content of these cannabinoids and their 
precursors in the fresh material. As confirmed by Esfandi et al. 
[2024], temperature (45, 55, 65°C) as well as drying method 
type (drying with or without light, oven drying, vacuum drying 
or microwave drying) used to dry C. sativa L. samples, affect 
the increase in on the contents of selected cannabinoids (CBD 

and Δ9-THC) in the dried plant material. There are also data in-
dicating that the drying process did not affect the cannabinoid 
content of the dried material. The study presented by Kwaśnica 
et al. [2023] compared the 50, 60, and 70°C convective method, 
the vacuum-microwave method, and combination thereof used 
to dry the leaves of C. sativa L. and showed that the drying 
method did not affect changes in the profile of the cannabinoids 
analyzed. The results we obtained and those cited above confirm 
the need to control the drying processes of the C. sativa L. plant 
parts, as there is a risk of exceeding the acceptable level of Δ9-THC 
in the dried samples. This poses a severe risk in terms of ensuring 
the safety of the food produced from the dried plants. The chosen 
drying process conditions may not have been sufficient to inhibit 
the activity/activity of the enzymes by which the precursors 
of the selected cannabinoids are synthesised, and thus changes 
in the the sum and the profile of individual cannabinoids. Acidic 
cannabinoids can also be synthesised. The higher temperature 
of the drying process results in enhanced water diffusion from 
the dried material, thus resulting in a shorter drying time. Intense 
evaporation of water from the plant material may have resulted 
in a lower temperature of the material (not measured during 
the experiment), which affected the profile of the cannabinoid 
compounds. In addition, a greater loss of water results in a slower 
rate of decarboxylation. To confirm this, it would be necessary 
to determine the changes/kinetics of enzymatic activity during 
the drying process in order to find conditions (time and water 
content) that cause a reduction in enzyme activity and accom-
panying chemical reactions. 

CONCLUSIONS
The study highlights the influence of the size (small, medium, 
large inflorescences) and parts (inflorescences and leaves) of Can-
nabis sativa L. var. sativa and the effect of the drying process on 
the cannabinoid content of the dried materials. The use of higher 
temperatures, i.e., 50°C, 60°C and 70°C, made it possible to deter-
mine differences in the content changes of cannabinoids during 
drying. It was found that increasing the drying temperature 
by 10°C contributed to greater degradation of the analyzed 
compounds. Traditional drying resulted in dried inflorescences 
containing up to 2 times more of the analyzed compounds 
compared to the fresh material. In the case of leaf samples, drying 
via all methods tested resulted in a decrease in the total can-
nabinoid contents (up to 2-fold). Appropriately selected drying 
conditions of the C. sativa L. var. sativa plant parts make it possible 
to obtain safe (containing an acceptable total Δ9-THC content) 
raw material, which can be used to produce hemp-containing 
foods or dietary supplements.

SUPPLEMENTARY MATERIALS
The following are available online at https://journal.pan.olsz-
tyn.pl/Effect-of-Selected-Drying-Methods-on-the-Cannabi-
noid-Profile-of-Cannabis-sativa-L,195594,0,2.html; Table S1. 
Conditions and time of drying by the chosen method necessary 
to obtain moisture content of 10±1 g/100 g in the dried parts 
of the plant 
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