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Comparison of the Quality of Selected Meat Products and Their
Plant-Based Analogs

Tomasz Daszkiewicz'*®, Mariusz Florek?® Monika Wodzak' ©, Dorota Kubiak' ®, Ewa Burczyk' ©

'Department of Commodity Science and Processing of Animal Raw Materials, Faculty of Animal Bioengineering,
University of Warmia and Mazury in Olsztyn, Oczapowskiego 5, 10-719 Olsztyn, Poland
“Department of Quality Assessment and Processing of Animal Products, Faculty of Animal Sciences and Bioeconomy,
University of Life Sciences in Lublin, Akademicka 13, 20-950 Lublin, Poland

The aim of this study was to compare the quality of selected meat products, ie. frankfurters, Polish kabanos sausages,
and salami, with their plant-based (vegetarian) analogs. Five items from five different product batches were analyzed in each
examined product category. The analyzed items were vacuum-packaged in bags to standardize the parameters of the com-
pared products, and their quality was evaluated before the use-by date declared by the manufacturer. Meat products had
higher dry matter and lipid contents. Salami contained more protein, whereas frankfurters and kabanos sausages contained
less protein than their respective analogs. Moreover, traditional kabanos sausages had a higher pH than their vegetarian
alternatives. Indicators of the nutritional value of lipids and pH of vegetarian frankfurters and salami were higher than those
of their meat counterparts. In turn, lipids of vegetarian kabanos sausages had lower ratios of unsaturated to saturated fatty
acids, monounsaturated to saturated fatty acids and hypocholesterolemic to hypercholesterolemic fatty acids than tradi-
tional kabanos sausages. Among the color parameters, redness (a*), yellowness (b*) and chroma (C¥) of plant-based meat
analogs were higher compared to those of meat products. These results indicate that the names of plant-based analogs,
which make a direct reference to the corresponding traditional meat products, can be misleading for consumers who expect
products with similar quality attributes.

Key words: meat product, plant-based meat analog, quality

INTRODUCTION
There is no doubt that the inclusion of meat in the human

time, meat consumption induced profound biological changes,
including a decrease in the size of human teeth and intes-

diet played a significant role in the development of the hu-
man race [Williams & Hill, 2017]. According to Milton [1999],
the incorporation of meat into the diet of early hominid species
around 2.6 million years ago was a key event in their evolution.
Meat procurement strategies contributed to technical progress,
including the construction of tools and weapons, and the or-
ganization of hunting expeditions promoted the formation
of social bonds and structures [Hladik & Pasquet, 2002]. Over

tines and changes in their morphology, as well as an increase
in the size of the human body and brain, which ultimately
led to the emergence of modern humans [Magkos, 2022].
The growing demand for animal protein contributed to ani-
mal rearing and breeding [Cucchi & Arbuckle, 2021]. In turn,
food preservation and storage techniques were developed to
prevent meat from spoilage during long-term storage [Knorr
& Augustin, 2022].
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At present, meat and meat products continue to play a sig-
nificant role in the human diet, both in developed and develop-
ing countries. In 2018, average global per capita consumption
of unprocessed red meat reached 51 g/day [Miller et al,, 2022].
Meat is popularamong consumers because it is a highly versatile
food with numerous preparation options, desirable sensory at-
tributes, and a high nutritional value [Dekkers et al, 2018]. Global
annual meat consumption, estimated at 34 kg per capitain 2019,
is expected to increase by 14% in 2030. The projected increase
will differ across continents, and it could reach 30% in Africa,
18% in Asia and the Pacific, 12% in Latin America, 9% in North
America, and 0.4% in Europe [OECD/FAQ, 2021]. The demand for
various meat types will also differ. In 2018, meat products had
the following market share: ruminant meat — 23%, poultry — 34%,
pork — 32%, and meat of other animals — 2% [Smith et al,, 2022].

However, despite the positive implications of meat con-
sumption, meat intake is also associated with certain health
risks. Research has shown that the consumption of red meat is
correlated with the incidence of type 2 diabetes [Sanders et al,
2023], coronary heart disease [Papier et al, 2023], and cancer
[Demeyer et al., 2016]. The Working Group of the International
Agency for Research on Cancer (IARC) classified red meat as
potentially carcinogenic for humans (Group 2A) and processed
meat as carcinogenic for humans (Group 1) [Bouvard et al, 2015].
The World Cancer Research Fund International [World Cancer
Research Fund International, 2018] recommends that the con-
sumption of red meat is limited to around three servings per
week, i.e. 350-500 g (700-750 g of raw meat). The use of an-
tibiotics in livestock production (including as growth promot-
ers), the presence of antibiotic residues in foods [Van Boeckel
et al, 2015], and meat-borne zoonotic diseases [Lee Bouvard
etal, 2022] also pose health risks for consumers. It should also
be noted that meat production, especially ruminant rearing,
exerts a negative impact on the environment by contributing
to greenhouse emissions, increasing the demand for pasture
and land for the cultivation of forage and fodder crops, increasing
the demand for water, and leading to environmental pollution
[Gonzélez et al., 2020].

The health risks associated with meat consumption
and the adverse impact of meat production on the environ-
ment and the well-being of animals have led to changes in con-
sumer perceptions of meat. Many consumers give up meat or
limit their meat intake based on the recommendations made
by physicians and dieticians, environmental activists (promo-
tion of sustainable development), and animal rights activists
(moral and ethical implications of meat consumption), as well
as for financial reasons. These consumers switch to meat analogs
containing plant proteins, mycoproteins, algal or edible insect
proteins. The production of meat cultured in vitro is also pos-
sible in the future [Lima et al, 2022a]. It should be noted that
the popularity of meat substitutes extends beyond the reach
of the vegetarian movement and is increasingly associated with
flexitarianism [Dagevos, 2021]. As a result, the sales of meat
analogs increased by 38% between 2017 and 2021 [Ishaq et al,
2022]. The value of the meat substitute market is projected to
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reach USD 2,651 million in 2026, increasing at a compound an-
nual growth rate (CAGR) of 5.1% in 2021-2026 [IndustryARC™,
2023]. According to the IndustryARC™ report [2023], Europe was
the dominant player on the meat substitute market with a major
share of 42.6% in 2020, but Asia-Pacific is expected to outpace all
regions with an estimated CAGR of 6.05% in 2021-2026.
Various types of meat substitutes are being introduced
to the market to cater to the growing demand for meat ana-
logs. In general, meat alternatives can be divided into analogs
that "mimic”meat in appearance, taste or preparation method,
and analogs that do not resemble meat [Bryngelsson et al, 2022].
The names of products that imitate meat often make a direct
reference to the substituted meat product. The aim of this mar-
keting trick is to attract the consumers’attention to items that
mimic traditional meat products, and to improve the positioning
of plant-based analogs in the marketplace [Lacy-Nichols et al,,
2021].The practice of naming meat analogs after their traditional
counterparts has stirred a debate among producers and con-
sumers, who have observed this strategy could be misleading
and could undermine the foundations of the meat industry
[Froggatt & Wellesley, 2019]. The question whether the practice
of labeling meat substitutes with the names of the correspond-
ing traditional meat products is justified by similarities in their
chemical composition and physicochemical properties could
be answered based on the results of research. However, there
is a general scarcity of published studies addressing this issue.
Therefore, this study was undertaken to verify the research hy-
pothesis postulating that meat products and plant-based meat
analogs have similar quality attributes. The research hypothesis
was verified by comparing the proximate chemical composition,
fatty acid profile, acidity, and color parameters of selected pro-
cessed meats and their plant-based analogs available in retail.

MATERIALS AND METHODS

= Materials

The quality of three processed meat products, i.e. frankfurt-
ers, Polish kabanos sausages, and salami, was compared with
the corresponding plant-based analogs. The ingredient lists
of meat products and their analogs, declared by manufacturers,
are presented in Table 1.The analyzed products were manufac-
tured by the leading Polish suppliers, and they were purchased
between October and December 2021 in a hypermarket belong-
ing to a popular international retail chain operating in Europe
and Asia. Five items from five different product batches supplied
by the same manufacturer were analyzed in each examined
product category. The analyzed items were vacuum-packaged
inbags to standardize the parameters of the compared products,
and their quality was evaluated before the use-by date declared
by the manufacturer. The compared products were refrigerated
under identical conditions (4°C) until analysis.

= Proximate chemical composition analysis

The proximate chemical composition of the products was de-
termined in accordance with the Official Analytical Methods
[AOAC, 2005]: moisture content (sample drying at a temperature
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Table 1. Ingredient lists of the meat products and their analogs, declared by manufactures.

Kabanos

Pork (71 %), water, salt,
soy protein, modified
starch, pork collagen
protein, glucose,
stabilizers (diphosphates,
triphosphates), flavor
enhancer (monosodium
glutamate), spices, spice
extracts, antioxidant
(sodium ascorbate),
preservative (sodium
nitrite)

Water, soy protein
isolate (10.9%),
rapeseed oil, wheat
protein (gluten) —
7.3%, modified corn
starch, salt, flavorings,
thickener (carrageenan),
ground red pepper,
colorings (iron oxides
and hydroxides), liquid
hickory smoke

was obtained from
171 g of meat), salt,
spices, antioxidant
(sodium erythorbat

of 105°C to constant weight), total protein content (Kjeldahl
method using Kjeltec™ 2200 auto distillation unit, FOSS Analyti-
cal, Hilleroed, Denmark), lipid content (Soxhlet extraction with
diethyl ether using Soxtec™ 2050 auto fat extraction system, FOSS
Analytical), and ash content (sample incineration at a tempera-
ture of 550°C to constant weight).

= Fatty acid profile determination

Fatty acid profile in the products was analyzed according to
the analytical procedure described by Daszkiewicz & Gugotek
[2020]. Fatty acids were separated on the VARIAN CP-3800 gas
chromatograph (Varian Inc, Palo Alto, CA, USA) with a flame ioni-
zation detector (FID) and a capillary column (length — 50 m, inner
diameter—0.25 mm, film thickness —0.25 um). Helium was used as
a carrier gas (flow rate — 1.2 mL/min). The results were expressed
as proportions (%) of individual fatty acids in total fatty acids.

= Color parameter determination

The color parameters — lightness (L*), redness (a*) and yellowness
(b*) — were measured in the CIE Lab system [International Com-
mission on Illumination, 1978] using the HunterLab MiniScan
XE Plus spectrophotometer (Hunter Associates Laboratory, Res-
ton, VA, USA) with illuminant D65, 10° standard observer angle,
and 2.54 cm diameter aperture. The measurements were per-
formed at three different points over the surface area of samples
(salami slices and ground frankfurters and kabanos sausages).
Chroma (C*) values were calculated with the formula (1):

C* = (a*z 4 b*2)1/2

=  Measurement of pH

The pH values of products were measured with the use of a Po-
lilyte Lab electrode (Hamilton Bonaduz AG, Bonaduz, Switzer-
land) and an inoLab level 2 pH-meter equipped with a TFK 325
temperature sensor (WTW Wissenschaftlich-Technische Werk-
statten GmbH, Weilheim, Germany). The samples of products
were homogenized in redistilled water (ratio 1:1, w/v) before
measurement [Daszkiewicz & Gugotek, 2020].

Pork (100 g of product

e),

preservative (sodium
nitrite), rapeseed oil

1

Water, wheat
protein, vegetable

oil (coconut oil),

Soy protein, spices,
salt, flavorings, spice
extracts, colorings
(concentrated pepper
extract, fenugreek
extract, concentrated
beetroot juice, iron
oxides)

Beef, pork (100 g

of product was obtained
from 70 g of beef

and 56 g of pork), pork
fat, salt, spices, glucose,
sugar, antioxidant
(sodium ascorbate),
bacterial starter cultures,
preservatives (sodium
nitrite, potassium nitrate)

Textured soy protein
(7%), rapeseed oil,
wheat protein (gluten)
- 5%, modified corn
starch, flavorings,
salt, thickener
(carrageenan), spices,
vinegar powder,
barley malt extract,
colorings (iron oxides
and hydroxides)

= Statistical analysis

The results were processed statistically using STATISTICA software
ver. 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). The effect
of the experimental factor (product type — meat products vs.
their plant-based analogs) on the evaluated quality attributes
of the products was analyzed by Student’s t-test. The significance
of differences between groups was determined at p<0.05.

RESULTS AND DISCUSSION
= Proximate chemical composition of meat products
and their plant-based analogs

The proximate chemical composition of the compared products is
presented in Table 2. Meat products had higher (p<0.05) dry matter
content than meat substitutes, mostly due to their higher (p<0.05)
lipid content. Salami and frankfurters had also higher (p<0.05) ash
content than their plant-based counterparts. Salami contained
more (p<0.05) protein, whereas frankfurters and kabanos sausages
contained less (p<0.05) protein than their respective analogs.

The differences in the proximate chemical composition
of meat products and their vegetarian alternatives resulted from
the use of different ingredients and production technologies.
Plant-based meat analogs contain a considerably lower amount
of lipids, a lot of protein, and different amount of water to achieve
the desired textural properties and health benefits appreciated by
consumers [Kyriakopoulou etal, 2021]. However, the actual protein
content of plant-based products may be difficult to determine.
It may vary depending on the value of the nitrogen-to-protein
conversion factor (NPCF) in the Kjeldahl method. According to
Fujihara et al. [2008], the NPCF of 6.25 has been historically ap-
plied to all proteins based on the assumptions that all proteins
contain 16% nitrogen (100/16 = 6.25) and that all nitrogen is
derived from protein. However, research [Krul, 2019] showed that
the NPCF of 6.25 overestimates the protein content of many food
products due to differences in amino acid profiles and the pres-
ence of non-protein nitrogen. This is an important considera-
tion when assessing the actual nutritional and economic value
of food products. Koletzko & Shamir [2006] suggested that the use
of the NPCF of 6.25 instead of 6.38 for all dairy products would lead
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to a loss of approximately EUR 80 million in Europe. Therefore, all
food market actors (consumers, producers of food raw materials,
food processing companies, sales specialists, and nutritionists)
are interested in solving the above problem and establishing
NPCF values applicable to different proteins in food products
that are already on the market and those that will be introduced
in the future. This will apply, in particular, to analogs of traditional
meat products whose quality, nutritional value and production
costs should be assessed equitably. The absence of standardized
methods for determining food-specific NPCF values has resulted
in continued use of 6.25 [WHO/FAQ, 2019]. The NPCF of 6.25 was
also used in this study, but it was confronted with the average val-
ues of the ingredient-specific NPCF proposed for soybean protein
(5.70) [WHO/FAQ, 2020] and wheat protein (5.81) [Fujihara et al,,
2008] contained in the analyzed plant-based products. As a result,
the protein content of vegetarian frankfurters, kabanos sausages
and salami, determined by two different methods, differed by 1.84,
3.02and 1.36 percentage points, respectively (Table 2). The above
information may be important for persons who need a balanced
diet, including older adults and individuals with special nutritional
needs [Reid-McCann et al,, 2022], especially that the value of veg-
etable protein can be decreased due to amino acid composition
(insufficient concentration of one or several essential amino acids).
According to Hertzler et al. [2020], legumes are often deficient
in sulfur-containing amino acids (methionine and cysteine),
whereas cereals are poor in lysine. The need for accurate protein
quantification in plant-based products was also emphasized by

Bakaloudi et al. [2021] who found that vegan diets were lower
in protein than all other diet types. This information and the fact
that consumers’ knowledge about vegetarian and vegan diets
is often insufficient suggest that followers of such diets could
have higher risk of developing nutrient deficiencies. Bakaloudi
et al. [2021] reported that vegans had low intake of vitamins B,
niacin (Bs), B> and D, as well as iodine, zinc, calcium, potassium,
and selenium. The above authors found that daily vitamin B,
intake among vegans was considerably lower (0.24-0.49 ug) than
the recommended level (2.4 ug), and calcium intake was also
below the norm (750 mg/day) in most vegan diet followers. Ac-
cording to Sanne & Bjarke-Monsen [2022], nutritional education
should be improved as vegetarian and vegan diets are becoming
increasingly popular. The cited study revealed gaps in nutritional
knowledge about vegetarian diets even among Norwegian medi-
cal students who declared to be vegetarians.

Bryngelsson et al. [2022] assessed the nutritional quality
of plant-based meat analogs available on the Swedish market
based on three nutrition labeling systems. In terms of macronu-
trient content, most categories of meat analogs were healthier
options to meat references, primarily due to their higher fiber
content and lower content of lipids with saturated fatty acids.
In terms of salt content, many plant-based meat analogs were
healthy alternatives to processed meat products, but often less
healthy options to unprocessed meat products. Similar analyses
performed by Cutroneo etal. [2022] for commercial meat analogs
available on the Italian market revealed that all analogs had

Table 2. Proximate chemical composition (g/100 g) of the meat products and their plant-based analogs.

Product type

Parameter Product
Meat product Meat analog

Frankfurter 40.57°
Dry matter Kabanos 79.04°
Salami 66.15°
Frankfurter 13.24°
Protein’ Kabanos 25.16°
Salami 2298°
Frankfurter 13.24P
Protein? Kabanos 25.16°
Salami 22.98°
Frankfurter 2221°
Lipids Kabanos 47.87°
Salami 35.85°
Frankfurter 292°
Ash Kabanos 442°
Salami 4.59°

p-Value
35.66° 0.90 <0001
71.13° 147 <0001
35.85° 5.10 <0001
16.73 059 <0.001
3850° 238 <0.001
17.320 096 <0.001
14.89° 038 <0001
3548 185 <0.001
15.96° 118 <0001
435° 299 <0.001
12.09° 633 <0.001
561° 507 <0.001
1,940 0.17 <0.001
4467 008 0.854
3340 022 <0001

'Protein content determined based on the fixed nitrogen-to-protein conversion factor (NPCF) of 6.25. % Protein content determined based on the average values of the ingredient-specific
NPCF of 5.70 and 5.81 in plant-based products containing soybean protein and wheat protein, respectively. SEM, standard error of the mean. Values followed by different letters within

the same row are significantly different (p<0.05).
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higher fiber content, whereas plant-based burgers and meat-
balls had lower protein content than their meat counterparts.
Sliced meat analogs had also lower salt content. All plant-based
products had longer lists of ingredients than the corresponding
animal meat products. Due to their long lists of ingredients,

most of which are highly refined, meat analogs face criticism
for being artificial products [Kyriakopoulou et al., 2021]. Modern
consumers expect food products to be healthy, nutritious, and as
natural as possible (minimally processed and without additives)
[HUppe & Zander, 2021].

Table 3. Saturated fatty acid profile of the meat products and their plant-based analogs (% of individual fatty acids in total fatty acids).

Product type
Parameter Product p-Value
Meat product Meat analog

Frankfurter
80 Kabanos 0.00°
Salami 0.00°
Frankfurter -
100 Kabanos 0.00°
Salami 0.00°
Frankfurter 0.20°
C12:0 Kabanos 0.15°
Salami 062
Frankfurter 2.35%
C14:0 Kabanos 2.16°
Salami 2.66°
Frankfurter 0.00°
C150 Kabanos -
Salami 0.17°
Frankfurter 35.99°
C16:0 Kabanos 3228
Salami 36.012
Frankfurter 034
C17:0 Kabanos 032
Salami 0572
Frankfurter 17.80°
C180 Kabanos 16.21°
Salami 19312
Frankfurter 0.24°
C20:0 Kabanos 0.23°
Salami 0.30°
Frankfurter 0.00°
€220 Kabanos 0.00°
Salami 0.00°
Frankfurter 56.93°
SFAs Kabanos 51.36°
Salami 59.63?

5.40° 095 <0.001
017 008 0347
517 091 <0.001
0.15° 007 0347
0.06° 003 <0.001
39.14° 691 <0.001
1.16° 052 0635
041> 032 <0001
1538 236 <0.001
069 039 0.002
009 005 0347
018 004 0.887
8420 462 <0.001
11.65° 377 <0.001
8.00° 472 <0001
0.07° 0.05 <0001
0.05° 0.05 <0001
0.09° 008 <0.001
3.19° 245 <0.001
347° 228 <0.001
3320 269 <0.001
062° 0.06 <0.001
0.10° 0.02 <0001
055 005 <0.001
0312 005 <0.001
004° 002 0292
028 005 <0.001
13.17° 7.33 <0.001
8039 538 <0.001
14.59° 7.63 <0.001

SEM, standard error of the mean; SFAs, saturated fatty acids. Values followed by different letters within the same row are significantly different (p<0.05).
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= Fatty acid profile of meat products and their plant-
-based analogs

The fatty acid profile of the compared products, includ-

ing saturated fatty acids (SFAs), unsaturated fatty acids

(UFAs) and fatty acid ratios, are presented in Tables 3, 4

and 5, respectively. Vegetarian frankfurters and salami

were characterized by higher (p<0.05), i.e. more desirable,
values of all analyzed indicators of the nutritional value
of lipids than their meat counterparts. Vegetarian kabanos
sausages had lower (p<0.05) ratios of unsaturated to satu-
rated fatty acids (UFAs/SFAs), monounsaturated to saturated
fatty acids (MUFAs/SFAs) and ratio of hypocholesterolemic

Table 4. Unsaturated fatty acid profile of the meat products and their plant-based analogs (% of individual fatty acids in total fatty acids).

)
Product type
Parameter Product p-Value
Meat product Meat analog

Frankfurter
C14: Kabanos -
Salami 0.16%
Frankfurter 2.56°
c16:1 Kabanos 2510
Salami 218
Frankfurter 0.16*
171 Kabanos 0.21°
Salami 0.27¢
Frankfurter 33.09°
C18:1 cis-9 Kabanos 35.98°
Salami 30.12°
Frankfurter 264
C18:1 cis-11 Kabanos 2.79°
Salami 2.10°
Frankfurter 281°
C182 Kabanos 5.25°
Salami 3.48P
Frankfurter 0.07°
C183 Kabanos 0.31°
Salami 0.17°
Frankfurter 1.752
€201 Kabanos 1.40°
Salami 1.822
Frankfurter 0.00°
€202 Kabanos 0.14°
Salami 0.06
Frankfurter -
€203 Kabanos 0.02°
Salami -
Frankfurter =
C20:4 Kabanos 0.02°
Salami =
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0.00° 007 0292
0.44° 036 <0001
0.28° 040 <0.001
047° 029 <0.001
007° 002 <0.001
0.03° 003 0.001
009 003 <0.001
6275 497 <0.001
8.06° 511 <0001
60.70? 517 <0.001
288° 007 0094
039 043 <0.001
269 0.10 <0.001
14,552 201 <0.001
819 0.90 0.108
15312 204 <0.001
415 070 <0.001
046° 007 0355
457 076 <0.001
1.90° 0.10 0468
0.17° 023 <0.001
148 0.09 0052
0.06° 002 0.157
0.06° 005 0501
009° 004 0750
0.02° 001 0833
0.00° 001 0407
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Table 4. Continued.

Product type
Parameter SEM p-Value
Meat product Meat analog
0.01

Frankfurter 0.00°
C22:1 Kabanos -
Salami 0.01°
Frankfurter 40.19°
MUFAs Kabanos 42.90°
Salami 36.66°
Frankfurter 2.88°
PUFAs Kabanos 574
Salami 3.71°

0.04° 0.141

0.02° 0.01 0.347
68.08° 467 <0.001
10.88° 5.72 <0.001
65.45° 488 <0.001
18.75° 272 <0.001

8.73° 1.02 0.155
19.96° 279 <0.001

SEM, standard error of the mean; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids. Values followed by different letters within the same row are significantly

different (p<0.05).

Table 5. Fatty acid ratios in the meat products and their plant-based analogs.

Parameter

Frankfurter 0.76°
UFAs/SFAs Kabanos 0972
Salami 0.68°
Frankfurter 0.71°
MUFAs/SFAs Kabanos 0.85°
Salami 062°
Frankfurter 0.05°
PUFAs/SFAs Kabanos 0.12°
Salami 0.06°
Frankfurter 1.56°
DFAs/OFAS Kabanos 1.89°
Salami 149°
Frankfurter 2.88P
EFAS Kabanos 5.56%
Salami 3.64°

“ ST

Meat product Meat analog

p-Value
6.79° 1.05 <0.001
0.25° 0.14 0.001
6.76° 121 0.003
5312 0.79 <0.001
0.14° 0.13 <0.001
5.17° 091 0.003
1482 0.26 <0.001
0.11° 0.02 0.809
1.60° 031 0.003
9.22° 132 <0.001
0.30° 0.29 <0.001
9.11° 1.54 0.003
18.69° 271 <0.001
8.65° 097 0.119
19.87° 2.79 <0.001

SEM, standard error of the mean; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; UFAs, unsaturated fatty acids (MUFAs+PUFAs);
DFAs, hypocholesterolemic fatty acids (UFAs+C18:0); OFAs, hypercholesterolemic fatty acids (SFAs—C18:0); EFAs, essential fatty acids (C18:2+C18:3). Values followed by different letters

within the same row are significantly different (p<0.05).

fatty acids (UFAs+C18:0) to hypercholesterolemic fatty acids
(SFAs—C18:0) (DFAs/OFAs).

The differences in the fatty acid profiles of meat products
and their plant-based analogs resulted from the different origin
of lipids. Long-chain fatty acids, such as palmitic acid (C16:0),
stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2),
predominate in lipids of meat and meat products, whereas
the contents of polyunsaturated fatty acids (PUFAs) are low [Bohr-
er, 2019], which was also observed in this study. The proportion
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of PUFAs is particularly low in meat from ruminants, because they
undergo biohydrogenation in the rumen. De Smet et al. [2004] re-
ported that the average PUFAs/SFAs ratio in beef, lamb, and pork
(steaks and chops) purchased in supermarkets in the United
Kingdom was 0.11,0.15 and 0.58, respectively. The above ratios
are even lower in meat products because processing affects
PUFAs [Dominguez et al., 2019].

Vegetable oils/fats and animal fats differ in fatty acid compo-
sition and the mutual proportions of fatty acid groups. Different
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types of edible oils/fats are also characterized by considerable
differences in their fatty acid profiles. Orsavova et al. [2015] ana-
lyzed the fatty acid composition of 14 edible vegetable oils (saf-
flower, grape, Silybum marianum, hemp, sunflower, wheat germ,
pumpkin seed, sesame, rice bran, almond, rapeseed, peanut,
olive, and coconut oil) and found that the contents of the major
fatty acids varied widely: C16:0 — from 4.6% to 20.0%, C18:1 —from
6.2% to 71.1%, and C18:2 — from 1.6% to 79%. The proportions
of fatty acid groups were determined in the following ranges:
SFAs — from 6.3% (rapeseed oil) to 92.1% (coconut oil), MUFAs —
from 6.2% (coconut oil) to 72.8% (rapeseed oil), and PUFAs — from
54.3% (pumpkin seed oil) to 79.1% (sunflower oil). Technological
processes and refinement techniques (pressing, fractionation,
isomerization) can also alter the fatty acid composition of veg-
etable oils/fats [Bohrer, 2019].

The vast majority of vegetable oils/fat used in the produc-
tion of meat analogs contain mostly UFAs. In the present studly,
vegetarian frankfurters and salami were produced with the use
of rapeseed oil, which contributed to their desirable fatty acid
profiles. Increased contents of UFAs, in particular PUFAs, in lipids
of plant-based meat analogs, deliver health benefits to consum-
ers. However, they are also susceptible to oxidation, leading
to the formation of multiple chemical compounds that nega-
tively affect the sensory properties (flavor, color) of the products,
and exert adverse health effects [Dominguezetal, 2019]. Physical
technological treatments that can reduce the oxidation of PUFAs
in oils include pre-emulsification of oil with non-meat proteins
and microencapsulation [Lima et al., 2022b].

Fatty acids have different melting temperatures, therefore
oils used in the production of plant-based meat analogs should
be carefully selected because they affect the texture of the final
product. In order to impart meat-like consistency and mouth-
feel, meat alternatives are produced with the use of solid fats
extracted from tropical fruit such as coconuts or, less frequently,
cocoa beans [Sha & Xiong, 2020]. The dominant fatty acids in co-
conut oil are lauric acid (12:0), myristic acid (14:0) and palmitic
acid (16:0), which account for 46%, 17% and 9% of total fatty
acids, respectively [Boemeke et al, 2015]. In the current study,
coconut oil was used in the production of vegetarian kabanos
sausages, which explains the low values of indicators character-
izing the nutritional value of lipids in this product, relative to
vegetarian products containing rapeseed oil and meat products.
Coconut oil consists mostly of SFAs that account for approximate-
ly 90% of its total fatty acids, which has stirred a debate about
its potential adverse health effects, by analogy with animal fats.
A meta-analysis of clinical trials conducted by Neelakantan et al.
[2020] revealed that the consumption of coconut oil contributed
to agreaterincrease in low-density lipoprotein (LDL) cholesterol
levels than the consumption of non-tropical vegetable oils. How-
ever, coconut oil was not significantly associated with the mark-
ers of glycemia, inflammation or obesity. According to Hewlings
[2020], the health implications of SFAs should be analyzed in both
quantitative (total SFAs content) and qualitative (proportions
of individual SFAs) terms. A good example is coconut oil which
is classified as saturated fat although most of its fatty acids are
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medium-chain ones. In contrast, beef contains mostly long-
-chain SFAs. Medium-chain SFAs are absorbed differently than
long-chain SFAs; the former have been associated with several
health benefits, including improved metabolic and cognitive
functions in humans [Roopashree et al, 2021], which may be
linked with reduced oxidative stress [Mett & Muller, 2021]. Nev-
ertheless, the dietary intake of UFAs, in particular PUFAs, should
be increased [Snetselaaretal, 2021]. Further research is needed
to investigate potential relationships between individual SFAs
and the risk of developing certain diseases in order to establish
objective guidelines for the dietary inclusion or elimination
of selected SFAs.

= pH and color of meat products and their plant-based
analogs

The pH values and color parameters of the compared products
are presented in Table 6. The greatest difference (p<0.05) in pH
was noted between salami and its plant-based analog. The pH
of salami was considerably lower because it was manufactured
with the use of starter bacterial cultures. According to Bis-Souza
et al. [2020], salami is a typical dry fermented sausage, and se-
lected starter cultures are used in the process of its fermentation.
Bacteria produce lactic acid that acidifies the product, imparts
a distinctive taste, and extends its shelf life [Laranjo et al., 2017].
Considerable differences in average pH values (p<0.05) were
also found between frankfurters and kabanos sausages vs. their
plant-based analogs. Vegetarian frankfurters had a higher pH
(p<0.05) than their meat counterparts, and traditional kabanos
sausages had a higher pH (p<0.05) than their vegetarian alterna-
tives. Therefore, there is no clear correlation between product
type (meat product vs. meat analog) and its active acidity.

Color measurements revealed (Table 6) that plant-based
meat analog of frankfurter was darker in color (lower [* value,
p<0.05) than its traditional counterpart. All vegetarian products
were also characterized by higher (p<0.05) values of parameters
a* (redness) and b* (yellowness), and, in consequence, higher
(p<0.05) chroma (C*) values.

The color of meat alternatives is affected by the type
and amount of coloring agents that are added to mimic
the color of traditional meat products. According to the in-
formation on the labels of the plant-based products analyzed
in the present study, they contained the following colorants:
pepper extract, fenugreek extract (Trigonella foenum-graecum
L.), concentrated beetroot (Beta vulgaris L. subsp. vulgaris) juice,
iron oxides and hydroxides. The effect exerted by colorants on
the color of meat substitutes depends not only on their type,
but also stability. This applies in particular to natural pigments
whose stability and brightness are affected by exposure to
light, temperature, and pH [Harsito et al., 2021]. Similar obser-
vations were made by Ekielski et al. [2013] who analyzed red
pepper extract and found that its color was unstable under
exposure to intensive light, and that natural pigments were
more sensitive to light intensity than to increasing storage
temperature. Regardless of the content and transformations
of colorants, the color of food products may also be affected
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Table 6. Values of pH and color parameters of the meat products and their plant-based analogs.

Product type
Product

Parameter p-Value
Frankfurter 6.08° 6512 0.08 <0001
pH Kabanos 5942 542° 0.10 <0.001
Salami 483° 6.22° 0.23 <0.001
Frankfurter 70.52 61.42° 1.55 <0.001
L* Kabanos 46.34° 46.07° 0.66 0.854
Salami 46.23° 45.76° 0.72 0.765
Frankfurter 9.15P 16.49° 123 <0.001
a* Kabanos 13.79° 19.872 1.10 <0.001
Salami 16.08° 2333° 1.30 <0.001
Frankfurter 16.56° 26.14° 162 <0.001
b* Kabanos 16.85° 30.34° 241 <0.001
Salami 12.06° 24317 2.10 <0.001
Frankfurter 18.92° 30912 202 <0.001
c* Kabanos 21.78° 36.26° 259 <0.001
Salami 19.07° 3449 267 <0.001

SEM, standard error of the mean; L*, lightness; a*, redness; b*, yellowness; C*, chroma. Values followed by different letters within the same row are significantly different (p<0.05).

by other factors. Herlina et al. [2021] suggested that the darker
color (lower brightness) of plant-based meat analogs may be
due to a high content of carbohydrates that participate in Mail-
lard reactions. Lipid autooxidation may also significantly affect
the color of plant-based products have high contents of UFAs
[Barden & Decker, 2016]. According to Kim et al. [2014], moisture
can act as a substrate for lipid oxidation. In the current study,
plant-based meat analogs contained more carbohydrates (ac-
cording to the manufacture’s declaration), UFAs (except for
kabanos sausages), and water than traditional meat products,
which could be responsible for their darker color.

CONCLUSIONS

Differences in the ingredient composition and production tech-
nology had a significant effect on the proximate chemical com-
position, fatty acid profile, color, and pH of the analyzed meat
products (frankfurters, Polish kabanos sausages, and salami)
and their plant-based analogs. Meat substitutes differed from
meat products in chemical composition and physicochemical
properties. Therefore, the names, form and packaging of plant-
-based analogs, which make a direct reference to the correspond-
ing traditional meat products, can be misleading for consumers
who expect products with similar quality attributes.

RESEARCH FUNDING

Project financially supported by Minister of Education and Science
in the range of the program entitled“Regional Initiative of Excel-
lence” for the years 2019-2023, Project No. 010/RID/2018/19,
amount of funding 12.000.000 PLN.

117

CONFLICT OF INTERESTS
The authors declare that they have no competing interests.

ORCID IDs

E. Burczyk https://orcid.org/0000-0002-8308-8372
T. Daszkiewicz https://orcid.org/0000-0001-5344-5490
M. Florek https://orcid.org/0000-0003-0941-1714
D. Kubiak https://orcid.org/0000-0002-8855-6446
M. Wodzak https://orcid.org/0009-0000-5168-0390
REFERENCES

1. AOAC International (2005). Official Methods of Analysis. 18th ed., Association
of Official Analytical Chemists, Washington, DC, USA.

2. Bakaloudi, D.R,, Halloran, A, Rippin, H.L, Oikonomidou, A.C,, Dardavesis
T1, Williams, J., Wickramasinghe, K., Breda, J., Chourdakis, M. (2021). Intake
and adequacy of the vegan diet. A systematic review of the evidence. Clinical
Nutrition, 40(5), 3503-3521.
https://doi.org/10.1016/j.cInu.2020.11.035

3. Barden, L, Decker, E.A.(2016). Lipid oxidation in low-moisture food: A review.
Critical Reviews in Food Science and Nutrition, 56(15), 2467-2482.
https://doi.org/10.1080/10408398.2013.848833

4. Bis-Souza, C.V, Penna, AL.B, da Silva Barretto, A.C. (2020). Applicability of po-
tentially probiotic Lactobacillus casei in low-fat Italian type salami with added
fructooligosaccharides: in vitro screening and technological evaluation. Meat
Science, 168, art. no. 108186.
https://doi.org/10.1016/j.meatsci.2020.108186

5. Boemeke, L, Marcadenti, A, Busnello, M., Gottschall, CB.A. (2015). Effects
of coconut oil on human health. Open Journal of Endocrine and Metabolic
Diseases, 5(7), 84-87.
https://doi.org/10.4236/0jemd.2015.57011

6. Bohrer, BM. (2019). An investigation of the formulation and nutritional
composition of modern meat analogue products. Food Science and Human
Wellness, 8(4), 320-329.
https://doi.org/10.1016/j.fshw.2019.11.006

7. Bouvard, V., Loomis, D., Guyton, K.Z, Grosse, Y., El Ghissassi, F,, Benbrahim-
-Tallaa, L., Guha, N., Mattock, H., Straif, K., International Agency for Research
on Cancer Monograph Working Group (2015). Carcinogenicity of consump-
tion of red and processed meat. The Lancet Oncology, 16(16), 1599-1600.
https://doi.org/10.1016/S1470-2045(15)00444-1


https://orcid.org/0000-0002-8308-8372
https://orcid.org/0000-0001-5344-5490
https://orcid.org/0000-0003-0941-1714
https://orcid.org/0000-0002-8855-6446
https://orcid.org/0009-0000-5168-0390
https://doi.org/10.1016/j.clnu.2020.11.035
https://doi.org/10.1080/10408398.2013.848833
https://doi.org/10.1016/j.meatsci.2020.108186
https://doi.org/10.4236/ojemd.2015.57011
https://doi.org/10.1016/j.fshw.2019.11.006
https://doi.org/10.1016/S1470-2045(15)00444-1

Pol. J. Food Nutr. Sci,, 2023, 73(2), 109-119

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

Bryngelsson, S., Moshtaghian, H., Bianchi, M., Hallstrém, E. (2022). Nutritional
assessment of plant-based meat analogues on the Swedish market. Interna-
tional Journal of Food Sciences and Nutrition, 73(7), 889-901.
https://doi.org/10.1080/09637486.2022.2078286

Cucchi, T, Arbuckle, B. (2021). Animal domestication: from distant past to
current development and issues. Animal Frontiers, 11(3) 6-9.
https://doi.org/10.1093/af/vfab013

Cutroneo, S, Angelino, D, Tedeschi, T, Pellegrini, N., Martini, D., SINU Young
Working Group (2022). Nutritional quality of meat analogues: Results from
the Food Labelling of Italian Products (FLIP) Project. Frontiers in Nutrition, 9,
art. no. 852831.

https://doi.org/10.3389/fnut.2022.852831

Dagevos, H. (2021). Finding flexitarians: Current studies on meat eaters
and meat reducers. Trends in Food Science and Technology, 114, 530-539.
https://doi.org/10.1016/j.tifs.2021.06.021

Daszkiewicz, T, Gugotek, A. (2020). A comparison of the quality of meat
from female and male Californian and Flemish Giant Gray rabbits. Animals,
10(12), art. no. 2216.

https://doi.org/10.3390/ani10122216

De Smet, S., Raes K., Demeyer, D. (2004). Meat fatty acid composition as af-
fected by fatness and genetic factors: a review. Animal Research, 53(2), 81-98.
https://doi.org/10.1051/animres:2004003

Dekkers, B.L,, Boom, RM.,, van der Goot, AJ. (2018). Structuring processes for
meat analogues. Trends in Food Science and Technology, 81, 25-36.
https://doi.org/10.1016/j.tifs.2018.08.011

Demeyer, D, Mertens, B, De Smet, S., Ulens, M. (2016). Mechanisms linking
colorectal cancer to the consumption of (processed) red meat: A review.
Critical Reviews in Food Science and Nutrition, 56(16), 2747-2766.
https://doi.org/10.1080/10408398.2013.873886

Dominguez, R, Pateiro, M., Gagaoua, M., Barba, F.J,, Zhang, W, Lorenzo, JM.
(2019). A comprehensive review on lipid oxidation in meat and meat prod-
ucts. Antioxidants, 8(10), art. no. 429.
https://doi.org/10.3390/antiox8100429

Ekielski, A, Powatka, M., Zelaziriski, T. (2013). The accelerated colour stability
studies for selected plant pigments. Nauki Inzynierskie i Technologie, 4(11),
9-19 (in Polish, English abstract).

Froggatt, A, Wellesley, L. (2019). Meat Analogues: Considerations for the EU,
The Royal Institute of International Affairs, Chatham House, London, UK,
pp. 25-28.

Fujihara, S., Sasaki, H., Aoyagi, Y., Sugahara, T. (2008). Nitrogen-to-protein
conversion factors for some cereal products in Japan. Journal of Food Sci-
ence, 73(3), C204-C209.
https://doi.org/10.1111/j.1750-3841.2008.00665.x

Gonzalez, N., Marqués, M., Nadal, M., Domingo, J.L. (2020). Meat consumption:
Which are the current global risks? A review of recent (2010-2020) evidences.
Food Research International, 137, art. no. 109341.
https://doi.org/10.1016/j.foodres.2020.109341

Harsito, C, Prabowo, AR, Prasetyo, S.D,, Arifin, Z.(2021). Enhancement stability
and color fastness of natural dye: A review. Open Engineering, 11(1), 548-555.
https://doi.org/10.1515/eng-2021-0055

Herlina, H., Aji, SB., Purnomo, B.H. (2021). Physical, chemical, and sensory
characteristics of chicken sausage with analog meat substitution. Industria:
Jurnal Teknologi dan Manajemen Agroindustri, 10(1), 67-77.
https://doi.org/10.21776/ub.industria.2021.010.01.8

Hertzler, SR, Lieblein-Boff, J.C,, Weiler, M., Allgeier, C. (2020). Plant proteins:
Assessing their nutritional quality and effects on health and physical function.
Nutrients, 12(12), art. no. 3704.

https://doi.org/10.3390/nu12123704

Hewlings, S.(2020). Coconuts and health: Different chain lengths of saturated
fats require different consideration. Journal of Cardiovascular Development
and Disease, 7(4), art. no. 59.

https://doi.org/10.3390/jcdd7040059

Hladik, C.M.,, Pasquet, P. (2002). The human adaptations to meat eating:
a reappraisal. Human Evolution, 17(3-4), 199-206.
https://doi.org/10.1007/BF02436371

Huppe, R, Zander, K. (2021). Consumer perspectives on processing technolo-
gies for organic food. Foods, 10(6), art. no. 1212.
https://doi.org/10.3390/foods10061212

IndustryARC™. (2023). Meat Substitutes Market Forecast (2021-2026). Retrie-
ved from: https://www.industryarc.com/Report/7489/meat-substitutes-
-market.html. Accessed: January 23, 2023.

International Commission on Illumination (1978). Recommendations on
Uniform Color Spaces-Color Difference Equations: Psychometric Color Terms. Sup-
plement No. 2 to CIE Publication No. 15 (E-1.3.1.), 1971/(TC-1-3).CIE, Paris, France.
Ishag, A, Irfan, S, Sameen, A, Khalid, N. (2022). Plant-based meat analogs:
A review with reference to formulation and gastrointestinal fate. Current
Research in Food Science, 5, 973-983.
https://doi.org/10.1016/j.crfs.2022.06.001

118

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kim, J.Y, Kim, M.-J, Lee, JH. (2014). Role of moisture on the lipid oxidation de-
termined by D,Oin alinoleic acid model system. Food Chemistry, 146, 134-140.
https://doi.org/10.1016/j.foodchem.2013.09.025

Knorr, D., Augustin, M.A. (2022). Preserving the food preservation legacy.
Critical Reviews in Food Science and Nutrition.
https://doi.org/10.1080/10408398.2022.2065459

Koletzko, B, Shamir, R. (2006). Standards for infant formula milk. British Medical
Journal, 332, 621-622.

https://doi.org/10.1136/bm;j.332.7542.621

Krul, E.S. (2019). Calculation of nitrogen-to-protein conversion factors:
A review with a focus on soy protein. Journal of the American Oil Chemists’
Society, 96(4), 339-364.

https://doi.org/10.1002/aocs.12196

Kyriakopoulou, K, Keppler, JK, van der Goot, AJ. (2021). Functionality of ingre-
dients and additives in plant-based meat analogues. Foods, 10(3), art. no. 600.
https://doi.org/10.3390/foods 10030600

Lacy-Nichols, J, Hattersley, L., Scrinis, G. (2021). Nutritional marketing of plant-
-based meat-analogue products: An exploratory study of front-of-pack
and website claims in the USA. Public Health Nutrition, 24(14), 4430-4441.
https://doi.org/10.1017/51368980021002792

Laranjo, M, Elias, M., Fraqueza, M.J. (2017). The use of starter cultures in tradi-
tional meat products. Journal of Food Quality, 2017, art. no. 9546026.
https://doi.org/10.1155/2017/9546026

Lee, J-S., Oh, H., Choi, I, Yoon, CS., Han, J. (2022). Physico-chemical charac-
teristics of rice protein-based novel textured vegetable proteins as meat
analogues produced by low-moisture extrusion cooking technology. LWT
— Food Science and Technology, 157, art. no. 113056.
https://doi.org/10.1016/j.lwt.2021.113056

Lima, M., Costa, R, Rodrigues, ., Lameiras, J,, Botelho, G. (2022a). A narrative
review of alternative protein sources: Highlights on meat, fish, egg and dairy
analogues. Foods, 11(14), art. no. 2053.

https://doi.org/10.3390/foods 11142053

Lima, T.LS. da Costa, G.F, Alves, RN, de Aratjo, CD.L, da Silva, G.FG, Ribeiro,
N.L, de Figueiredo, C.FV, de Andrade, R.O. (2022b). Vegetable oils in emul-
sified meat products: a new strategy to replace animal fat. Food Science
and Technology, 42, art.no. e103621.

https://doi.org/10.1590/fst.103621

Magkos, F. (2022). Meat in the human diet: in transition from evolutionary
hallmark to scapegoat. The American Journal of Clinical Nutrition, 115(5),
1263-1265.

https://doi.org/10.1093/ajcn/ngac041

Mett, J., Mller, U. (2021). The medium-chain fatty acid decanoic acid re-
duces oxidative stress levels in neuroblastoma cells. Scientific Reports, 11,
art.no.6135.

https://doi.org/10.1038/s41598-021-85523-9

Miller, V., Reedy, J, Cudhea, F, Zhang, J, Shi, P, Erndt-Marino, J., Coates, J,,
Micha, R, Webb, P, Mozaffarian, D. (2022). Global, regional, and national
consumption of animal-source foods between 1990 and 2018: Findings from
the Global Dietary Database. The Lancet Planetary Health, 6(3), e243-e256.
https://doi.org/10.1016/52542-5196(21)00352-1

Milton, K. (1999). A hypothesis to explain the role of meat-eating in human
evolution. Evolutionary Anthropology, 8(1), 11-21.
https://doi.org/10.1002/(SICI)1520-6505(1999)8:1<11::AID-
EVAN6>3.0.CO;2-M

Neelakantan, N, Seah, J.YH. van Dam, RM. (2020). The effect of coconut oil
consumption on cardiovascular risk factors. A systematic review and meta-
analysis of clinical trials. Circulation, 141, 803-814.
https://doi.org/10.1161/CIRCULATIONAHA.119.043052

OECD/FAO (2021). OECD-FAO Agricultural Outlook 2021-2030. OECD Publish-
ing, Paris, France. p. 171.

https://doi.org/10.1787/19428846-en

Orsavova, J, Misurcova, L, Ambrozova, J.V, Vicha, R, Micek, J. (2015). Fatty acids
composition of vegetable oils and its contribution to dietary energy intake
and dependence of cardiovascular mortality on dietary intake of fatty acids.
International Journal of Molecular Sciences, 16(6), 12871-12890.
https://doi.org/10.3390/ijms 160612871

Papier, K, Knuppel, A, Syam, N, Jebb, S.A, Key, T.J. (2023). Meat consumption
and risk of ischemic heart disease: A systematic review and meta-analysis.
Critical Reviews in Food Science and Nutrition, 63(3), 426-437.
https://doi.org/10.1080/10408398.2021.1949575

Reid-McCann, RJ, Brennan, S.F, McKinley, M.C,, McEvoy, C.T. (2022). The effect
of animal versus plant protein on muscle mass, muscle strength, physical
performance and sarcopenia in adults: protocol for a systematic review.
Systematic Reviews, 11, art. no. 64.
https://doi.org/10.1186/513643-022-01951-2

Roopashree, PG, Shetty, S.S., Kumari, N.S. (2021). Effect of medium chain fatty
acidin human health and disease. Journal of Functional Foods, 87,art.no. 104724.
https://doi.org/10.1016/j.jff.2021.104724


https://doi.org/10.1080/09637486.2022.2078286
https://doi.org/10.1093/af/vfab013
https://doi.org/10.3389/fnut.2022.852831
https://doi.org/10.1016/j.tifs.2021.06.021
https://doi.org/10.3390/ani10122216
https://doi.org/10.1051/animres:2004003
https://doi.org/10.1016/j.tifs.2018.08.011
https://doi.org/10.1080/10408398.2013.873886
https://doi.org/10.3390/antiox8100429
https://doi.org/10.1111/j.1750-3841.2008.00665.x
https://doi.org/10.1016/j.foodres.2020.109341
https://doi.org/10.1515/eng-2021-0055
https://doi.org/10.21776/ub.industria.2021.010.01.8
https://doi.org/10.3390/nu12123704
https://doi.org/10.3390/jcdd7040059
https://doi.org/10.1007/BF02436371
https://doi.org/10.3390/foods10061212
https://www.industryarc.com/Report/7489/meat-substitutes-market.html
https://www.industryarc.com/Report/7489/meat-substitutes-market.html
https://doi.org/10.1016/j.crfs.2022.06.001
https://doi.org/10.1016/j.foodchem.2013.09.025
https://doi.org/10.1080/10408398.2022.2065459
https://doi.org/10.1136/bmj.332.7542.621
https://doi.org/10.1002/aocs.12196
https://doi.org/10.3390/foods10030600
https://doi.org/10.1017/S1368980021002792
https://doi.org/10.1155/2017/9546026
https://doi.org/10.1016/j.lwt.2021.113056
https://doi.org/10.3390/foods11142053
https://doi.org/10.1590/fst.103621
https://doi.org/10.1093/ajcn/nqac041
https://doi.org/10.1038/s41598-021-85523-9
https://doi.org/10.1016/S2542-5196(21)00352-1
https://doi.org/10.1002/(SICI)1520-6505(1999)8:1%3c11::AID-EVAN6%3e3.0.CO;2-M
https://doi.org/10.1002/(SICI)1520-6505(1999)8:1%3c11::AID-EVAN6%3e3.0.CO;2-M
https://doi.org/10.1161/CIRCULATIONAHA.119.043052
https://doi.org/10.1787/19428846-en
https://doi.org/10.3390/ijms160612871
https://doi.org/10.1080/10408398.2021.1949575
https://doi.org/10.1186/s13643-022-01951-2
https://doi.org/10.1016/j.jff.2021.104724

T. Daszkiewicz et al.

50.

52.

53.

54.

55.

Sanders, LM., Wilcox, M.L, Maki, K.C. (2023). Red meat consumption and risk
factors for type 2 diabetes: A systematic review and meta-analysis of rand-
omized controlled trials. European Journal of Clinical Nutrition, 77(2), 156-165.
https://doi.org/10.1038/541430-022-01150-1

Sanne, I, Bjgrke-Monsen, A-L. (2022). Lack of nutritional knowledge among
Norwegian medical students concerning vegetarian diets. Journal of Public
Health: From Theory to Practice, 30(2), 495-501.
https://doi.org/10.1007/s10389-020-01327-7

Sha, L, Xiong, Y.L. (2020). Plant protein-based alternatives of reconstructed
meat: Science, technology, and challenges. Trends in Food Science and Tech-
nology, 102, 51-61.

https://doi.org/10.1016/j.tifs.2020.05.022

Smith, N.W,, Fletcher, A.J,, Hill, J.P, McNabb, W.C. (2022). Modeling the con-
tribution of meat to global nutrient availability. Frontiers in Nutrition, 9, art.
no. 766796.

https://doi.org/10.3389/fnut.2022.766796

Snetselaar, LG, de Jesus, JM., DeSilva, D.M,, Stoody, E.E. (2021). Dietary
Guidelines for Americans, 2020-2025: Understanding the scientific process,
guidelines, and key recommendations. Nutrition Today, 56(6), 287-295.
https://doi.org/10.1097/NT.0000000000000512

Van Boeckel, TP, Brower, C,, Gilbert, M., Grenfell, BT, Levin, S.A., Robinson,
TP, Teillant, A, Laxminarayan, R. (2015). Global trends in antimicrobial use

119

56.

57.

58.

59.

in food animals. The Proceedings of the National Academy of Sciences, 112(18),
5649-5654.

https://doi.org/10.1073/pnas.1503141112

WHO/FAO (2019). Nitrogen and protein content measurement and nitrogen to
protein conversion factors for dairy and soy protein-based foods: A systematic
review and modelling analysis. World Health Organization and Food and Ag-
riculture Organization of the United Nations, Geneva, Switzerland.
WHO/FAO (2020). The Joint FAO/WHO Expert Meetings on Nutrition (JEMNU):
Nitrogen to protein conversion factors for soy-based and milk-based ingredients
used in infant formula and follow-up formula. Report of the meeting of the ex-
pert panel, Geneva, Switzerland, 16-17 July 2019. World Health Organization
and Food and Agriculture Organization of the United Nations, Geneva,
Switzerland.

Williams, A.C., Hill, L.J. (2017). Meat and nicotinamide: A causal role in human
evolution, history, and demographics. International Journal of Tryptophan
Research, 10,2017.

https://doi.org/10.1177/1178646917704661

World Cancer Research Fund International (2018). Recommendations
and public health and policy implications. Retrieved from: https://www.wcrf.
org/sites/default/files/Recommendations.pdf. Accessed January 23, 2023.


https://doi.org/10.1038/s41430-022-01150-1
https://doi.org/10.1007/s10389-020-01327-7
https://doi.org/10.1016/j.tifs.2020.05.022
https://doi.org/10.3389/fnut.2022.766796
https://doi.org/10.1097/NT.0000000000000512
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1177/1178646917704661
https://www.wcrf.org/sites/default/files/Recommendations.pdf
https://www.wcrf.org/sites/default/files/Recommendations.pdf

vo\ish Jo,
u,.%
2

Polish Journal of Food and Nutrition Sciences
2023, Vol. 73, No. 2, 120-129

DOI: 10.31883/pjfns/162710

ISSN 1230-0322, e-ISSN 2083-6007

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

v
O o
Y pue poO‘Q

o
oV
Suzs ¥

Kefir Prevents Adipose Tissue Growth Through the Induction
of Apoptotic Elements in High-Fructose Corn Syrup-Fed Rats
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Consumption of high-fructose corn syrup (HFCS) in the diet is a causal factor in the development of abdominal obesity;
however, the molecular mechanism behind this association is still up for debate. This study evaluated the metabolic distur-
bances that are caused by HFCS on adipose tissue as well as the possibility of kefir as a therapy to prevent these metabolic
disturbances. Male Wistar rats were divided into four groups: control, kefir, HFCS, and HFCS+kefir. HFCS (20%, w/v) was given
in drinking water and kefir (1 mL/100 g body weight) by gastric gavage daily for 8 weeks. Levels of insulin signaling, inflam-
mation, and apoptosis-associated proteins of adipose tissues were determined with Western blot and immunohistochem-
ical techniques. Gene expressions were evaluated with semi-quantitative real-time polymerase chain reaction (qRT-PCR).
The indirect terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) method was used to assess changes
in apoptotic cells,and hematoxylin/eosin staining to determine adipocyte number and diameter. Accordingly, HFCS boosted
protein kinase B (Akt) and p-Akt while reducing nuclear factor kB (NF-kB), and tumor necrosis factor alpha (TNFa) levels
and kefir treatment restored Akt induction in HFCS-treated rats despite raising NF-kB, and TNFa. Increased expression of Akt
and B-cell lymphoma-2 gene (Bcl2) was contrasted with decreased expression of Nfkb, Tnfa, tumor protein 53 gene (p53),
and caspase-8 gene (Casp8). Furthermore, while there was a marked reduction in TUNEL-positive cells in the HFCS group,
the number of such cells was greater in the HFCS+kefir group. These results show that HFCS intake suppresses apoptosis
in adipose tissues, which may be responsible for tissue development and abdominal obesity and may be reversed with kefir
administration due to the activation of apoptosis-associated genes and proteins.

Key words: adipose tissue, fructose, kefir, apoptosis, inflammation

INTRODUCTION

Obesity is a form of chronic disease that is experiencing a rise
in incidence and is now being recognized on a worldwide scale
as an epidemic [Hill et al, 2022]. Recent research suggests that
differences in lifestyle and eating habits are the most significant

contributors [Khorshidian etal, 20211, and carbohydrate consump-
tion, especially from refined sources, might lead to the develop-
ment of chronic diseases including obesity, insulin resistance,
metabolic syndrome, and diabetes [Stanhope, 2016]. Research
evaluating the negative impacts of various forms of carbohydrates,

*Corresponding Author:
tel.: +90 532 253 39 40; e-mail: mbpektas@gmail.com (M.B. Pektas)

BY NC ND

120

Submitted: 7 January 2023
Accepted: 27 March 2023
Published on-line: 5 May 2023

© Copyright by Institute of Animal Reproduction and Food Research of the Polish Academy of Sciences
© 2023 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/).


https://orcid.org/0000-0002-3191-4978
https://orcid.org/0000-0002-6422-1203
https://orcid.org/0000-0001-7692-8890
https://orcid.org/0000-0003-2106-2422 
https://orcid.org/0000-0001-5670-1314
https://orcid.org/0000-0003-2862-3288
https://orcid.org/0000-0002-6841-3675
https://orcid.org/0000-0003-3250-6113 
https://orcid.org/0000-0003-2468-2416
https://orcid.org/0000-0003-0055-7688  
mailto:mbpektas@gmail.com

E. Aslan et al.

including glucose, fructose, and sucrose, has found that fructose
in sweetened foods and beverages has the most pronounced ef-
fect [Zafaretal, 2021]. Due to the fact that insulin cannot regulate
fructose metabolism, it develops abdominal fat deposition that is
distinct from overall obesity [Akar et al, 20211. Itis also well-known
that a diet high in fructose causes insulin resistance, metabolic
syndrome, diabetes, and heart disease, as well as serious damage
tothe liver, kidneys, vascular smooth muscle, ovaries, and testicles
[Sumlu et al, 2022; Yildirim et al, 2019]. However, its impact on
cellular signaling pathways may vary depending on the tissue
type. For instance, hepatic insulin receptor substrate-1 (IRS-1),
endothelial nitric oxide synthase (eNOS), protein kinase B (Akt),
and sirtuin-1 (SIRT-1) levels were recently reported to be reduced
in rats fed a long-term diet of 10% fructose [Korkmaz et al,, 2019;
Yildirim et al, 2019], whereas they were elevated in adipose tissues
[Pektas etal, 2016]. This abnormality is due to insulin's anabolic na-
ture, which enhances adipose tissue growth. Furthermore, adipose
tissue regulates various physiological processes via the hormones
it secretes, including leptin, adiponectin, resistin, and visfatin [Liu
et al, 2021], which may amplify the consequences of feeding-
-related metabolic disorders.

Insulin and insulin-like growth factor (IGF) signaling have
been found to be associated with cell growth and division by
promoting cell-cycle activators and inhibiting apoptosis-related
pathways, which suggests a relationship between metabolic
diseases and cancer development [Harvey et al, 2011]. There
have been several postulated links between cancer development
and obesity. For instance, increased levels and bioavailability
of insulin and insulin-like growth factors, altered adipocytokine
levels such as leptin, adiponectin, and visfatin, and oxidative
stress have been associated with cancer development in obese
people [Berger, 2014]. Epidemiological, clinical, and experimental
studies also revealed the effects of weight loss in preventing
breast, endometrium, esophagus, adenocarcinomas, pancreatic,
colorectal, colon, and kidney cancers [Irigaray et al,, 2007]. Recent
studies present data revealing the alteration of insulin signaling
components and apoptosis-associated parameters in high-fruc-
tose-induced obesity animals. For instance, caspase-3 levels were
elevated [Savran et al, 2019], phosphorylated insulin receptor
substrate (p-IRS-1) and phosphorylated protein kinase B (p-Akt),
levels were lowered [Prasatthong et al, 2021],and insulin receptor
(IR), IRS-1, IRS-2, and Akt were suppressed in the bladder of rats
administered a high-fructose diet [Lee et al., 2021]. Caspase-3,
-8, and -9 levels were elevated in the pancreas [Nephan et al,
2018], while tumor necrosis factor a (TNFa), B-cell lymphoma 2
protein (Bcl-2), Bcl-2-associated X protein (Bax), and caspase-3
levels were elevated in the liver [Zaki et al., 2019], and p53 lev-
els were decreased in the colon epithelium of rats fed with
high-fructose diets [Narayanankutty et al, 2022]. Similarly, we
have previously demonstrated that levels of IR, IRS-1, IRS-2, Akt,
phosphoinositide 3-kinase (PI3K), eNOS, and SIRT-1 in adipose
tissue were enhanced [Pektas et al, 2016]. Even though these
studies attempted to establish the molecular action mechanisms
of fructose in various tissues, the effects of fructose on adipose
tissue remain understudied.
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Probiotics are a mixture of beneficial bacteria and/or yeasts
that occur naturally in the human body, and when combined
with prebiotics, they have been shown to treat a variety of ail-
ments such as allergies, gastrointestinal problems, and inflamma-
tion [Markowiak & Slizewska, 2017]. Kefir, a fermented milk prod-
uct classified as source of probiotics, comprises lactic and acetic
acid bacteria in a polysaccharide matrix [Rosa et al, 2016] and has
been found to have anti-viral [Hamida et al, 2021], anti-inflam-
matory [Akar et al, 2021; Pektas et al, 2022], and anti-allergic
properties [Barros et al., 2021]. It has also been demonstrated to
prevent problems brought on by fructose or high-fructose corn
syrup (HFCS) ingestion [Akar et al, 2021; Chen et al., 2016; Ekici
et al, 2022a; Rosa et al, 2016]. Also, the major bacteria in kefir,
Lactobacillus kefiri, reduced the size of adipose tissue and had
anti-inflammatory effects in fructose-fed mice [Zubirfa et al,
2017]. Similar results were also seen in the adipose tissue of obese
mice, where it reduced lipid production and inflammatory cy-
tokines [Choi et al., 2017]. We have previously shown [Ekici et al,
2022a] that kefir protects young rats against the HFCS-induced
inflammation of the masseter muscle and gingival tissue, as well
as from the altered metabolic parameters that accompany this
inflammation. We also showed the preventive effects on HFCS-in-
duced bone loss in the craniofacial region of rat models [Ekici
et al, 2022b]. Herein, we aimed to investigate the importance
of apoptosis on adipocytes and adipogenesis, and the effects
of kefir consumption on high-fructose corn syrup-induced adi-
pogenesis at the molecular level.

MATERIALS AND METHODS

= Animals and protocols

Male Wistar rats aged four weeks and weighing around 100 g
were fed a regular rodent chow diet. Before the experiment,
therats were housed on a 12-h night and day cycle in an environ-
ment of 24-26°C and 50-60% humidity. The work was authorized
by Afyon Kocatepe University’s Ethical Animal Research Commit-
tee (AKUHADYEK 49533702-55). The rats were cared in accord-
ance with the National Health and Medical Research Council’s
Experimental Animal Principles and Guidelines [National Health
and Medical Research Council, 2013] and the National Institute
of Health's Experimental Animal Care and Use Guidelines (NIH
issue no. 85-23, 1985 amended) [National Research Council,
2011]. Atotal of 48 animals were given a week to adapt to the en-
vironment before any practical applications were made, after
which they were divided into four groups: control, kefir, HFCS,
and HFCS+kefir. Kefir (DanemKefir, Isparta, Turkey) was supplied
ready-made commercially available. Kefir was given to the rats as
1 mL/100 g body weight daily via gastric gavage. HFCS F55 (56%
of fructose, 37% glucose, 2% higher saccharides, Cargill, Wayzata,
MN, USA) was applied in drinking water (20%, w/v) ad libitum
throughout 8 weeks. The terminal weights of the animals were
29145 g (control), 32243 g (kefir), 3659 g (HFCS), and 335+2 g
(HFCS+kefir). Following the administration of HFCS and kefir,
the rats were rendered unconscious with ketamine (100 mg/kg)
and xylazine (10 mg/kg), and then their omental white adipose
tissues were removed and examined. Before being frozen using
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liquid nitrogen and kept at —85°C, the samples were washed
with physiological saline solution. Some tissues were also fixed
in 10% neutral formalin for the immunohistochemical analysis.

= Determination of NF-kB and TNFa levels in the adipose
tissues

Adipose tissue samples were homogenized in 0.1 M phosphate
buffer (1:10 (w/v), pH 7.4) with Ultra-Turrax homogenizer (Ika Works
Inc., Wilmington, NC, USA) at 24,000 cycles/min. Then, homoge-
nates were further ultrasonicated at 20,000 cycles/s for 1 min
(Dr. Hielscher ultrasonic device, Teltow, Germany). Supernatants
were collected after centrifugation at +4°C at 10,000xg for 15 min
and stored at —85°C until further use. Nuclear factor kB (NF-«B)
and TNFa levels were determined using SEB824Ra and SEA133Ra
commercial enzyme-linked immunosorbent assay (ELISA) kits, re-
spectively (Cloud-Clone Corp., Houston, TX, USA) and performing
the procedures outlined by the kit's manufacturer.

= Determination of protein levels by Western blot
Adipose tissues were homogenized using a Tissue Ruptor™
homogenizer (Qiagen, Venlo, Netherlands) in 2-fold volumes
of a homogenization medium (50 mM Tris, 150 mM sodium
chloride, 5 mM ethylenediaminetetraacetic acid, 1% (w/w) Tri-
ton X-100, 0.26% (w/v) sodium deoxycholate, 50 mM sodium
fluoride). The homogenates were then centrifuged at 1,500xg
for 10 min at +4°C. Supernatants whose protein concentrations
were determined by the Lowry method [Lowry etal, 1951] were
collected and processed for Western blot analysis.

One hundred mg of proteins were separated on a polyacryl-
amide gel electrophoresis (12% separating and 4% stacking gels)
and then transferred onto polyvinylidene fluoride membranes
using the Trans-Blot Turbo transfer system (Bio-Rad Laboratories,
Hercules, CA, USA). After that, the membranes were blocked with
3% bovine serum albumin for 1 h, and primary antibodies were
utilized for priming the respective Akt (anti-Akt rabbit IgG, Santa
Cruz Biotechnology, Dallas, TX, USA; dilution 1:1,000) and p-Akt
(anti-pAkt rabbit IgG, Santa Cruz Biotechnology; dilution 1:500)
antibodies overnight at +4°C. As an internal control, anti-GAPDH
rabbit IgG (Santa Cruz Biotechnology; dilution 1:4,000) was used
to label glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
for data normalization. Subsequent to washing, the blots were

incubated with secondary antibodies conjugated with horseradish
peroxidase (HRP) for 1 h (goat anti-rabbit IgG-HRP conjugate, Santa
Cruz Biotechnology; dilution 1:10,000) before being exposed to
a Clarity™ Western ECL (Bio-Rad Laboratories) substrate solution
for 5 min. A ChemiDoc™ MP chemiluminescence detection de-
vice was used to capture the blot pictures (Bio-Rad Laboratories)
and Imagelab 4.1 software (Bio-Rad Laboratories) was used to
determine the protein’s relative level in relation to GAPDH.

u Determination of the gene expressions with the real-
-time polymerase chain reaction
Relative expression levels of genes: Akt, Nfkb, Tnfa, p53, Casps8,
and Bcl2, with respect to Gapdh were determined with
a semi-quantitative real-time polymerase chain reaction
(qRT-PCR). To begin, total RNAs were extracted from adipose
tissues using a commercial kit (GeneJET RNA purification kit,
Thermo Fisher Scientific, Waltham, MA, USA) and then analyzed
by agarose gel electrophoresis and a spectrophotometery at
260/280 nm for quality control. RevertAid™ First Strand cDNA
Synthesis Kit was used to reverse transcribe 1 ug of total RNA
to cDNA (Thermo Fisher Scientific). Gene expressions were
determined by gRT-PCR protocol as we described previously
[Ekici et al, 2022a]. The used primer pairs are given in Table 1.
The relative expressions of the genes were determined using
LightCycler™ 480 SW 1.5.1 software (Roche, Forrenstrasse, Swit-
zerland), with Gapdh expression serving as the internal control.

= Immunohistochemical analysis

Tissue slices (5 um) were microwaved in a citrate buffer (0.1 M,
pH: 6.0) for an antigen retrieval process after being deparaffinized
and rehydrated. Hydrogen peroxide at a concentration of 3% was
used to block peroxidase activity. To identify the desired protein,
primary antibodies of NF-kB (sc-8008, 1/100), perilipin 1 (PLIN-1;
bs-3789R, 1/200), Bax (sc-526, 1/100), caspase-3 (sc-56053, 1/100),
and TNFa (ab34674, 1/200) were utilized. A secondary antibody
coupled with horseradish peroxidase (HRP) was used to probe
primed samples (TP-125-HL, Thermo Fisher Scientific). 3-Amino-
-9-ethylcarbazole (LabVision AB, Varmdo, Sweden) was applied
asachromogen. All of the slides were counterstained with May-
ers hematoxylin and mounted using a water-based mounting
solution. Under a bright light microscope (Eclipse E600, Nikon,

Table 1. Primer sequences used in gene expression analysis with quantitative real-time polymerase chain reaction.

Gene name Forward primer 5'—3’ Reverse primer 5'—3’

Akt GAAGAAGAGCTCGCCTCCAT

Nfkb GGGTCAGAGGCCAATAGAGA

Tnfa ATGGGCTCCTCTCATCAGT

Casp88 GCTGTAACCTGTCGCCG

Bcl2 TTCCTGCATCTCATGCCAAG

p53 TCCCCTGAAGACTGGATAACT
Gapdh TGATGACATCAAGAAGGTGGTGAAG
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GAAGGAGAAGGCCACAGGTC
CCTAGCTTTCTCTGAACTGCAAA
GCTTGGTTTGCTACGAC
ACCTCCGGTGTTTTATAGTTCC
TACCAATAGCACTTCGCGTC
TTCCTCTGGGCCTTCTAACA
TCCTTGGAGGCCATGTGGGCCAT
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Tokyo, Japan), the immuno-positive adipocytes were counted
in 5 randomly chosen areas for each section to analyze the im-
munoreactivity of the specimens. Image analysis was carried out
using imaging software (NIS Elements) specifically designed for
that purpose (Nikon).

=  Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay

For the detection of apoptotic cells in adipose tissue, the indi-
rect TUNEL method was used according to the manufacturer’s
protocol of ApopTag plus Peroxidase in Situ Apoptosis Detection
Kit (57101, Merck Millipore, Burlington, MA, USA). TUNEL-positive
cells were counted for each section in five different areas. Dark
brown stained cells were considered positive.

= Histochemical staining

Adipose tissue samples were fixed in 10% neutral formalin
and histologically examined. Five micrometer-thick slices of par-
affin blocks were cut and stained with hematoxylin and eosin
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(H&E). Five randomly selected areas from each section were
evaluated from tissues of at least six rats. The average was used to
compute the number of cells per unit. Furthermore, the diameter
of atleast 100 cells in each segment was measured, and the mean
cell diameter was determined.

= Statistical analysis

Throughout the course of the study, all of the data is given as
amean + standard error of the mean (SEM). The one-way analysis
of variance (ANOVA) and the necessary post hoc tests (Tukey)
were used to conduct the statistical comparisons. Comparisons
with p<0.05 were considered statistically significant. The expres-
sions of genes and levels of proteins were standardized relative
to the mean of the control group. The data was also normalized
with corresponding GAPDH and Gapdh within the same groups.

RESULTS AND DISCUSSION
The information on the body and omentum weights of rats, their
intake of food, fluids, and calories, as well as various metabolic

Control Kefir HFCS HFCS + kefir

p-Akt

L e— m— o—
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(Fold change)

Control Kefir HFCS HFCS + kefir

TNFa
(Fold change)

HFCS + kefir
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Figure 1. Western blotimages for protein kinase B, Akt (A) and phosphorylated Akt, p-Akt (B), relative levels of Akt (C) and p-Akt (D) quantified using densitometry
and normalized with corresponding glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and levels of nuclear factor kB, NF-kB (E) and tumor necrosis factor
a, TNFa (F) measured by ELISA in adipose tissues of rats from the control, kefir, high-fructose corn syrup (HFCS), and HFCS+kefir groups. Each band presented
ina row (A and B) derived from the same experiment and blots were processed in parallel experiments. Values (C-F) are expressed as mean + standard error
of the mean. *Significantly different compared to the control group (p<0.05). *Significantly different compared to the HFCS group (p<0.05).
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characteristics, was published in our previous research [Ekici et al.,
2022a]. Briefly, HFCS treatment significantly increased the body
and omental weights of rats and dietary supplementation with
kefir reduced the omental weights. HFCS-feeding resulted
in an increase in plasma glucose, fructose, insulin, triglycerides,
very low-density lipoprotein (VLDL) and total cholesterol, urea
and uric acid levels. In turn, kefir administration to rats signifi-
cantly lowered values of all these parameters.

In the current study, the effects of HFCS and kefir
consumption on the Akt, p-Akt NF-kB, and TNFa proteins
of the adipose tissue of rats were analyzed first. The results are
depictedin Figure 1. Accordingly, HFCS-feeding increased Akt
and p-Akt levels in rat adipose tissue while decreasing NF-kB,
and TNFa levels (p<0.05 compared to control). Kefir adminis-
tration in rats did not substantially alter Akt phosphorylation
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or inflammatory marker levels, although it did lower overall
Akt levels (p<0.05). Kefir, when given to HFCS-treated rats, nor-
malized the induction of total and phosphorylated form of Akt
while simultaneously elevating levels of NF-kB, and TNFa
in rats’adipose tissues.

The levels of mRNA expression of Akt, Nfkb, Tnfa, p53,
Casp8, and Bcl2 were determined using the gRT-PCR technique,
and the findings are shown in Figure 2. The treatment with kefir
had no significant influence on the levels of gene expression
for apoptotic or inflammatory markers. In contrast, ingestion
of HFCS led to an increase in the expression of the Akt and Bcl2
in the adipose tissues of rats, while at the same time leading to
adecrease in the expression of the Nfkb, Tnfa, p53,and Casp8. In
addition, the administration of kefir greatly returned all of the ab-
normalities that had been caused by HFCS.
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Figure 2. Relative mRNA expression levels of Akt (A), Nfkb (B), Tnfa (C), p53 (D), Casp8 (E), and Bc/2 (F) of the adipose tissues of rats from the control, kefir, high-
-fructose corn syrup (HFCS), and HFCS+kefir groups. Data were normalized by Gapdh. Values are expressed as mean + standard error of the mean (n=6-12).
*Significantly different compared to the control group (p<0.05); *Significantly different compared to the HFCS group (p<0.05).
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Theimages of adipose tissues of rats treated with HFCS and kefir
after histochemical and immunohistochemical staining are given
in Figure 3.The quantitative results of immunohistochemical anal-
ysis are summarized in Figure 4A-E. In comparison to the control
group, the level of PLIN-1 in adipose tissues of rats consuming

Control Kefir

PLIN-1

TUNEL Bax Caspase-3 TNFa NfkB

H&E

kefir was lower and the tissues of the group treated with HFCS
had the highest PLIN-1 level (Figure 4A). It was also shown that
the staining of PLIN-1 was less intense for the group that con-
sumed HFCS+kefir compared to the group that consumed only
HFCS. The NF-kB and TNFa levels, on the other hand, were higher

HFCS HFCS + kefir

Figure 3. Images of histochemical and immunohistochemical staining of adipose tissues of rats from the control, kefir, high-fructose corn syrup (HFCS),

and HFCS+kefir groups. H&E, hematoxylin and eosin staining.
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in the adipocytes of kefir group (Figure 4B and 4C, respectively). Figure 4F shows that the number of TUNEL-positive cells
When compared to the control group, NF-kB and TNFa levels were decreased significantly (p<0.05) in the HFCS group compared to
lower (p<0.05) for the HFCS group; however, the values for HFCS+ke- the control group, and the number of apoptotic cells increased
firgroup were significantly (p<0.05) higher than for the HFCS group. in the kefir group. Additionally, the number of apoptotic cells
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Figure 4. Relative intensity of immunohistochemical staining of PLIN-1 (A), NF-kB (B), TNFa (C), caspase-3 (D) and Bax (E) of adipocytes, number of TUNEL
apoptotic cells (F) and number (G) and diameter (H) of hematoxylin and eosin (H&E) stained adipocytes of rats from the control, kefir, high-fructose corn syrup
(HFCS), and HFCS+kefir groups. Values are expressed as mean + standard error of the mean (n=6-12). *Significantly different compared to the control group
(p<0.05); Significantly different compared to the HFCS group (p<0.05).
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was higher in the HFCS+kefir group than in the HFCS group.
On the other hand, the distribution of caspase-3 (Figure 4D)
and Bax (Figure 4E) levels demonstrated a correlation with
the number of TUNEL-positive cells. The levels of both markers
were higher in the adipocytes of kefir group when compared to
the control group, but they were shown to be lower in the HFCS
group.In addition, an increase was found in the HFCS+kefir group
in comparison to the HFCS group.

The changes in the number and diameter of adipocytes
were evaluated with histological examinations under a light
microscope. Results are shown in Figure 4G and H. It was found
that the number of cells per unit area of tissues decreased while
the cell diameter increased in the HFCS group as compared with
control group. Besides, kefir administration to rats increased
the average number of adipocyte but decreased the cell diam-
eters. When administered to the HFCS-treated rats, kefir nor-
malized the reduced cell number to the value of control group
and decreased the cell diameters towards the value of the control
group.

[tis well known that consumption of processed foods that
include fructose, glucose, sucrose, or any combination of these
three in particular quantities can have negative consequences
on human health [Stanhope, 2016]. Even though the effects
of these dietary components on human health have been un-
equivocally demonstrated, the molecular mechanisms of their
action continue to be the subject of debate. It has been demon-
strated that an increase in dietary fructose intake lowers insulin
sensitivity in liver tissue [Akar et al,, 2021], but raises it in adipose
tissue [Pektas et al, 2016]. Recent research indicates that feeding
experimental animals with HFCS results in the development
of omental obesity [DiNunzio et al, 2020; Hattori et al, 2021;
Sadowska & Rygielska, 2019]. Despite this, there is still a great
deal of confusion about the leading molecular mechanisms.
As a result, the causes of possible adipogenesis due to the con-
sumption of HFCS were investigated at the molecular level in this
study. Additionally, the effects of milk kefir, which contains many
bacterial species collectively referred to as beneficial bacteria,
on possible changes were observed and analyzed in an effort
to find a treatment.

What sets adipose tissue apart from other organs and tissues
is its widespread distribution and its ability to enlarge in response
to excess energy in the form of stored lipids. White adipose tissue
and subcutaneous brown adipose tissue are the two primary
forms of adipose tissue in animals, both of which surround the in-
ternal organs. Insulation and the storage of energy are the two
primary physiological activities that are performed by adipose
tissue, which are intimately related to the metabolic issues that
are brought on by obesity, insulin resistance, and diabetes. In
obese individuals, the expansion of adipose tissue may be me-
diated by hypertrophy, hyperplasia, or both processes. It is not
yet known, however, how adipose tissue growth is regulated at
the molecular level [Choe et al, 2016].

Recently, abdominal obesity due to long-term fructose con-
sumption has been associated with increased insulin sensitivity
due to enhanced level of Akt [Pektas et al, 2016], and decreased
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p-Akt levelsin adipose tissues [Li et al, 2021]. However, augment-
ed Akt and p-Akt levels in adipose tissues of mice fed a high-fat
and high-fructose corn syrup diet for eight weeks were shown
to be independent of plasma insulin levels [Zhang et al., 2020].
The proliferation of adipose tissue in fructose-fed rats was also
associated with an increase in insulin sensitivity, in which Akt has
an important role in the activation of the insulin signaling path-
way [Maines et al., 2021]. Despite conflicting findings in the lit-
erature, this study provides evidence for Akt induction owing to
HFCS intake at both gene and protein expression/phosphory-
lation levels. Besides, we also demonstrated the normalization
of HFCS-induced Akt levels by kefir treatment. Furuno & Nakanishi
[2012] demonstrated the suppression of antigen-induced mast
cell activation with kefir through Akt inhibition, and Akt levels
in rat kidney tissues were reduced with fructose and raised with
the administration of Lactobacillus plantarum, which is the main
beneficial bacteria in kefir [Korkmaz et al,, 2019]. The usefulness
of kefiringestion in Akt regulation was obvious in HFCS-fed an-
imals, even though study results vary depending on the tissue,
duration, and dietary modeling.

Studies also indicated the function that TNFa played
in the development of obesity-induced insulin resistance [Ste-
phens & Pekala, 1992; Stephens et al., 1997]. Insulin resistance
and the insulin signaling pathway have been found to be asso-
ciated with TNFa and NF-kB. For example, changes in the level
of TNFa in adipocytes can modulate the transcription of IRS-1
and Glucose transporter type-4 (Glut-4), both of which are in-
volved in the transport of glucose [Barzilay & Freedland, 2003;
Duncan et al, 2003]. A diet containing 10% fructose reduced
TNFa and NF-kB protein level in adipose tissue while increas-
ing their levels in the liver and kidney tissues [Qiao et al., 2018;
Velickovi¢ et al, 2013] and modulated the tissue inflammatory
states. Herein, our findings also demonstrated the suppression
of TNFa and NF-kB levels by long-term HFCS-feeding while it
also reduced the rate of apoptosis as evidenced by decreased
apoptotic Casp8and increased anti-apoptotic Bc/2 MRNA expres-
sions in adipose tissues. Although similar studies in the literature
have found that a high-fructose diet causes tissue inflammation
[Akaretal,2021; Korkmaz et al, 2019], the long-term use of HFCS
appears to prevent apoptosis, leading to anincrease in adipocyte
survival.

Among the primary lipid droplet-binding proteins, PLIN-1 is
abundantly expressed in adipocytes and its decreased expression
leads to lower fat mass and insulin sensitivity. A recent study
demonstrates that PLIN-1 deficiency promotes inflammatory
responses and lipolysis in adipose tissue, resulting in insulin
resistance [Sohn et al, 2018]. Increases in adipocyte diameters
and sizes, as well as an increase in PLIN-1 level as measured by
immunohistochemical technique in this study, are consistent
with these investigations. However, results from TUNEL and H&E
staining showed a reduction in both the number of viable adipo-
cytes and the overall number of cells per unit area. The primary
cause for this is the increase in the diameter of adipocytes that
occurs in response to an increase in the number of cells that
survive. In contrast to previous research [Pektas et al, 2016],
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the results of this study showed that omental obesity induced
by fructose intake is caused by the suppression of apoptotic
pathways in adipocytes. Considering the apoptotic potential
of kefir and its constituent bacteria, a few studies have shown
that kefir causes apoptosis in animal models of Ehrlich ascites car-
cinoma [Badr EI-Din et al,, 2020; Bozkurt et al., 2020; Esener et al.,
2018] and enhances the apoptosis pathway [El Golli-Bennour
etal, 2019]. Further, kefir was shown to have a modulatory role
in initiating apoptosis and avoiding inflammation by lowering
TNFa and NF-kB levels, as evidenced by the present studly.

CONCLUSIONS

Our study results demonstrate that consumption of HFCS leads
to adipogenesis via suppressing apoptosis and raising insulin
sensitivity in adipocytes, in addition to the previously estab-
lished link between the two. Although the clinical significance
of these findings has yet to be confirmed, we showed that kefir
might be a beneficial functional food against HFCS-induced
abdominal obesity.
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Pork liver is a by-product generated daily in large quantities due to the high number of pigs slaughtered and its relatively

high weight in relation to the carcass weight. However, it is not widely accepted by consumers for direct consumption due

to its organoleptic properties. The present work aims to provide information of interest that may be useful for obtaining

protein extracts from pork liver with potential as techno-functional ingredients. Specifically, the obtained results indicate that

pork liver has a high protein content, with collagen representing only a small protein fraction and being poor in non-protein

nitrogenous compounds. In addition, from the solubility profile obtained in the pH range from 4.8 to 8.5, high extraction

yields can be expected at alkaline pH. However, and despite the high microbiological quality of pork livers properly collected

and processed, their pH, water content and nutritional richness make them highly susceptible to microbiological spoilage.

Key words: meat by-products, valorisation, pork liver, thermal properties, solubility, chemical composition

INTRODUCTION

The recovery of food by-products is a strategy fully framed
in the context of the circular economy, an alternative economic
system to the linear model applied up to now, whose aim is to
improve the efficiency of resources. This is particularly important
in the case of animal production, given the high demand for
natural resources and the generation of greenhouse gases. This
impact on the environment is becoming a matter of great concern
duetotheincrease in both the world population and the number
ofinhabitants with enough purchasing power to be able toinclude
products of animal origin in their diet [FAQ, 2022].

The edible internal organs obtained during the slaughter
of animals are known as offal. Offal is present in many traditional
regional cuisine dishes around the world, both for its nutritional
value and for its organoleptic characteristics (flavour and tex-
ture). However, its consumption in Western countries has drasti-
cally declined in recent decades due to changes in consumer

preferences. Increasing offal consumption has been suggested as
arealistic strategy to reduce the contribution of meat production
to environmental impacts, since fewer animals would need to
be slaughtered. Therefore, the valorisation of non-meat edible
parts obtained during the slaughter of animals with a lower value
than meat but with good nutritional and/or techno-functional
properties should cease to be an option and become an obli-
gation due to the increase in demand for animal protein that is
expected to happen soon [da Costa et al., 2019].

In the case of the pig, the offal yield is around 17% by live
weight, among which the liver stands out; its nutritional value is
equivalent to that of meat, but with a higher content of vitamins
and minerals. This makes liver to be considered a first-grade meat
by-product due to its richness in proteins, vitamins, and mineral
elements [Kakimov et al, 2018]. However, a slight metallic taste
together with a bitter taste which could be related to the pres-
ence of iron/blood and bile production, respectively, along with
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its less tender texture make pork liver less appetising. In addi-
tion, off-flavours can become intense during liver processing/
storage due to iron-catalysed oxidation of unsaturated fatty
acids [Im et al,, 2004].

Currently, proteins of plant origin are increasingly attractive
compared to those of animal origin both because of the lower
environmental impact in obtaining them and for ethical issues.
However, we must not forget that the human species is essen-
tially omnivorous. While reducing meat consumption at the in-
dividual level must be a reality to address the environmental
challenges we face, large-scale meat production is unlikely to
slow down in the face of projected population growth and taking
into account the higher requirements of rich-protein foods that
will come associated. For this reason, betting on an efficient use
of the raw material must also be a priority in the meat industry.
The great mismatch between the daily production of porklivers
in slaughterhouses and the low demand from consumers forces
us to seek alternatives for their use and recovery. An interesting
way of valorising pork liver could be through obtaining protein
fractions to use them as food ingredients, not only as meat
extenders but also as techno-functional constituents. This work
aims to deepen some characteristics of the livers supplied by
an industrial slaughterhouse and, in particular, of their protein
fraction, in order to obtain useful information for further studies
focused on obtaining ingredients for food formulation. Therefore,
the microbiological quality and the colour of livers, the solubility
and the thermal properties of proteins, as well as the chemical
composition of liver homogenates were determined in this study.

MATERIAL AND METHODS

= Material handling

Every sampling day (six days in total), three fresh pork livers from
healthy adult animals (Large White X Landrace X Pietrain x Du-
roc commercial crossbred; live weight of approximately 100 kg
and 6 months old), regardless of sex, were supplied by a local
abattoir (NORFRISA SA, Riudellots de la Selva, Spain), once their
gallbladder was separated. At the slaughterhouse, each liver was
placed separately in a sterile bag. Livers were transported and kept
under refrigerated conditions for approximately half an hour, until
they were processed upon arrival at the laboratory. First, each
liver was visually inspected and weighed under sterile conditions
(precision of 0.1 g). Next, 10 g of liver were placed in a sterile
stomacher bag by taking a sample from each of the lobes in order
to determine the microbiological contamination as described
below. After that, pH was measured in quadruplicate using a Cri-
son GLP 22 pH-meter (Hach Langue SLU, Ames, IA, USA) coupled
to aninsert-type electrode (2-Pore F, XS Instruments, Capri, Italy).
The colour of some livers was measured as indicated below. Finally,
the remaining blood vessels and the most evident connective
tissue were completely removed from all livers.

= Determination of total mesophilic aerobic bacterial
counts

Counts of total mesophilic aerobic bacteria (MAB) were deter-

mined on 10 g-samples from each liver (n=18) weighed into
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a sterile stomacher bag under sterile conditions in a Telstar
BV-100 laminar flow chamber (Telstar, Terrassa, Spain). Next,
90 mL of 10 g/L tryptone water (L42, Oxoid Ltd, Basingstoke, UK)
with 5 g/l NaCl were added. After that, each sample was serially
diluted in sterile tryptone water and plated on plate count agar
(PCA, Oxoid Ltd) by the pour-plate method. The plates were
then incubated at 30°C for 72 h. The results were expressed as
log colony-forming unit (cfu) per g.

=  Instrumental colour analysis

Surface and inner colour of six different fresh livers was measured
in quadruplicate in the CIELab colour space using a Minolta
CR-400 colorimeter (Minolta Co., Ltd, Osaka, Japan) with an
optical geometry d:0° (diffuse illumination/0° viewing angle)
and equipped with a CIE Dgs illuminant and a CIE 2° standard
observer. The L * coordinate corresponded to lightness, while hue
angle (h°) and chroma (C*¥) were calculated from the chromaticity
coordinates a* [(-)greenness/(+)redness] and b* [(-)blueness/(+)
yellowness] from Equations (1) and (2), respectively.

h°=arctan(b*/a¥) (1

C*:(a*erb*Z)(Vz) (2)
= Determination of thermal properties by differential
scanning calorimetry (DSC)

Samples from six different livers were individually analysed to
determine their thermal properties using a Q2000V24.4 Build 116
differential scanning calorimeter (TA Instruments, New Castle, DE,
USA). Samples were accurately weighed (15-20 mg) into Tzero
aluminium pans (40 pl), using a precision balance (+0.01 mg,
Analytical Plus, Mettler-Toledo S.A.E., Cornella de Llobregat,
Spain), and sealed hermetically. Then, they were heated from
30°C to 100°C at a scan rate of 3°C/min. An empty aluminium
Tzero pan served as a reference. The transition temperatures
(°C) and the transition enthalpy (AH, J/g) were determined from
the thermogram obtained using the Universal Analytics Program,
version 4.7 (TA Instruments).

= Protein solubility determination

Samples coming from three different livers were used to de-
termine the protein solubility in the pH range from 4.5 to 8.5,
taking measurements at each pH unit. For each liver, pieces
of the different lobes were taken and ground with a household
electric mixer to obtain a homogeneous sample. Then, 10% (w/V)
protein dispersions were prepared at the required pH using dif-
ferent solutions: citric acid-Na,HPO, (pH 4.5); KH,PO,-Na,HPO,
(pH 5.5-7.5); and Tris-HCI (pH 8.5). The dispersions were first
homogenised using a Polytron PT 30 laboratory homogeniser
(Kinematica AG, Malters, Switzerland) at 7,000 rom for 3 min, then
shaken for 30 min at 3,000 rpm at room temperature and finally
centrifuged at 2,500xg for 15 min in a SORVALL RC 5C Plus cen-
trifuge (Dupont, Newtown, MA, USA). Soluble protein content
in the supernatant was determined by the Kjeldahl method [ISO,
1978]. Protein solubility was presented as g of soluble protein
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per kg of the total protein content of pork liver. Both soluble
protein and total protein were determined in duplicate.

u Physicochemical characterisation of pork liver
homogenates
On each sampling day, after removing the connective tissue,
each liver was cut into small pieces and a pork liver homogen-
ate (PLH) was prepared by mixing and grinding equal amounts
of the three livers (500 g final weight) at 2,100 rpm for 1 min
with a Cutter Sammic CKE-5 food processor-emulsifier (Sam-
mic S.L., Azkoitia, Spain). Moisture, fat, crude protein, and ash
contents of all liver homogenates were determined according
to the methods recommended by the American Oil Chemists
Society [AOCS, 2009]. A specific factor of 6.25 was applied
to convert total Kjeldahl nitrogen to crude protein content
according to 1SO 937:1978 procedure [ISO, 1978]. Elemental
analysis was performed after acid hydrolysis of the ash using
a SpectrAA Varian 50B atomic emission/absorption spec-
trophotometer (Varian Inc., Palo Alto, CA, USA) at a specific
wavelength for each mineral (Na, 589.0 nm; K, 766.5 nm;
Ca, 422.7 nm; Mg, 285.2 nm; Fe, 248.3 nm; Zn, 213.9 nm;
Cu, 324.7 nm;and Mn, 279.5 nm). Non-protein nitrogen (NPN)
and collagen contents were also analysed in liver homogen-
ates from three of the sampling days. NPN was determined
by Kjeldahl method as the fraction soluble in 12.5% (w/v)
trichloroacetic acid (TCA). Total collagen was calculated by
multiplying the hydroxyproline (Hyp) content by 8. Hyp con-

1

tent was determined using the Nordic Committee on Food
Analysis—Association of Official Agricultural Chemists (NMKL—
AOAC) colorimetric method described by Kolar [1990].

m  Statistical analysis

Mean and standard deviation (SD) were calculated for all the
parameters analysed as statistical descriptors. For solubility
data, sampling days were considered as blocks in a randomised
complete block design in which pH was the main factor. This
statistical analysis was carried out using IBM SPSS Statistics 28
(IBM Corporation International, Armonk, NY, USA). Data were
submitted to the analysis of variance (ANOVA) using the general
linear model procedure (PROC GLM). A polynomial contrast was
applied when a significant effect was obtained. The significance
level applied was a=0.05.

RESULTS AND DISCUSSION

B Characterisation of fresh pork liver

The morphology of all livers used in this study completely
matches that described in the scientific literature, without any
anomalies. They were multilobar, with four main lobes (2 lat-
eral and 2 medial, one right and the other left in each case)
and adopting a typical trefoil shape. The caudate lobe, which is
smaller and attached to the right lateral lobe was also observed
in the visceral face of all livers. Some authors have described
a sixth lobe known as the square lobe only visible on the visceral
face; it is the smallest one [Ntonas et al, 2020]. In the present
study, only the main lobes have been considered.
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Pork livers weighed 1.72+0.18 kg as supplied by the industrial
slaughterhouse, thus showing a variation coefficient ~10%. Liver
weight depends on many factors including age and diet [Cliplef
& McKay, 1993]; it also varies markedly among animals of similar
weight due to differences in fasting time before slaughter or
in the level of post-sacrifice bleeding of this organ [Loeffel &
Koch, 1970]. In spite of that, our results are fully consistent with
those found in the literature for healthy pigs intended for meat
production, i.e. 6 months of age and weighing around 100 kg
[Cliplef & McKay, 1993]. Accordingly, liver weight would represent
~1.7% of animal weight, a percentage that matches that reported
for omnivores by Elefson et al. [2021]. At slaughter weight of pigs
(100 kg), the liver is by far the heaviest organ of the red viscera
group and being only exceeded by the small intestine when all
viscera are considered together.

According to our results and as observed by other au-
thors [Steen et al,, 2016], the pH of pork liver was slightly acidic
(6.38+0.16). Similar values have been obtained in the case of livers
from other animal species also intended for human consump-
tion such as cattle, buffaloes, and lambs [Devatkal et al., 2004].
However, some authors have also reported lower values for
pork livers [Tomovi¢ et al, 2016]. Relatively low pH values are
usually obtained in animals that have not been fasted or when
measurements were not made shortly after the animal sacrifice.

= Total mesophilic aerobic bacteria counts

The pork liver is thinner and smaller in volume compared to
the liver of other animals, making its specific surface area rela-
tively large, which can have implications from the point of view
of their microbiological contamination. Mesophilic aerobic bac-
teria (MAB) are often tested for food safety. The livers analysed
in this study showed MAB counts of 3.52+0.66 log cfu/g. In
the European Union, there is no specific legislation for microbio-
logical quality of offal. However, taking as reference the European
Commission (EC) Regulation No 1441/2007 [European Commis-
sion, 2007] relative to the microbiological criteria applicable to
food products and, specifically, for minced meat, the livers may
be deemed suitable for human consumption. In spite of that,
arapid liver cooling and maintenance of the cold chain until their
use are key aspects to minimise microbiological risks.

= Colour

The colour of pork livers was low in lightness, with a predomi-
nance of the +a* component over the +b* component (Table 1).
Our data also showed a significantly (p<0.05) yellower colour
inside the livers relative to the surface, which translates into
significant (p<0.05) changes in the value of h®and C* parameters,
both higher at the inner region. The obtained values fully match
the reddish-brown or light brown attribute thatis frequently used
to describe the colour of fresh and healthy pork livers. Conversely,
the colour coordinates of pork liver are very different from those
of duck liver, a product with a much higher commercial value,
which is lighter, less red, more yellow and with a predominance
of the +b* component over the +a* component [Fernandez
etal,2010].
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Table 1. Pork livers surface and internal colour parameters.

L* 31.63+0.26 3141178
a* 16.87£1.9 17.43x0.75
b* 6.07x1.07¢ 8.74+0.34°
h® 19.36+3.27° 2641+1.90°
c* 17.25£2.00° 19.40+0.83°

L*, lightness; a*, (-)greenness/(+)redness; b*, (-)blueness/(+)yellowness), h°, hue angle,
C* chroma. Results are shown as meanz+standard deviation (n=6). Different lowercase
letters in the same row mean significant differences (p<0.05).

= Thermal properties
Knowing the transition temperatures and the enthalpies of phase
transitions associated to liver proteins can be useful to determine
the effects of different processes on their native conformation as
well as the potential of using them as techno-functional ingredi-
ents due to the effects of heating on their rheological properties.
In this study, the thermal properties of pork liver proteins were
estimated from the DSC thermograms, which showed a complex
thermal behaviour (Figure 1). At temperatures <40°C, an endo-
thermic thermal transition was observed in all the thermograms
with the minimum of the peak at 32.5+0.05°C (not shown),
which could correspond to the fat melting [Sasaki et al, 2006].
At higher temperatures, two other endothermic peaks together
with two shoulders (T,-T,) were also observed, which could be
related to the protein denaturation. These thermal transitions
occurred in the temperature range from 48°C to 96-97°C, with
the most important one taking place around ~67°C. The spe-
cific temperature for each transition is indicated in Figure 1.
The thermal transitions associated with the denaturation of rat
liver proteins occur in a temperature range similar to that of pork
liver; moreover, the range for liver samples was also wider than
that obtained for muscle tissue samples [Ritchie et al,, 1994].
The liver is one of the most metabolically active organs, in-
volved in many physiological functions. This makes its proteome
very complex. Bovo et al. [2018] identified approximately 500
different proteins in pork liver. Blood is also found in liver with

(48.2+0.5°C)

Heat flux

Ts

T
l (61.5+0.6°C)
(76.2+0.7°C) (86.9+0.2°C)

T
(67.140.6°C)

60

70 80

Temperature (°C)

Figure 1. Differential scanning calorimetry profile of pork liver samples from
30 to 100°C. AH, transition enthalpy; Ty, onset temperature; T4, transition
temperatures related to protein denaturation. Values are shown as mean
and standard deviation (n=6).
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hepatic blood volume accounting for 10% to 15% of the total
volume [Lautt, 1977]. This means that haemoglobin can be also
present in a relatively high percentage. In addition, transitions
linked to other macromolecules or supramolecular structures
presentin cells or liver tissue could also contribute to the thermal
transitions observed in the DSC profile in this range of tempera-
tures [Ritchie et al,, 1994].

For all liver samples, the last endothermic transition reached
a minimum peak value close to 90°C, which shows that some
of the liver molecules were highly thermally stable. Haemoglobin
in the liver samples could contribute to this thermal transition;
the DSC thermograms of this protein present two endothermic
peaks with a bigger one around 78-79°C and the other at 90°C.
In addition, the deoxyribonucleic acid (DNA) unfolding could
also contribute to this transition; normally, it is considered to
take place around 85°C [Yan & Iwasaki, 2004]. In this sense, it
should be considered that liver consists of several cell types, with
hepatocytes constituting 70-80% of the total liver cell population
and representing around 80% of the total liver volume [Racanelli
& Rehermann, 2006; Vekemans & Braet, 2005].

= Protein solubility as a function of pH

A high protein solubility is desirable both for the economic vi-
ability of the recovery process and for the use of the extracted
proteins as techno-functional ingredients. In the present study,
protein solubility was determined at pH values ranging from
pH4.5topH 8.5, i.e,arange that does notinclude overly aggres-
sive conditions. As it was shown in Figure 2, protein solubility
of about 400 g/kg was obtained at the lowest pH tested (pH
4.5), while at the highest pH (pH 8.5) approximately 900 g/kg
of the proteins were solubilised. A high protein solubility at
alkali conditions has been also observed for other offal [Gault
& Lawrie, 1980]. In addition, the protein solubility increased
successively along with pH increase, following a linear trend,
as indicated by the results obtained by applying a polynomial
contrast (p<0.05). An asymmetrical parabolic shape in the solu-
bility profile of proteins from both animal and vegetal sources
has been often reported, with the minimum solubility occurring
near to the isoelectric point (p/) due to the prevalence of protein-
protein interactions [Hrynets et al., 2011; Khalid et al,, 2003]. Iso-
electric points in the range from 4.5 to 6.8 have been described

1000
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6001 - y=12901x - 202.77
<001 - R? = 09844

4009 -~
3004
2004
100 1

0 T T T d
45 55 6.5 7.5 8.5

pH

Solubility (g/kg)

Figure 2. Solubility of pork liver proteins as affected by pH. Values are shown
as mean and standard deviation (n=3).
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for different pork liver proteins [Canduri et al,, 1988; Yamada
etal, 1981]. Therefore, the low solubility at pH 4.5 could be not
surprising. In addition, although protein solubility increases both
below and above the p/, normally the increase at pH values below
the plis more abrupt than at higher pHs. The successive increase
observed in this study would be consistent with this behaviour.
In addition, it would be in agreement with the results obtained
by da Costa et al. [2019] also for pork liver proteins.

Acidic or negatively charged amino acids contribute more
favourably to protein solubility than basic or positively charged,
polar neutral and non-polar amino acids, in this order respec-
tively [Trevino et al., 2007]. Seong et al. [2014] showed that basic
and non-polar amino acids accounted for 17 and 42% of the total
amino acids, respectively, while acidic and polar amino acids
together represented 41% in pork liver. Because aspartic acid/
asparagine and glutamic acid/glutamine were non differentiated,
it was not possible to quantify these last ones separately. Accord-
ing to Kramer et al. [2012], negative surface charge positively
correlates with protein solubility, probably due to strong binding
of water by the acidic amino acids. Average pK; values of 3.5+1.2
and 4.2+0.9 for Asp and Glu, respectively, have been reported
by Grimsley et al. [2009]; the dispersion in these values is due to
the effect of the local environment on the pK, of the ionisable
groups in folded proteins. Therefore, they are mostly negatively
charged in the tested pH range. However, pK, values of basic
amino acids are found mostly outside the tested range (Lys, 10.4;
Arg, >12); only in the case of histidine does it fall within the range
(His, 6.6+1.0). This means that many of the basic groups will
be positively charged at the tested pHs. The number of acidic
and basic groups charged in the protein molecules will therefore
be a determinant factor of their solubility.

®  Chemical composition of pork liver homogenates

The chemical composition of the pork liver homogenates (PLH)
is shown in Table 2. Moisture, fat, protein, and ash contents ac-
counted all together for ~98% of the total composition. The rest
would correspond to carbohydrates. Although water is the most
abundant component, its content was relatively low compared
to most offal, including the small intestine, lung, spleen, stom-
ach, and heart [Alfaia et al, 2020]. As expected, PLHs were rich
in crude protein (180-190 g/kg). These results completely agree
with those obtained by other authors [Saguer et al, 2019; Steen
et al, 2016; Venegas Fornias, 1996], but higher (210-250 g/kg)
and lower (~140 g/kg) contents have also been reported [Babicz
etal,2019; Nuckles etal, 1990; Seong et al,, 2014]. Variation in liver
protein content may be related to breed, age, and nutrition
pattern. Importantly, the protein content of pork liver obtained
in this study was very similar to that reported for fresh pork lean
meat [Jiménez Torres et al, 2013]. Liver recovery is particularly
attractive considering that it does not only contain all the es-
sential amino acids, but also that they meet the requirements
of the Food and Agriculture Organization (FAO) [FAQ, 2013; Zou
etal,2018]. Essential amino acids in pork liver proteins are close
to 50%, according to Venegas Fornias [1996]. Seong et al. [2014]
found that both pork liver and pancreas proteins were richer
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in essential amino acids compared to other edible offal such
as spleen and heart. In addition, liver is low in fat, with levels
comparable to the lean parts of pork [Alfaia et al,, 2020; Jiménez
Torresetal, 2013; Sagueretal., 2019; USDA, 1992]. Phospholipids
are the most abundant lipid class in pork liver; specifically, they
represent more than 75% of total lipids, and phosphatidylcholine
accounts for about 60% of total phospholipids [Hunter et al,
1973]. In fact, pork liver is one of the richest foods in phospho-
lipids, surpassed only by egg yolk and beef brain [Zheng et al,
2018]. Phospholipids are the main components of biological
membranes, but are also found in bile, exclusively as phosphati-
dylcholine in pork liver [Alvaro et al., 1986].

Carbohydrate content is usually calculated by difference. Sa-
guer et al. [2019] estimated a content of ~15 g/kg, while a value
of ~25 g/kg was indicated in the United States Department of Ag-
riculture (USDA) report [USDA, 1992]. These differences may be
partially due to the specific protocols applied to animals before
slaughter and may have some implications from a food safety
point of view; livers from slaughtered animals with lower glyco-
gen content have a higher pH [Warriss & Bevis, 1987]. Liver cells
store large deposits of glucose in the form of glycogen. However,
glycogen is consumed during fasting time [Warriss & Bevis, 19871.

As measured, crude protein represents the nitrogen-con-
taining fraction, so it can include NPN-containing molecules.
Alow non-protein nitrogen (NPN) content was obtained for PLH
(Table 2), which represented 5.2+0.1% of the total nitrogen. In
land animals, NPN compounds usually make up no more than
10%. However, their content could gradually increase during stor-
age under refrigeration conditions due to endogenous and ex-
ogenous proteolytic enzyme activity [Custédio et al, 2016; Silva
etal, 2020]. Pork liver is particularly rich in nucleic acid nitrogen
and exhibits a high purine content [Kaneko et al., 2014]. This could
be important because purines have effects on liver taste. It is
well-accepted that high-purine foods are umamifoods [Johnson
etal,2013].This savoury taste enhances flavour properties and is

Table 2. Chemical composition of pork liver homogenates.

Moisture (g/kg) 74519
Fat (g/kg) 35+4
Crude protein (g/kg) 189+4
Collagen (g/kg) 7.0£08
Non-protein nitrogen (g/kg) 1.620.1
Ash (g/kg) 1341
Na 1,269+22
1,415+264
Macroelements (mg/kg)
Ca 73£10
Mg 203+39
Fe 211430
Zn 59+20
Microelements (mg/kg)
Cu 14+4
Mn 311

Results are shown as meanzstandard deviation (n=6, except for collagen and non-protein
nitrogen contents, for which n=3).
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also able of supressing bitterness and heightening saltiness. In
addition, umami has also been shown to improve appetite but
also satiety [Masic & Yeomans, 2014].

The collagen content of PLH is shown in Table 2. It was
low, particularly if the content was expressed in relation to total
protein content (3.7%). Babicz et al. [2019] reported a similar
percentage, while Nuckles et al. [1990] determined even lower
values (3.4 g/kg that represented 1.5% of total protein). This
can be considered an important difference in relation to other
viscera. Connective tissue in pork lungs, stomach, small and large
intestines represents approximately 20% of total protein [Gault &
Lawrie, 1980]. However, this tough connective tissue means that
the consumption of pork liver is not as popular as that of other
species (beef, calf, or chicken). In the pork liver — unlike the liver
of other animals intended for human consumption —the connec-
tive tissue is visible because it is surrounding its lobules, forming
a fibrous envelope that interconnects the adjacent portal areas.
In addition, it can also be found within lobules, both adjacent
to the sinusoids and around the central veins [Mik et al, 2018].

The liver, together with the pancreas and spleen, are the pork
offal with the highest ash content [Alfaia et al,, 2020]. In the pre-
sent work, an average content of 13 g/kg has been determined
(Table 2), which agrees with those most frequently cited in the lit-
erature [Alfaia et al, 2020; Seong et al., 2014], although Steen
et al. [2016] recorded a slightly higher content (19.7 g/kg). Its
contribution to the nutritional richness associated with liver
consumption is due to the abundance of some essential trace
elements. It is widely accepted that mineral elements tend to
accumulate in some offal such as liver and kidney. Liver is a rich
source of iron, zinc, copper, and manganese [Babicz et al, 2019;
Mulvihill, 2014; Stasiak et al., 2017; Tomovic et al, 2019]. In ad-
dition, it is very rich in some macroelements, such as calcium,
sodium, and potassium. As it was shown in Table 2, the liver con-
tent of iron far exceeds zinc. With some exceptions [Stasiak et al.,
2017], this agrees with what is mostly reported in the literature
[Alfaia et al,, 2020; Tomovic et al., 2011]. Opposite is true for meat
[Tomovi¢ etal, 2011]. Both iron and zinc in meat and meat prod-
ucts are considered highly bioavailable while their absorption
from plant foods is quite limited, probably due to the presence
of phytates that act as antinutritional agents blocking mineral
absorption [Mulvihill, 2014]. Iron deficiency is the most common
nutritional disorder in the world, in both developed and develop-
ing countries [Mulvihill, 2014]. Globally, anemia prevalence was
22.8%in 2019, but being the highestamong children under five
years [Gardner & Kassebaum, 2020]; adolescent girls and preg-
nant women are also at high risk of deficiency. The actual tend
to shift to a plant-based diet from the animal protein diet could
have some health implications.

Iron and zinc are the two most abundant trace minerals
in the human body. Iron plays a key role as part of haemopro-
teins, but it is also present in some important proteins related
to oxidative phosphorylation and iron storage. It is stored pri-
marily in hepatocytes as ferritin, a cytosolic protein that stores
non-heme iron in the form of ferrihydrite phosphate ([FeOOH]g
[FeOPO3H;,]) to protect cells from its accumulation in the free
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form [Knovich et al., 2009; Wong, 2017]. Excess iron could cause
toxicity problems due to its ability to act as a prooxidant agent,
by generating reactive species that can damage DNA and pro-
teins [Knovich et al, 2009]. Excessive dietary iron intake has
been identified as a risk factor of colorectal cancer through
population and animal studies [Chua et al, 2010]. Liver is an es-
pecially rich source of non-heme iron, although it also contains
a percentage of heme iron. In pork liver, only 20-25% of the iron
present is found as heme iron, while in pork loin it accounts for
~66% [Kongkachuichaietal, 2002]. However, in absolute values,
the heme-iron content of liver can be considerably higher than
that of meat [Kongkachuichai et al, 2002]. This is important
because the human body absorbs heme iron more easily than
non-heme one. In particular, the intestines absorb about 20-30%
of heme iron while only 7% of non-heme [Mulvihill, 2014; Santé-
Lhoutellier, 2014]. However, it should be taken into account that
calcium inhibits the mucosal absorption of heme iron [Roughead
etal, 2005].

Zn'is an essential micronutrient required in many enzymes
that participates in a multitude of basic biochemical and physio-
logical processes in the cells of the human body [Gringreiff et al,,
2016; Tapiero et al., 2003]. Liver is the main organ involved in Zn
metabolism, but it is mainly found in muscle and bone (~85%
of body'’s stores), while the liver accounts for ~5% [Gringreiff
et al, 2016]. Despite that, pork liver is by far one of the richest
foods in Zn, even compared to livers from other animal species
[Aoyagi et al., 1995; Stasiak et al,, 2017].

Cuisalso an essential micronutrient that acts as an important
catalytic cofactor in redox reactions involved in fundamental
biological functions of the human body [Tapiero et al, 2003]. Its
main function is as a component of enzymes involved in iron
metabolism [Tomovic et al., 2019]. Pork liver acts as a Cu reser-
voir, which makes it a very rich source of this element [Keller,
2019; Tomovic et al, 2019]. However, as happened with other
monogastric mammalian livers, pork liver Cu has very low bio-
availability [Aoyagi et al, 1995]; on the contrary, bioavailability
of Cu is relatively high in avian and ruminant livers [Aoyagi et al,,
1993]. It has been hypothesised that Zn may inhibit Cu utilisa-
tion, although the results are inconclusive [Aoyagi et al,, 1995].
In addition, high intakes of Cu or Zn are known to interfere with
the tissue utilisation and storage of Fe [Tapiero et al., 2003].

Pork liver is also a major source of Mn in the human diet. This
elementis responsible for the proper functioning of the nervous
system, and is a component of the enzymes involved in the di-
gestion and absorption of carbohydrates, lipids, and proteins.
The results obtained in the present study regarding Mn content
in pork liver (Table 2) are in good agreement with those reported
by Stasiak et al. [2017]. According to these authors, pork liver is
richerin Mn than muscle tissue, where it was completely missing.

CONCLUSIONS

The pork livers derived from the animal’s slaughter have a good
microbiological quality, which makes them suitable for their
valorisation within the food industry itself. The DSC thermo-
grams partially reflect the chemical complexity of the liver
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and the thermostability of some of its components. The solubility
profile of its protein fraction as a function of pH in the tested
range (4.5 10 8.5) allows speculating that relatively high extraction
yields can be obtained under basic conditions. This, along with
the high protein content of the liver and the fact that only a small
fraction of it corresponds to collagen suggests that obtaining
protein extracts would be a good alternative for the valorisation
of pork liver, especially if it is shown that they present interesting
techno-functional properties. However, liver pH, water content
and nutritional richness make it particularly susceptible to mi-
crobiological spoilage. A rapid processing at low temperatures
and in the most hygienic conditions possible or, alternatively,
its rapid freezing until the moment of use would be the most
recommended in terms of food safety. These guidelines would
also minimise oxidation phenomena, both of the lipid fraction
and of some mineral elements, particularly iron due to its abun-
dance and its effects on colour. While this would probably not
have too much effect on the liver due to its own colour proper-
ties, it could strongly affect the colour of the extracts obtained.
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Microplastics in a Traditional Turkish Dairy Product: Ayran
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Ingestion of microplastic particles (MP) through food has been associated with a multitude of health problems in hu-
mans. Although ayran is a traditional and nutritious Turkish beverage, the impact of microplastic pollution is unknown.
This study examined the incidence of microplastic pollution on ayran by collecting samples throughout the production
processes and the ingredients used to make ayran, including water, salt, cream, starting culture, cups, and lastly, the ayran.
Optical and scanning electron microscope was applied for MP visualisation and measurement, and Fourier-transform
infrared spectroscopy (FTIR) for polymer identification. Microplastics were detected in all examined filters except for
the starter culture samples. The samples with the highest MP number were salty water (43 MP number/100 mL), salt
(33 MP number/100 g), and milk samples taken from homogenization and pasteurization phases (26 MP number/100 mL).
Additionally, 18 MP number/100 mL contamination was detected in the last product ayran. MP with a size range of 1-150 um
prevailed (37.38%). Ethylene propylene was the most frequently identified polymer in samples (39.30%). The findings of this
study can help provide an overview of microplastic contamination in dairy production facilities and the potential human

health risks associated with this microplastic exposure.

Key words: fermented milk product, production process, food pollution, microplastic particle

INTRODUCTION

Plastics, which are used in the food industry at the points where
there is a possibility of direct or indirect contact with food, have
begun to be defined as a potential food safety risk today. Plastics
threaten sustainable environmental and public health targets
with their uncontrolled waste and residues during their produc-
tion, use and post-use stages [Chang et al,, 2020; Frias & Nash,
2019; Pérez-Guevara et al., 2022].

Microplastic particles (MP) are small particles of plastic waste
from 1 um to 5 mm in size [Chang et al, 2020; Fournier et al,
2021]. Primary MP are industrially used microbeads in different
sizes and are released into the environment during production
and transportation stages. Microplastics released into the air,
soil and seas due to the decomposition of plastic materials

and garbage under environmental conditions are defined as
secondary microplastics. They are the primary source of micro-
plastics. Microplastics emitted by the friction of tools and equip-
ment used in food production and microplastics emitted from
clothes containing polymers are other secondary sources of food
contamination [Andrady, 2017; Da Costa Filho et al, 2021; Song
etal,2021].

Many harmful effects of microplastics on living organisms
have been revealed. Research on many health concerns is still
ongoing. In addition to being a risk that causes trauma to or-
gans and tissues, they can also contain chemical and biological
hazards [Allan et al, 2021; Toussaint et al,, 2019]. MP from waste
may harbour environmental pollutants such as heavy metals, an-
tibiotics, hormones, pesticides, drugs, detergents, disinfectants,
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and microorganisms. They can also act as a carrier for toxic
chemicals known as plastic additives [Chen et al,, 2020; Ragusa
etal, 2021;Yong et al., 2020]. MP may pose four risks: gastroin-
testinal toxicity, liver toxicity, neurotoxicity, and reproductive
toxicity [Chang et al., 2020]. MP are also the medium for biofilm
formation and allow pathogenic microorganisms, a significant
potential threat, to enter the body [Qiang et al, 2021]. MP have
been demonstrated to pass through the placental barrier, which
is known to be permeable to a wide range of toxic substances
[Ragusa et al, 2021].

MP are frequently taken orally as well as inhaled. Food
and water are considered essential carriers at this point [Yong
et al, 2020]. They have been reported in many food products,
including marine invertebrates, crustaceans, fish [Street & Berna-
sconi, 2021; Waring et al,, 2018], table salt [Gindogdu, 2018; Ko-
suthetal, 2018], sugar [Liebezeit & Liebezeit, 2013], beer [Kosuth
etal, 2018], water [Kosuth et al, 2018; Mason et al., 2018; Pérez-
Guevaraetal, 2022; Schymanski et al, 2018; Wiesheu et al,, 2016],
soft drinks [Shruti et al, 2020], honey [Liebezeit & Liebezeit, 2013,
2015], and broilers [Huang et al., 2020; Kedzierski et al,, 2020].

Ourresearch has been focused on the ayran processing steps
in a dairy factory with an average daily production of 50,000 L.
This traditional and industrially produced Turkish product is
encouraged for consumption by people of all ages [TNG, 2015].
Ayran is defined as “a fermented milk product produced by
adding drinkable water and salt when necessary, or by adding
drinkable water to milk, yogurt bacteria, and if necessary, adding
salt after fermentation, by its technique”[TSI, 2013]. The assess-
ment of microplastic contamination in the industrial production
process is very important. It was discovered that there is a need

for food production process-oriented research when previous
studies were examined. In addition to the lack of research on
ayran, evaluation of the production process has never been
emphasized in a food-related study.

This study aims to investigate the presence of microplastic
particles in the industrial production of ayran and to identify
the potential sources of contamination at various stages of pro-
duction.

MATERIAL AND METHODS
= Sample collection
The samples for the study were collected from the ayran pro-
duction line at a Turkish dairy plant in Istanbul with an average
daily production of 50,000 L. The process steps were monitored
and recorded on-site. Control points were noted in the workflow
chartaccording to the food safety management system applied
in the enterprise. The study was repeated on five different days,
and parallel sampling was done every sampling day. A total
of 180 samples were collected throughout the production pro-
cess from all process steps, inputs, outputs, and materials that
may have been contaminated with microplastic. The scheme
of process steps and sampling locations are shown in Figure 1.
Prior to the acceptance of raw milk into the facility, the walls
of the stainless-steel raw milk tank (Z) were rinsed with micro-
plastic-free ultrapure water, and a 1,000 mL sample was taken.
The samples (1,000 mL or 1,000 g) were collected during raw
milk acceptance (RM), filtration (F), clarification (C), water addition
(WA), homogenization (H), pasteurization (P), holder (Q), starter
culture addition (SCA), salty water addition (SWA), and filtration
before filling (FB). In addition, samples of water (tap water, W),

(RM) Raw Milk Acceptance

(F) Filtration

(C) Clarification

(W) Water

—

(WA) Water Addition

Fat Standardisation E—

(CR) Cream

(H) Homogenisation

(P) Pasteurisation

(Q) Holder

(SC) Ready-To-Use Starter Culture

(SCA) Starter Culture Addition

(S) Salt [ (SW) Salty Water —| (SWA) Salty Water Addition

(FB) Filtration Before Filling

(AQ) Filling Ayran Cups

(A) Ready-to-Drink Ayran

Figure 1. Process steps/sampling locations of ayran production.
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separated cream (CR), ready-to-use starter culture (SC), salt (S),
salty water (SW), filling ayran cups (AC), and the ready-to-drink ay-
ran (A) were collected. A 1,000 mL sample of ready-to-use starter
culture and a 500 g sample of the salt were taken. Microplastic-
-free ultrapure water was added to the salt to make it up to 10 L
and dissolved. A collected sample of 1,000 mL of the solution
was filtered. The empty ayran cups were refilled with 1,000 mL
of microplastic-free ultrapure water and sealed before being
transported to the laboratory with all samples.

= Digestion of organic matter of the samples

The method for digestion of organic matter of the samples
proposed by Da Costa Filho et al. [2021] was followed. Each
milk, separated cream, ready-to-use starter culture and ready-
-to-drink final product (ayran) sample was transferred to an
Erlenmeyer flask cleaned with microplastic-free ultrapure water
before analysis. Ayran, cream and ready-to-use starter culture
were challenging to filter through due to their density. There-
fore, these samples were homogenised by vigorously shaking
with twice the volume of ultrapure water in an Erlenmeyer
flask. This step was not necessary for the milk samples. Next,
25 mL of the samples were mixed with 20 mL of microplas-
tic-free ultrapure water. An aliquot of 2 mL of multi-enzymatic
detergent containing protease, amylase, lipase, and cellulase
(Deconex® Prozyme Active, Boer Chemie, Zuchwil, Switzerland)
was added. The samples were stirred for 2 min at 40°C. Then,
10 mL of ethylenediaminetetraacetic acid (EDTA, Thermo Fisher
Scientific, Waltham, MA, USA) was added and stirred at 40°C for
3 min. Finally, 2 mL of tetramethylammonium hydrate (Merck,
Darmstadt, Germany) was mixed into the mixture. Samples were
incubated at 80°C for 1 min and filtered immediately. The direct
filtering stage was started for water, salt, and salty water samples.

= Sample filtration

Before and after each sample filtration, all filtration equipment
was thoroughly cleaned with microplastic-free ultrapure wa-
ter. Filtration was carried out at a pressure of approximately
0.5-0.6 bar using glass microfiber filters with a pore size of 1 pm
(Whatman grade GF/B glass microfiber filters, diameter 47 mm,
Cytiva Marlborough, MA, USA) and a vacuum pump [Kosuth
etal, 2018; Liebezeit & Liebezeit, 2015; Schymanski et al., 2018].
At least two replicates of the same samples (each of 100 mL)
were processed. Using metal tweezers, the filters were transferred
carefully into glass Petri dishes. They were then stored for analysis
after being air-dried at room temperature.

= Optical microscopy analysis

After filtrations, the glass microfiber filters were viewed under
the Olympus CX31 optical microscope (Olympus, Tokyo, Japan)
with Canon A640 camera (Canon, Tokyo, Japan) using 4x mag-
nification. The number of microplastic particles per volume or
weight of sample (MP number/100 mL or MP number/100 g,
respectively) was adopted as the unit of quantification. Using
Kameram software 1.3.0.8 (Mikrosistem, Istanbul, Turkey), mi-
croparticles were captured on film. Using IC Measure software
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2.0.0.286 (The Imaging Source, Bremen, Germany), the parti-
cles’longest side was measured and classified by colour, shape,
and size.

B Scanning electron microscopy and Fourier-transform
infrared spectroscopy analyses
The morphology of randomly selected microplastics was ana-
lysed by scanning electron microscopy (SEM). The images were
taken using high-resolution SEM microscope (JSM-7001F, Jeol, To-
kyo, Japan) in high vacuum pressure mode operating at 10.00 kV
acceleration voltage, in secondary electron and backscattering
modes and different magnifications. The filter parts containing
the microplastic particles were marked with an architectural
drawing pen under the optical microscope, cut with scissors,
and carefully transferred with metal tweezers onto double-sided
carbon adhesive tape mounted on aluminium SEM pin stubs.
The chemical composition of microplastics was identified
using Fourier-transform infrared spectroscopy (FTIR) analysis.
Agilent Cary 630 spectrometer (Agilent, Santa Clara, CA, USA)
within the 400-4000 cm™' range, 8 scans,and 4 cm™' resolutions
was used. The results were evaluated using Agilent Polymer
Handheld ATR, Agilent Elastomer Oring and Seal Handheld ATR
and Agilent ATR General Libraries.

® Procedures adopted to ensure the accuracy
of the experiments

Several precautions proposed by Wang et al. [2017] were taken
in the experiments, from field sampling to laboratory analysis, to
ensure the accuracy of results. Cotton lab coats and nitrile gloves
were worn to prevent contamination of the samples by airborne
polymer particles and fibres. All consumables used were made
from glass and stainless steel to avoid plastic contamination.
The surfaces were cleaned with microplastic-free ultrapure water
and acetone, and the contamination was tried to be reduced
to a negligible level or zero. Before filtration, each filter paper
package was opened and eventually microplastic contamina-
tion of filters was evaluated under the optical microscope. No
microplastic contamination was detected in any of them.

Experimental blanks were conducted in all selected sampling
locations. At each location, 1,000 mL of MP-free ultrapure water
was blank sample [Chae et al,, 2015; Dubaish & Liebezeit, 2013;
Nuelle et al, 2014]. Each analysis was carried out in five replica-
tions. Analyses for blank samples were conducted according
to the same procedure as that for water samples. Finally, under
the microscope, an average of 0.05+0.04 MP number/L were
detected in blank samples.

Samples were analysed in a laminar cabinet, therefore po-
tential MP in the air were examined with Petri dishes with filters
placed next to the samples in a laminar flow cabinet and left
open for 1 h, which allowed obtaining data about the level
of contamination. On average, 0.13+0.06 MP number/h were
found under the microscope.

Multi-enzymatic detergent, EDTA and tetramethylammoni-
um hydrate were controlled for microplastics. Before use, empty
sample bottles were rinsed with microplastic-free ultrapure water
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(1,000 mL), and this water was analysed to investigate the glass
bottles'microplastic particle presence. The results of these tests
confirmed the absence of contamination. Microplastic-free ul-
trapure water was included in the analysis protocol as a blank
control.

= Positive control analysis

Polypropylene (PP), polystyrene (PS), polyethylene (PE), poly-
vinyl chloride (PVC), linear low-density polyethylene (LLDPE),
and thermoplastic elastomers (TPE) were used as positive con-
trols. The sources of these materials were described in Table S1.
All positive samples’chemical composition was identified using
FTIR. Plastic materials were ground first with an oscillating mill
(Retsch MM 400, Haan, Germany) and then with ultraturrax
(IKAT 25, Staufen im Breisgau, Germany). Each crushed plastic
material (1 mg) was mixed with 1,000 mL of microplastic-free
ultrapure water in a microplastic-free glass bottle. After standing
overnight, the mixture was subjected to filtration. At least ten
replicates of the same samples were processed. Before positive
control sample filtration, all safety precautions were taken, as
described in the section “Procedures adopted to ensure the ac-
curacy of the experiments”. Filtration and optical microscopy
analysis were done as described above. Each filter was rinsed with
1,000 mL of microplastic-free ultrapure water in a microplastic-
-free glass bottle and left overnight.

u  Calculation of microplastic particle ingestion by
humans

The risk assessment was based on the total amount of microplas-
tic particles ingested orally. It has been presumed that drinking
ayran provides the entire amount of dairy products recom-
mended for daily diet consumption. This evaluation did not
took into account any toxicokinetic components. According to
the recommendations of the Turkey Nutrition Guide [TNG, 2015],
it was assumed that the daily amount of ayran for adult is three
servings (1 serving = 240 mL). Children, adolescents, pregnant-
-breastfeeding women, and postmenopausal women should
consume two to four servings, ie., 720 mL and 480-960 mL
of ayran, respectively, per day. Daily intake of MPs with ayran was
calculated using Equation (1):

WxC
100

EDI = m
where: EDI, estimated daily intake of MPs with ayran (MP number/
day); W, recommended amount of ayran (mL/day); C, microplastic
content (MP number/100 mL).

RESULTS AND DISCUSSION

Our study investigated the risk of microplastic contamination
in the industrial production processes of ayran, a traditional Turk-
ish beverage. Ayran production processes had been evaluated
step by step, and the sources of the hazard had been determined.
The microplastic load, type, size, colour,and shape were assessed
at each production stage. According to our literature search,
although there are studies in different scopes and scales on
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microplastic contamination of various foods such as honey, salt,
sugar, soft drinks, beer, alcohol, meat, broilers, especially seafood
and water [Cox et al., 2019; Kedzierski et al., 2020; Toussaint et al.,
2019], thisis the first study to investigate microplastics’existence
in a food production line.

Before and during the study, experimental blank tests were
conducted at all selected sampling sites, laboratory areas, ul-
trapure water, chemicals, instruments and equipment. Experi-
mental blank tests and ultrapure water filtration results to ensure
safe analysis conditions revealed that background contamination
was minimal and negligible. The filtration and optical microscopy
analysis results of the positive control samples’ colour, shape,
and size distribution are given in Table S2. As aresult of the study
conducted to evaluate the method performance, the recovery
rates of PP, PS, PE, PVC, LLDPE, and TPE were 98+2%, 96+4%,
95+4%, 87+7%, 89+6%, and 91+9%, respectively. These results
indicated the method'’s reliability.

As understandable in the results of this study, microplastic
contamination is probable in the ayran production process steps.
Microplastic particles were detected in all examined samples
except the ready-to-use starter culture. However, the quantities
of microplastic particles varied significantly between process-
ing steps (Table 1). The samples with the highest microplastic
count were found to be salty water (43 MP number/100 mL), salt
(33 MP number/ 100 g), and milk samples from homogenization
and pasteurization steps (26 MP number/100 mL). There were
total of 313 microplastic particles on the filters of 17 process
steps/sampling locations. Microplastics were abundant between
3 and 43 MP number per 100 mL or per 100 g. An average
of 19 MP number/100 mL of raw milk on five different production
days was determined. This contamination of the raw material was
a determinant of the quality of the last product (ayran).

Examining the production and logistics of milk and dairy
products revealed several potential microplastic contamina-
tion risk points. Plastic pipes, valves and fittings used to pour
milk into tankers and transport it to the dairy plants can be
a significant source of contamination for microplastic. Tankers
carrying milk from milk collection points to dairy production
facilities can be considered a risk factor. The water, detergents,
disinfectants used for clean in place (CIP), hoses for water transfer,
and rubber pipes may pose a risk to the microplastic load [Britz
& Robinson, 2008; Walstra et al, 2005]. The other contamination
locations are refrigerated storage tanks at farms, stainless steel
containers, buckets, and rubber rings of automatic milking units.
In addition to cloths, brushes, gloves, and other plastic cleaning
equipment, detergents, disinfectants, and water may also be
a source of contamination [Caramia & Guerriero, 2010; Lopes &
Stamford, 1997]. Due to the expiration of their useful life, poor
quality of the polymer used, or unanticipated external factors,
a variety of polymers used in the equipment of the food industry
may be a source of microplastic contamination in foods [Nady,
2016; Pouliot, 2008; Tan & Rodrigue, 2019]. All seals and filtration
units that are not maintained periodically are another important
source of contamination. The enlargement of the filter pores
by the microplastics, organic materials, mineral substances,
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Table 1. Abundance of microplastic particles (MP) and their size in samples collected during ayran production at different process steps/sampling locations.

Process step/sampling e nu;ber/wo P Microplastic particle size (um)
eesien mber1009 | Renge | MeanssD | Wedon

z 3 89-1,613 562+686 150
RM 19 9-4,906 953£1,193 215
F 17 22-4,930 785%1,264 125
C 16 204,262 779£1,018 289
W 19 25-1,057 2144266 17
WA 13 50-2,503 628+679 378
CR 9 103-956 314+243 239
H 26 37-4,220 1,001+£1,212 367
P 26 50-2,503 641695 378
Q 9 30-1,259 538+577 266
SC 0 - -

SCA 12 22-2,425 4954597 219
S 33 18-3,200 4134542 176
SW 43 17-2,070 295+387 155
SWA 16 23-2,070 533+602 179
FB 21 19-2.814 896+766 785
AC 13 22-1,748 586+497 413
A 18 17-965 265+238 190

Z, bulk tank; RM, raw milk acceptance; F, filtration; C, clarification; W, water; WA, water addition; CR, cream; H, homogenization; P, pasteurization; Q, holder; SC, ready-to-use starter culture;
SCA, starter culture addition; S, salt; SW, salty water; SWA, salty water addition; FB, filtration before filling; AC, filling ayran cups; A, ready-to-drink ayran; SD, standard deviation.

7

Vac-High PC-High 10 kV x 54 : Opm 004764

Figure 2. Scanning electron microscopy (SEM) image of microplastic particles: A, ethylene propylene (raw milk); B, ethylene propylene (water);
C, polytetrafluoroethylene (water); D, polytetrafluoroethylene (ready-to-drink ayran).

and colloids trapped in the filters during the pressurised liquid The surface morphology of two representative micro-
flow can increase the risk of contamination of the milk with plastics observed using SEM is given in Figure 2. SEM is
microplastics [Kumar et al,, 2013; Tomasula & Bonnaillie, 2015]. a microscopic technique that can provide information about
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Figure 3. Optical microscopy images of microplastic particles in samples collected during ayran production. A, 3679.22 um, ethylene propylene (raw milk);
B, 468.42 um, ethylene propylene (water); C, 98.02 um, polytetrafluoroethylene (water); and D, 215 pm polytetrafluoroethylene (ready-to-drink ayran).

the morphological surface structure of MP, producing high-
-resolution images of the surface state. It can also provide data
on the chemical composition of samples, as it can be equipped
with energy dispersive X-ray spectroscopy (EDS) detectors.
In our study, an overview of the structures of the particles
present was provided by SEM imaging of randomly selected
filter surfaces after optical microscopy analysis. However, SEM
imaging did not provide enough discriminatory evidence to
confirm that the analysed microparticle was an MP or organic
residue. Mineral-based particles can be identified through
EDS analysis [Mariano et al., 2021]. However, in the trial stud-
ies, it was determined that the fibers, organic residues and MP
showed similar spectra for C, O and N elements. Therefore, as
some researchers have noted, SEM-EDS can be used as a tool
to support FTIR, but it has not been shown to be sufficient
alone for the identification of MP [Da Costa Filho et al,, 2021;
Mariano et al,, 2021].

Selected optical microscopy images of microplastic parti-
cles detected at various stages of ayran production are shown
in Figure 3. The particles varied in size and shape. The distribu-
tion of microplastic particle size in samples was summarised
in Table 2. Microplastic particles with a size range of 1-150 um
(37.38%) prevailed. In addition, 36.42% of the microplastic parti-
cles had between 151 and 1,000 um in size, while size of 26.20%
of the particles ranged from 1,001 to 5,000 um. Microplastic
particle size is an essential parameter for translocation in living
organisms. This parameter determines the microplastic absorp-
tion efficiency through the gastrointestinal, alveolar,and dermal
epithelium. After oral ingestion, microplastics and nanoplastics
can be dispersed into the blood and lymphatic system, and sub-
sequently the liver, via absorption from the gastrointestinal
tract. The gastrointestinal epithelium is permeable to particles
of 150 um, >90% of those larger than 150 um are excreted
in the faeces [Dick Vethaak & Leslie, 2016; Kannan & Vimalkumar,
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2021].1t has been reported that intestinal absorption of MP small-
erthan 1.5 um is possible, and MP smaller than 2.5 um can enter
the systemic circulation via endocytosis and phagocytosis [Dris
etal, 2016; EFSA, 2016; Hwang et al,, 2020; Kannan & Vimalkumar,
2021; Millburn et al., 1967; Yang et al,, 2009 ]. However, particles
of 0.1 um and smaller can cross the blood-brain barrier and pla-
centa [Prietl et al, 2014]. In our study, microparticles smaller than
10 um were detected only in the raw milk acceptance sample
and they accounted for 5.26% of all particles. The filter pore di-
ameter used in filtration does not allow the detection of smaller
particles. When discussing the dangers posed by microplastics
in food, focus is more on their physical effects and the effects
of the endocrine-disrupting ingredients they contain, such as bi-
sphenol A, phthalates, and certain brominated flame retardants.
Due to these factors, microplastics can cause serious health
problems [Dick Vethaak & Leslie, 2016]. Studies demonstrate
that microplastic causes intestinal microbiota changes in mice
and gastric adenocarcinoma in humans [Chang et al,, 2020]. It
has been shown that the consumption of microplastic reduces
key gene expressions related to lipogenesis and triglyceride
synthesis in the liver, which can lead to mouse hepatic lipid
disorder [Lu et al., 2018].

Microplastic particles were visualised using optical micro-
scope in black, blue, brown, dark blue, grey, green, orange, pink,
purple, red, transparent, and yellow. The visualization showed
that 19.81% of the microplastic particles were recorded as
blue, 17.89% as red, 15.02% as transparent, and 11.18% as black
(Figure 4). The microplastic particles varied also in shape. Fibre
form dominated (49.84%), followed by film (23.32%), fragments
(14.70%), and spheres (12.4%) (Table 3). According to Rodriguez-
Seijo & Pereira [2017], colours are crucial for visually distinguish-
ing the chemical composition of microplastics. The chemical
composition of microplastics can provide clues in predicting
the type of polymer from which the food contact or likely to
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Table 2. Number of microplastic particles (MP) with different size in samples collected during ayran production at different process steps/sampling locations

(MP number/100 mL or MP number/100 g).

sampling location

RM

WA

CR

SC
SCA

SwW
SWA
FB
AC
A

1 (5.26%)

1 (5.26%)
4(23.53%)
2 (12.50%)
4(21.05%)
1 (7.69%)
2(7.69%)
1(3.85%)
2(22.22%)
1(8.33%)
4(12.12%)
3 (6.98%)
3 (18.75%)
2(9.52%)
1 (7.69%)

2(11.11%)

(33.33%)*
6(31.58%)
5(29.41%)
4 (25.00%)
7 (36.84%)
4(30.77%)
1(11.11%)
9 (34.62%)
8 (30.77%)
2(22.22%)
3 (25.00%)
10 (30.30%)
8 (18.60%)
4(25.00%)
4 (19.04%)
1 (7.69%)

6(33.33%)

(33.33%)
2(10.53%)
2(11.76%)
4(25.00%)
6 (31.58%)
3(23.08%)
7(77.78%)
3 (11.54%)
6 (23.08%)
2(22.22%)
4(33.33%)

1(33.33%)
7(16.28%)
3 (18.75%)
3 (14.29%)
5 (38.46%)

7 (38.89%)

1 (5.26%)
2(11.76%)
2 (12.50%)
1 (5.26%)
2(15.38%)
1(11.11%)
3 (11.54%)
4 (15.38%)
1(11.11%)
3 (25.00%)
4(12.12%)
2 (4.65%)
2 (12.50%)
3 (14.29%)
4 (30.77%)

3(16.67%)

1(33.33%)

8 (42.11%)
4 (23.53%)
4 (25.00%)
1(5.26%)

3(23.08%)
9 (34.62%)
7 (26.92%)
2(22.22%)
1(8.33%)

4(12.12%)
23 (53.49%)
4 (25.00%)
9 (42.86%)

2(15.38%)

*Percentage of the number of microplastic particles in the sample is given in brackets Z, bulk tank; RM, raw milk acceptance; F, filtration; C, clarification; W, water; WA, water addition;
CR, cream; H, homogenization; P, pasteurization; Q holder; SC, ready-to-use starter culture; SCA, starter culture addition; S, salt; SW, salty water; SWA, salty water addition; FB, filtration

before filling; AC, filling ayran cups; A, ready-to-drink ayran.
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Figure 4. Number of microplastic particles with different colour in samples collected during ayran production at different process steps/sampling locations: Z, bulk
tank; RM, raw milk acceptance; F, filtration; C, clarification; W, water; WA, water addition; CR, cream; H, homogenization; P, pasteurization; Q, holder; SC, ready-to-use
starter culture; SCA, starter culture addition; S, salt; SW, salty water; SWA, salty water addition; FB, filtration before filling; AC, filling ayran cups; A, ready-to-drink ayran.
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Table 3. Number of microplastic particles (MP) with different shapes and microplastic polymer type in samples collected during ayran production at different

process steps/sampling locations (MP number/100 mL or MP number/100 g).

type

Fibre
e Film - 1 = 1 - -
(39.30%)* Fragment = 1 - - - -
Sphere - - - - - -
Fibre = 1 - - - -
NP Film = 2 - = = 1
(10.22%) Fragment - = = = 1 -
Sphere = 1 1 - - -
Fibre = = - - - -
PA Film - - - -1 -
(3.19%) Fragment - - - - - -
Sphere = = - 1 - -
Fibre - 1 1 1 - -
PAM Film = - - - - -
(11.18%) Fragment - - - - - -
Sphere - - - - - -
Fibre = = - - - -
PE Film - - - - - -
(2.88%) Fragment - - - - - -
Sphere - 1 1 = - -
Fibre - - 2 1 1 1
pp Film = - - - - -
(7.35%) Fragment = - - - - -
Sphere - - - - - -
Fibre = = - S
PTFE Film - 2 3 1 5 1
(25.88%) Fragment 2 = 3 1 5 1
Sphere = 2 - -1

6 1 1 = = 1 = = = 1 2
- - - - - - - - 1 - -
1 1 1 = 1 = = 1 1 1 3
= = 1 = = = 1 = = 1 2
= = 1 = = 3 4 1 1 = =
= 1 1 = 1 1 = = 2 = 1
- - - _ - 1 - - _ - -
2 = 1 = 2 3 4 2 1 2 1
2 = = = 1 3 4 1 1 2 =
1 - - _ - - - - - - -
1 = = = 1 2 1 1 = = =
3 3 1 = 1 2 2 1 1 1 =
_ _ _ _ _ _ 3 _ _ _ _
1 2 1 = 1 4 7 2 1 1 2
1 1 = = 2 2 4 1 1 1 1
1 1 = = = 3 4 1 1 = 1

*Percentage of the number of microplastic particles in the sample is given in brackets; EP, ethylene propylene; NP, neoprene; PA, polyamide; PAM, polyacrylamide; PE, polyethylene;
PP, polypropylene; PTFE, polytetrafluoroethylene; Z, bulk tank; RM, raw milk acceptance; F, filtration; C, clarification; W, water; WA, water addition; CR, cream; H, homogenization;
P, pasteurization; Q, holder; SC, ready-to-use starter culture; SCA, starter culture addition; S, salt; SW, salty water; SWA, salty water addition; FB, filtration before filling; AC, filling ayran

cups; A, ready-to-drink ayran.

come into contact with tools, equipment, materials, packaging
materials. This data is valuable to identify the source of food
contamination [Nady, 2016; Pouliot, 2008; Tan & Rodrigue, 2019].
In our study, the FTIR data of microplastics (discussed below)
revealed that colour would not be a sufficient clue for chemical
characterisation. The colour detected under a microscope may
depend on the colour pigments and additives used in producing
plastic materials; it cannot be associated with the type of polymer
[OBmann etal, 2018].
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The FTIR technique used to identify microplastic parti-
cles through microscopic imaging detects the FTIR absorp-
tion spectrum, reveals the structural fingerprints, and reflects
the optical responses of the surface functional groups. In
this method, the spectra formed by the absorbance values
of the displayed microplastic particles were compared to
the spectra of reference polymers in the polymer library [Fan
et al, 2021]. The examples of FTIR spectra of MP of samples
and reference polymers are given in Figure 5. Seven types
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Figure 5. Fourier-transform infrared spectroscopy (FTIR) spectra of microplastic particles of samples collected during ayran production and reference polymers:
(A) ethylene propylene, (B) neoprene, (C) polyacrylamide, (D) polyamide, (E) polyethylene, (F) polypropylene, and (G) polytetrafluoroethylene.
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of microplastics were identified by FTIR in the samples: ethyl-
ene propylene (EP) (39.30%), polytetrafluoroethylene (PTFE)
(25.88%), polyamide (PA) (11.18%), neoprene (NP) (10.22%),
polypropylene (PP) (7.35%), polyacrylamide (PAM) (3.19%),
and polyethylene (PE) (2.88%). FTIR analysis revealed that black
microplastics were neoprene, polyamide, and polyacrylamide;
blues were EP and PE; browns were PTFE, PP and PAM; dark
blues were NP, EP, and PE; greys were NP, PA, and PAM; greens
were EP; oranges were PTFE; pinks were PTFE and PP; pink
and red ones were PTFE and PP; purples were EP, PAM, PA, PP,
and PTFE; transparent were EP, NP, PAM, and PA; yellows were
PAM and PTFE. The EP, which was identified in the samples
of our study, is used as an air and water-sealing gasket; neo-
prene is used as an oil-sealing gasket in dairy facilities. PAM
finds use in agricultural lands for erosion control and improv-
ing the physical properties of the soil. Very small amounts
of PAM in irrigation water were reported to flow over the soil
in irrigation troughs, virtually eliminating the separation
and transport of soil particles [Sojka et al., 2007]. PTFE, which
is very common in the environment, is seen in milk as a sign
of environmental contamination. A series of macro-, micro-
and ultrafiltration processes using polymeric membranes,
from the milking process to the packaging of the products,
can be considered a source of PTFE [Diaz-Basantes et al., 2020;
Kutralam-Muniasamy et al., 2020]. PAs replace metal parts
in engine components as tough, corrosion-resistant, lighter,
and more cost-effective intake manifolds. They are also used
as an alternative insulation material for electrical cables. Rein-
forcing polyamides with typically 309% glass fibres makes them
so resilient that they can be used as a metal substitute. In this
form, they can be used as building elements. Additionally, they
can also be preferred as packaging materials. In wastewater
treatment plants, PE is used to produce tanks, equipment,
pumps, valves, diaphragms, bellows, and cylinders. Addition-
ally, moving machine parts, toothed wheel rollers, sliding
equipment, and conveyor equipment construction are its
other usesin the food industry. PP is used in producing bever-
age containers and bottles in various shapes and capacities.
Also, itis a polymer used to preserve cleaning agents, disinfect-
ants and chemical reagents [Pouzada, 2021].

The EDI, which shows the number of microplastics that can
be daily swallowed with ayran, was calculated according to
the Turkish Nutrition Guide [TNG, 2015]. It was estimated that
adults could consume 25942 MP number/day, and children,
adolescents, pregnant-breastfeeding women, and postmeno-
pausal women from 173414 to 346+7 MP number/day. The risk
assessment reveals the total amount of microplastics ingested
and the physical distribution of microplastics in the human
body. It excludes toxicological hazards associated with the com-
position of polymers, bacterial film formation on the surface
of microplastics, and possible microbiological considerations
such as the presence of viruses. It does not indicate ingested
microplastic’s faecal excretion rate and the intestinal epithelium
translocation rate. In a meta-analysis study based on 402 data
points from 26 articles representing more than 3,600 processed
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food samples, Cox et al. [2019] calculated total annual micro-
plastic ingestion by age and body weight to range between
39,000 and 52,000 particles. When inhalation exposure was
included, this number has been estimated to range between
74,000 and 121,000. Additionally, they had estimated that peo-
ple who consume only bottled water are exposed to 90,000
microplastics, compared to 4,000 microplastics for those who
consume the recommended amount of water by drinking
tap water. Pérez-Guevara et al. [2022] estimated that Mexico
City residents accidentally ingested 42 MP/L through drinking
water, with annual exposures of approximately 1.47x10* MP per
adult and 6.73x10° MP per child. In another study examining
the potential exposure of infants to PP microplastics through
the consumption of formulas prepared in infant feeding bottles,
the exposure ranged from 14,600 to 4,550,000 (mean 1,580,000)
microplastics/day per baby, depending on the sampling geo-
graphic location. Scenario studies revealed that sterilization
and exposure to high temperature water of PP infant bottles
significantly increased the release of microplastics. Consider-
ing that adults were estimated to consume 600 microplastics
per day through water, food, and air, they have determined
that infants were exposed to approximately 2,600 times more
microplastics per day than adults [Li et al., 2020].

CONCLUSIONS

Studies have revealed the risk of microplastic contamination
in the production line of ayran of a medium-sized production
facility. Microplastic particles have been detected at each step
of production, in raw materials, auxiliary materials, semi-finished
materials, and final product. The microplastic particles in the sam-
ples collected at different process steps/sampling locations
varied in size, colour, shape, and polymer type. Contamination
of ayran cups, water, and salt with microplastics was quite severe.
Water and salt in food production should be pre-treated with
special pore-sized filters against microplastics. Before the fill-
ing process, some precaution measures against contamination
of cups and bottles with microplastics, like pre-washing with
microplastic-free ultrapure water, should be taken. Further stud-
ies are needed to detect microplastic contamination sources
before the raw milk acceptance step. Itis necessary to investigate
the content of microplastics in other dairy products, and ad-
ditional data need to be collected on raw milk contamination
with plastic residues.
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Strawberries rich nutrition, flavor, and aroma profiles make them popular. Many studies have tried to extend strawberries
shelf life. In the current study, grape pomace extract (GPE) was combined with polyvinyl alcohol (PVA) and used to extend
the shelf life of strawberries. Ascorbic acid content, total phenolic content, total anthocyanin content, and antioxidant activity
determinations showed that PVA/GPE-coated strawberries were superior to the uncoated fruits during storage. Total me-
sophilic aerobic bacteria (TMAB) and yeast/mold counts in the uncoated strawberries were 2 and 2.68 log cfu/g at the start
of storage, respectively, and 9.8 and 14.00 log cfu/g after 16 days of storage, respectively. Strawberries coated with the PVA
solution with 2.5% (w/v) GPE showed 32% and 25% less TMAB and yeast/mold counts, respectively, at the end of storage.
The PVA/GPE-coated strawberries showed significantly higher firmness compared to the control fruit. The PVA/GPE coating

improved strawberry shelf life and functional properties.

Key words: strawberry preservation, PVA, grape pomace extract, edible coating, fungal control

ABBREVIATIONS

PVA, polyvinyl alcohol; EMA, European Medicine Agency; FDA,
United States Food and Drug Administration; GP, grape pom-
ace; GPE, grape pomace extract; TSS, total soluble solids; TA,
titratable acidity; TPC, total phenolic content; ABTS, 2,2"-azino-
bis-3-ethylbenzothiazoline-6-sulfonic acid; DPPH", 1,1-diphenyl-
-2-picrylhydrazyl radical, PBS, potassium persulphate solution;
TEAC, Trolox-equivalent antioxidant capacity; TAC, total antho-
cyanin content; TMAB, total aerobic mesophilic bacteria; PCA,
plate count agar; PDA, potato dextrose agar.

INTRODUCTION

Athird of the world's food production is lost every year,and about
22% of this loss consists of remnants from fruits and vegetables
[Ueda et al, 2022]. Fruits and vegetables are difficult to keep
fresh for both markets and consumers because they are easily

perishable. Therefore, protection can be provided with the use
of edible coatings or other postharvest technologies, which can
prevent respiration and oxidation reactions [Duarte & Picone,
2022]. Berries, such as raspberries, blueberries and strawberries
have a short shelf life and require appropriate technology to
maintain or extend their shelf life [Jafarzadeh et al, 2021].
Strawberry (Fragariaxananassa) is also called the “queen
of fruits"due to its unique taste and flavor and is one of the most
consumed fruits worldwide [Riaz et al, 2021]. The worldwide de-
mand for strawberries has increased by more than 80% in recent
decades with production exceeding 9 million tons [Kaur & Kumar,
2022]. Strawberries are rich in minerals, dietary fiber, vitamins,
flavonoids (including anthocyanins), ellagitannins and proan-
thocyanidins [Giampieri et al., 2012]; however, their shelf life is
limited to 4-5 days under refrigerating conditions [Khodaei et al,
2021]. They feature poor storage potential due to their sensitive
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structure that is weak to impact, their high respiratory and tran-
spiration rates, and sensitivity to fungal spoilage, especially Botry-
tis cinerea [Matar et al,, 2020]. Freeze-drying and fungicides are
widely used to extend the shelf life of strawberries, but these
methods are not sustainable because they are costly and cause
the formation of residues [Liu et al, 2021].

Edible coatings have been used for food preservation for
twelve centuries, and are still of great interest to researchers today
due to their protective properties. The term“edible coating"refers
toathin layer of an edible substance that is applied on the surface
of food products in the form of a liquid. Its main purpose is to act
asa moisture barrier and protect the product from potential harm
caused by mechanical damage and chemical reactions [Pavlath
& Orts, 2009]. Edible coatings are applied directly on the product
surface by spraying, brushing, or dipping to form a modified at-
mosphere [Armghan Khalid etal, 2022]. Edible coatings are usually
biodegradable products that are obtained from various polymers
such as proteins, polysaccharides and essential oils and combina-
tions thereof [Riazet al, 2021]. Active packaging systems with low
water vapor and oxygen permeability and the presence of anti-
oxidants and antimicrobials play an important role in minimizing
the rate of respiration and maturation, limiting microbial activ-
ity and controlling water loss, thereby preserving the freshness
of post-harvest crops [Jafarzadeh et al, 2021].

Polyvinyl alcohol (PVA) is a biodegradable, water soluble,
edible, non-toxic, film-forming environmentally-friendly polymer
with high mechanical properties. Its use in food applications as
a packaging and coating material has been approved by the Eu-
ropean Medicine Agency (EMA) and the United States Food
and Drug Administration (FDA) [Moreiraetal., 2020]. Itis also rela-
tively inexpensive compared to other synthetic polymers [Ren
etal,2020]. The specific microstructural arrangement of polymer-
ic matrices and the ability to incorporate active ingredients into
its structure makes PVA an ideal component for the development
of biodegradable active food packaging [Andrade et al, 2021].
Previous studies have reported the use of PVA/chitosan-based
coatings to successfully enhance the storage period of strawber-
ries [Dingetal,2019; Liuetal,2017]. Moreira et al. [2020] reported
that PVA/cashew gum-based coatings could extend the shelf life
of strawberries by inhibiting fungal growth.

Natural antimicrobial and antioxidant ingredients are fre-
quently employed in active packaging for food preservation
[Parinetal,2021]. Grape pomace constitutes a major by-product
of the winemaking industry. Winemaking by-products and other
plant-based agricultural wastes have attracted increasing at-
tention as possible sources of bioactive phenolic compounds
in recent years [Makris et al, 2007]. Grape pomace’s phenolic
profile includes a wide range of compounds, including proantho-
cyanins and flavan-3-ols like catechin and epicatechin. Moreover,
flavonols such as quercetin, laricitrin, and syringetin, and antho-
cyanins such as malvidin, delphinidin, petunidin, and peonidin
were found [Peixoto et al,, 2018] The effectiveness of antibacterial
activity is closely related to the presence of phenolic compounds
and has been reported effective against both Gram-negative
and Gram-positive bacteria [Peixoto et al., 2018].
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Our previous work showed that grape pomace extract (GPE)
and PVA interacted well and formed films with high elasticity
[Kamer et al., 2022]. We also determined that these films have
low water vapor and oxygen permeability and good mechanical
properties [Kaynarca et al, 2023]. To our knowledge, the com-
bination of grape pomace, which is a cheap agricultural-indus-
trial waste, with PVA for the preservation of quality parameters
of strawberries has not been reported to date. In the current
study, we aimed to increase the preservation time of strawber-
ries with edible PVA coatings combined with GPE at different
concentrations (1, 2, and 2.5%, w/V). First, the grape pomace
was extracted and its antifungal properties were investigated.
Next, strawberries were coated with PVA/GPE composite using
a dipping method. Finally, the quality parameters and microbial
loads were examined during strawberry storage.

MATERIAL AND METHODS

= Materials

Grape pomace was obtained as Cabernet Sauvignon winemak-
ing waste from a local winery (Vino Desera Winery) in the Kirk-
lareli province of Turkey. Polyvinyl alcohol (PVA) was supplied by
Clearity Chemistry Textile Co,, Ltd. (Tekirdag, Turkey). Uniformly
sized and shaped strawberries (Fragariaxananassa), exhibiting
a surface color intensity of 80% or greater, were procured from
a local supplier in Tekirdag, Turkey, soon after being harvest-
ed. The strawberries were placed in a cool box after picking
and delivered to the laboratory within 1 h. Botrytis cinerea 12c,
a pathogenic fungus, was obtained from the culture collection
of the Department of Plant Protection at Tekirdag Namik Kemal
University, Turkey.

= Extraction of grape pomace

Grape pomace (GP) was first ground to enable easier extraction,
and then incubated with a 1:5 (w/V) solution of 70% (v/v) etha-
nol in an orbital shaker (INFORS HT Ecotron, Bottmingen-Basel
Switzerland) at 25°C for 48 h [Kaynarca et al, 2022]. The liquids
were filtered through paper and the solvent was evaporated
in a rotary evaporator (RE 100-PRO, SCI LOGEX, Rocky Hill, CT,
USA) at 50-55°C. The extracts of grape pomace were dissolved
in distilled water and the solutions were stored at —18°C until use.
Our previous research [Kaynarcaet al, 2022] details the chemical
and mineral composition of GPE, including its phenolic com-
pound contents.

H Preparation and formulation of PVA/GPE coating
solutions
A solution of polyvinyl alcohol (PVA) with a concentration of 5.0%
(w/v) was prepared through the dissolution of PVA powder
in distilled water at 80°C for 2 h while being stirred. The solution
was subsequently cooled to a temperature of approximately
50°C. Aqueous solution of GPE was employed to create a more
uniform blend. The dry matter content of GPE was determined
to be 16.92%. GPE was added to the PVA solution at concentra-
tions of 1%, 2%, and 2.5% of dry weight of the extract by volume
of the solution, and the mixture was stirred for 10 min until it
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became homogenous. The mixture was allowed to cool to 25°C
before being applied to the strawberries. Coating solutions with
added GPE were coded as GPV1, GPV2, GPV2.5, and control,
based on the varying mass ratios of GPE.

= Application of coating to strawberries

The strawberries underwent a washing process for a duration
of 3 min using cool, sterile, distilled water, followed by a subse-
quent 30-min drying period at a temperature of 20°C. Strawberries
that were immersed only in distilled water for 3 minand then left to
dry served as the control sample. The other groups of strawberries,
labeled as GPV1,GPV2,and GPV2.5, were dipped in a PVA/GPE solu-
tion containing varying concentrations of GPE (1%, 2%, and 2.5%
(w/v), respectively) for 2 min. After coating, the strawberry fruits
were drained and dried for 2 h.To perform physicochemical prop-
erties, bioactive compound contents, and microbiological analyses
of strawberries with different coating applications, 5 strawberries
were selected for each analysis set. The strawberries were divided
into 5 packages, with each package containing 5 strawberries
for analysis on days 0, 4, 8, 12, and 16. This process was repeated
three times to conduct the three sets of analyses for each coat-
ing application. All strawberries were stored in plastic containers
measuring 16x9x5 cm and were refrigerated at 4°C throughout
the 16-day analysis period.

= Determination of physicochemical characteristics
of strawberries

= Weight loss

Strawberries were weighed on a digital balance (Isolab, Eschau,
Germany) on the first day of the experiment after coating and on
4,8,12,and 16 day through the storage period. The percentage
of weight loss relative to the initial weight was calculated with
Equation 1:

wi-wf

% Weight loss = (

) X 100 Q)
where: wi is the weight measured on the initial day and wfis
the weight measured on different days of storage.

m  Total soluble solid content, titratable acidity, and pH
Total soluble solid (TSS) content of strawberry fruit juice was
determined at 20°C using a digital refractometer (ATAGO, Tokyo,
Japan), with results represented in %. The titratable acidity (TA)
was calculated by extracting 10 g fruitin 50 mL of distilled water
and titrating the solution with 0.1 M sodium hydroxide until it
reached a final pH of 8.1. TA was represented as percentage (%)
of citric acid. The acidity of the fruit was measured by a pH meter
(HANNA HI2002, HANNA Instruments, Woonsocket, RI, USA). For
the chemical analysis, 5 randomly chosen fruits (with a total ap-
proximate mass of 30 g) were homogenized with a high-speed
mixer and each sample was tested three times.

m  Texture parameters
The hardness of the strawberries was measured with a texture
analyzer (TA-HD plus, Stable Micro Systems, Godalming, Surrey,
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UK) with a P/36R probe and a crosshead speed of 5 mm/min. Two
sets of measurements were made for each replicate on opposite
sides of the central zone [Ding et al,, 2019]. The values were ex-
pressed as Newton (N). Five different strawberries were analyzed
for each treatment, and results were given as the mean value.

= Color parameter analysis

The skin color of strawberries was measured using a CR-400
Chroma Meter (Konica Minolta Inc, Tokyo, Japan). The chromatic-
ity parameters L¥*, a*, and b* were used to describe the lightness,
the greenness/redness, and the blueness/yellowness, respec-
tively.

= Determination of bioactive compound contents
and antioxidant activity of strawberries

B Ascorbic acid

Strawberries were tested at different times during storage for
their ascorbic acid content using the 2,6-dichlorophenol-in-
dophenol (0.25 g/L) titrimetric assay [Vahid, 2012]. Each mL
of 2,6-dichlorophenol-indophenol solution was equivalent to
0.2 mg ascorbic acid. Results were expressed as mg of L-ascorbic
acid per 100 g of strawberries.

®  Total phenolic content

Total phenolic content (TPC) was evaluated using the Folin-
Ciocalteu reaction. Briefly, strawberries were blended at 1:20 (w/V)
with 80% (v/v) methanol and extracted at 25°C for 24 h. Next,
500 pL of Folin-Ciocalteu reagent were added to 100 plL of each
sample. After 2 min, T mL of 75 g/L Na,COs was added, followed
by 94 mL of distilled water [Pineli et al, 2011]. After 60 min of in-
cubation in the dark, the absorbance was measured at 760 nm
with a Shimadzu 02910 spectrophotometer (Shimadzu, Kyoto,
Japan). Pure gallic acid was used to generate a standard curve,
and the results were calculated as g of gallic acid equivalents
(GAE) per kg on a fresh weight basis (g GAE/kg).

B Antioxidant activity

Antioxidant activity was evaluated using the 2,2'-azino-bis(3-
-ethylbenzothiazoline-6-sulfonic) acid radical cation (ABTS™)
and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH"). Antioxidant
activities of the uncoated control fruits and the coated fruits were
determined on the first day and throughout the storage period.
The extracts of the samples obtained as described above were
added to 600 pL of a methanolic solution of DPPH radical (1 mM).
The mixture was incubated in the dark for 30 min and the absorb-
ance was measured at 517 nm. The radical scavenging activity
was expressed as ICsq (as the amount of extract that scavenges
50% of the DPPH radicals, mg/L of reaction mixture) [Yildirm-
Yalcinetal, 2022].

The ABTS assay was conducted as described by Re et al. [1999]
with some modifications. A stock solution was generated with
7 mM of ABTS in phosphate buffer solution (PBS) with 2.45 mM
of potassium persulphate solution (K;5,0g) and then allowed
to stand at 25°C in the dark for 15-16 h. PBS was used to dilute
the stock solution to a final absorbance value of 0.700+0.05.



Pol. J. Food Nutr. Sci,, 2023, 73(2), 151-162

ATrolox calibration curve was used to calculate Trolox-equivalent
antioxidant capacity (TEAC) values expressed as umol Trolox
equivalent per kg fresh weight (umol Trolox/kg).

®  Total anthocyanin content

The total anthocyanin content (TAC) of strawberries was deter-
mined by the pH differential method as described previously
[Wrolstad, 1993].To this end, anthocyanins from the strawberries
were extracted using 2% HCl in methanol at a fruit to solvent ratio
of 1:5 (w/v) for 60 min. The supernatant was taken and filtered
through a 0.45 um filter. The residue left behind in the filter
was re-extracted until a clear solution was obtained. The pH
of the diluted fruit extracts was adjusted to 1.0 and 4.5 using po-
tassium chloride buffer and sodium acetate buffer, respectively.
The absorbance of the diluted samples was recorded at 522 (As»,)
and 700 nm (Asq) using a Shimadzu 02910 spectrophotometer
and A value was calculated with Equation 2:
A= (Asy— A7OO)pH1‘O = (Asy— A7OO)pH45 )
The TAC of the strawberries was calculated on the basis of a mo-
lar absorptivity (€) of 22,400 L/(molxcm) and molecular weight
(MW) of 433.2 g/mol of pelargonidin 3-glucoside (Pg3G) using
Equation 3:

_ AXMW xDFx 1,000

TAC ex L

where: DF, dilution factor; L, pathlength (L=1 cm).

= Microbiological analyses

The total aerobic mesophilic bacteria (TMAB) and total yeast
and mold contents for each treatment were analyzed after O,
4,8,12,and 16 days of storage using the spread plate method.
Strawberries were homogenized using a Stomacher (Intersci-
ence, Saint Nom la Bréteche, France) in a Stomacher bag and then
diluted in sterile peptone water. TMAB count was determined
after 48 h of incubation at 30°C with the surface plate method
on plate count agar (PCA, Merck, Darmstadt, Germany). Yeast
and mold counts were determined on potato dextrose agar (PDA,
Merck) after incubation for 5 days at 25°C. The microbiological
counts of strawberries were expressed as log colony forming
units (cfu) per g of sample. Three replicates were carried out for
each treatment and storage duration.

® Determination of bioactive compound contents
and functional properties of the coating solution
The total anthocyanin content, antioxidant activity, and total
phenolic content of coating solutions were evaluated using
the methods detailed in the section titled “Determination of bioac-
tive compound contents and antioxidant activities of strawberries!
The antifungal activity of coating solutions with 1%, 2%

"

and 2.5% GPE (w/v) was determined according to the method
of Bouchra et al. [2003] with some modifications.To this end, coat-
ing solutions were prepared with ethanol to a final concentration
of 2,000 mg/L and then mixed with sterile PDA to obtain final
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concentrations of 0, 20, 80, 100, 120, and 200 mg/L. B. cinerea
was first cultured on PDA at 25°C. Petri dishes were inoculated
with a mycelial plug (6 mm) of 7-day-old culture of B. cinerea.
Three replicates on individual Petri dishes were carried out for
each treatment. Ethanol was used as a negative control. After
48 h of incubation at 22°C, the inhibition zones were measured.
Results of antifungal activity were expressed as ICsy (concen-
tration that reduced mycelial growth by 50%) determined by
regressing the inhibition of radial growth values (percent control)
[Mendozaetal, 2013].

= Statistical analysis

All data were statistically analyzed using the SPSS, version 18.0
(SPSSInc., Chicago, IL, USA). Data was subjected to analysis of vari-
ance (ANOVA). Tukey's post hoc test was used to compare the dif-
ferences in data means. Differences at the level of p<0.05 were
considered as significant. Experiments were carried out in triplicate.

RESULTS AND DISCUSSION

u  Physicochemical characteristics of strawberries

B Weight loss

Strawberries with PVA/GPE coating and the uncoated control
samples both showed a successive weight loss during storage
(Figure 1A). The processes of respiration, sweating, and oxida-
tion can cause fruits to lose weight while they are being stored
[Ayranci&Tunc, 2003]. Notable differences were found between
the control and coated fruits throughout the storage period
(Figure TA). A comparison of the three coatings revealed that
the GPV2.5 coating provided the best protection with only 8.26%
weight loss during storage after 16 days, compared to 15.03%
loss in the control fruits. Lower GPE concentrations of the coating
solution were less effective at preventing weight loss. The use
of coatings is evidently useful in providing a physical barrier
against moisture loss, thereby delaying dehydration and shrive-
ling of the fruit [Fawole et al., 2020].

®m  Total soluble solid content, titratable acidity, and pH

The total soluble solids content of GPV1 and GPV2 samples
decreased during the first 4 days of storage, but increased after-
wards (Figure 1B). This could be an indication of the transition
from optimal ripeness. The initial TSS level was 7.4% in the control
fruits and ranged from 7.8 to 8.4% in the coated fruits. It is pos-
sible that the presence of water-soluble dry matter in the GPE
contributed to the higher initial TSS value obtained with coat-
ed strawberries compared to the control group. In contrast to
the control fruit, which showed a decrease in TSS content from
7.4 10 5.8% from the 4" to 8" day of storage, fruits coated with
GPV1, GPV2, and GPV2.5 showed a progressive increase in TSS
content from day 4 to 8. The results of this study align with those
of Gol et al. [2013], who found that the TSS content of control
(uncoated) strawberries decreased from 4 to 8 days of storage,
while the TSS content of fruits coated with carboxymethyl cel-
lulose and hydroxypropylmethyl cellulose showed a successive
increase until 8 days of storage and then decreased. A breakdown
of the cell wall and an increase in dry matter as a result of water
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Figure 1. The weight loss, total soluble solid content, pH and titratable acidity of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v)
grape pomace extract (GPV1, GPV2 and GPV2.5, respectively) and uncoated (control) strawberries during storage at 4°C for 16 days.
Values are given as mean and standard deviation. Different capital letters represent the difference between treatments, different lowercase letters represent

the difference between storage times (p<0.05).

loss may have increased the TSS level [Cordenunsi et al., 2005].
After the 12'" day of storage, the TSS content of coated strawber-
ries was reduced (Figure 1B). It most likely resulted from a total
degradation of the fruits. Significant differences in the TSS levels
were identified between the three different coatings (p<0.05).

The pH values of the coated and uncoated strawberries are
shownin Figure1C.The pH of strawberries increased significantly
during storage (p<0.05). This was expected since organic acids
are used for respiration during storage of the fruit [Moham-
madi et al, 2021]. No significant differences (p>0.05) in the pH
values were observed on the first day of storage between coated
and uncoated fruits; however, significant differences (p<0.05)
in pH values were observed on the subsequent days of storage
with the different coatings.

During the initial 4 days of strawberry storage, a statistically
significant reduction (p<0.05) in total acidity (TA) was observed
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in the untreated control group. However, on day 8, all the sam-
ples, except GPV2.5, showed an increase in TA levels (Figure 1D).
This initial reduction in the TA until day 4 may be attributable
to the conversion of acid into sugar due to ongoing respiration
in the fruit [Amal et al, 2010]. Significant (p<0.05) changes were
seenin the TA as a function of duration of storage and between
the samples (Figure 1D). The application of GPE coatings mini-
mized the intensity of acidity decrease during storage, possibly
due to the lower respiration rates of coated fruit compared to
uncoated fruit. Our study results are consistent with the findings
of earlier studies [Petriccione et al, 2015; Rasouli et al,, 2019].

B Texture parameters

The firmness of both coated and uncoated control fruits de-
creased with storage (Figure 2A). The decrease in the firmness
of fruit during storage in the current study was found to be
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Figure 2. The firmness and color parameters (L*, a*, and b*) of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape pomace
extract (GPV1, GPV2 and GPV2.5, respectively) and uncoated (control) strawberries during storage at 4°C for 16 days.
Values are given as mean and standard deviation. Different capital letters represent the difference between treatments, different lowercase letters represent

the difference between storage times (p<0.05).

consistent with the findings reported in available literature on
PVA-coated fruits [Ding et al., 2019]. As strawberries ripen, they
can lose their firmness significantly over time due to the hy-
drolysis and depolymerization of pectin contributing to the de-
terioration of the middle lamella of the cell wall and loss in tur-
gor [Riaz et al, 2021]. Softening of strawberries due to such
water loss and deterioration of cell walls can lead to microbial
growth [Sayyari et al., 2022]. The PVA/GPE coated fruit showed
significantly (p<0.05) higher firmness compared to the control
fruit (Figure 2A). The firmness of the samples at the begin-
ning of storage was in the range of 18.25-18.93 N. On day 16
of storage, the firmness decreased to 3.81-8.99 N. Nonethe-
less, the PVA/GPE-coated samples showed a lower reduction
in firmness than the uncoated ones. Thus, while a 55% decrease
in firmness was observed with the uncoated samples on day 4,
a comparable decrease was observed in the GPV1 and GPV2.5
samples on day 16 of storage. The uncoated samples showed
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a 75% decrease in firmness at the end of the storage period while
the GPV2.5 sample showed a 51% decrease in firmness making
it the sample with the least decrease.

u  Color of strawberries

Similarly to firmness, color is an important parameter that defines
consumer acceptability of fruits. Photographs showing the color
and general appearance of the strawberries taken during their
storage are given in Figure 3. Considering the color parameters,
in general, the [* value determined for both coated and uncoat-
ed strawberries decreased significantly (p<0.05) during storage
(Figure 2B). The initial L* values of 52.15, 42.46, 47.28, and 47.50
in control, GPV1, GPV2, and GPV2.5 samples, respectively, de-
creased to 38.53, 3346, 34.04, and 38.20 on day 16, respectively.
However, the GPV2.5 samples showed more or less constant L*
values until day 12 of storage. The decrease in [* value is con-
sistent with a darkening of the fruit during storage, as reported
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Figure 3. The appearance of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape pomace extract (GPV1, GPV2 and GPV2.5,
respectively) and uncoated (control) strawberries during storage for 16 days.
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Figure 4. Ascorbic acid and total anthocyanin contents of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape pomace extract
(GPV1, GPV2 and GPV2.5, respectively) and uncoated (control) strawberries during storage at 4°C for 16 days.

Values are given as mean and standard deviation. Different capital letters represent the difference between treatments, different lowercase letters represent
the difference between storage times (p<0.05).

previously [Dingetal, 2019; Sayyariet al, 2022]. The redness values uncoated samples (Figure 4A). Thus, while the initial ascorbic acid
of the coated samples remained stable until day 12 and increased content of the control strawberries was 212 mg/100 g, the same
afterwards (Figure 2C). There was no change (p<0.05) in the a* for GPV1, GPV2, and GPV2.5 were 311 mg/100 g, 355 mg/100 g,
values between the coated samples until day 12 of storage. The b* and 365 mg/100 g, respectively. During storage, the ascorbic acid
value showed a significant (p<0.05), albeit modest decrease dur- content of both coated and uncoated control fruit showed a de-
ing storage in both coated and uncoated samples (Figure 2D). crease. At the end of day 16 of storage, the control group showed
a 75.58% decrease in ascorbic acid content, whereas the decreases

= Bioactive compound contents and antioxidant activity for coated fruits were 74.39%, 57.10%, and 59.14%in the case of GPV1,
of strawberries GPV2, and GPV2.5 coatings, respectively. Thus, the loss of ascorbic

®  Ascorbic acid acid was considerably low with the use of both GPV2 and GPV2.5.
The initial ascorbic acid content of the PVA/GPE-coated straw- Such a decrease in strawberries with edible coatings may be at-
berries was significantly (p<0.05) higher than that of the control tributed to a decrease in respiration, which can delay ascorbic acid
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Table 1. The total phenolic content (TPC) and antioxidant activity determined as Trolox equivalent antioxidant capacity (TAEC) in ABTS assay and as ICso of DPPH
assay of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape pomace extract (GPV1, GPV2 and GPV2.5, respectively) and uncoated

(control) strawberries during storage at 4°C.

Storage time (day)
Parameter Treatment
I N R R
Control 19047 145+50b 14148 125:+40¢ 94+48d
GPV1 234+4% 20641 186465 151465 135444
TPC (g GAE/kg)
GPV2 266128 2364380 205:+38¢ 181448 143420
GPV2.5 358+10" 331+9M0 276114 202:+5M 190414
Control 1,820+6 147749 1,439+50¢ 1,217+4% 1,028+9%
GPV1 1,924+6% 1,792+3 1,566+9% 1,371+22% 1,139+238
TEAC (umol Trolox/kg)
GPV2 2,233+568 1,993+780 1,938+138¢ 1,866:+27% 1,272+13
GPV2.5 2591413 244449 2,167+45¢ 1,986:+13M 1,238+22"
Control 12.81+0.05% 15.23+0,09M 20.33+0.18/¢ 39.77+0.12%° 30.55+0.09/
Bd B Bb B B:
o e — GPV1 11.24+0.24 12.28+0.145¢ 16.7140.13 12.55+0.278¢ 28.35+0.15%
mixture) GPV2 8524032 11.25+025¢ 12.112£0.11¢0 11.112£0.09% 21.77+0.09
GPV2.5 4.60+0.220¢ 9.20+0.20 11.49+0.04% 105540275 16.49+0.04%

Different lowercase letters in the same row indicate storage time differences, whereas capital letters in the same column separately for each parameter represent treatment differences
(p<0.05). ICsq, the amount of extract that scavenges 50% of the DPPH radicals; GAE, gallic acid equivalent.

oxidation [Amal et al, 2010]. These findings are in agreement with
Goletal [2013], who reported that the ascorbic acid content in 1%
hydroxypropylmethyl cellulose (HPMC) + 1% chitosan (CH) coated
strawberries was significantly higher than in the control samples.

m  Total phenolic content

Strawberries are an important source of bioactive ingredients,
but adverse storage conditions can reduce their quality [Tahir
etal,2018].The total phenolic content of the strawberries ranged
from 94 to 358 g GAE/kgin all samples during storage (Table 1).
A statistically significant (p<0.05) decrease in the TPC of both
coated and uncoated samples was observed during the storage
period. On day 4 of storage, the TPC decreased by 24% and 6%
in the control and GPV2.5 samples, respectively. Until day 12
of storage, the TPC was the highest in the GPV2.5 sample, fol-
lowed by the GPV2 and GPV1, respectively. The preservation
of the phenolic compounds of the fruit was clearly the greater,
the higher was the content of GPE used in the coating material.
The control strawberries had the lowest TPC. The decline in TPC
observed towards the end of the fruit storage duration could
be attributed to the disintegration of cell structure as the fruit
undergoes senescence [Macheix etal, 1990]. TPC may have also
decreased due to oxidation processes [Ali et al, 2019]. The applica-
tion of PVA/GPE coatings appears to have slowed down the oxi-
dation of phenolic compounds, resulting in their preservation.
Yan et al. [2019] and Gol et al. [2013] have conducted research
that yielded comparable findings, demonstrating the beneficial
impact of edible coatings enriched with chitosan (CH) and car-
boxymethyl cellulose (CMC) on TPC in strawberries.
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B Antioxidant activity

The antioxidant activity of the strawberries was significantly
(p<0.05) enhanced by coating them with PVA/GPE (Table 1).
The GPV2.5 coated samples showed 2,591 umol Trolox/kg in ABTS
assay and ICso of 460 mg/L in DPPH assay, giving the highest an-
tioxidant activity among all samples, as expected. This was likely
contributed by the high antioxidant activity of grape pomace itself
[Rockenbach etal, 2011]. The antioxidant activity of all strawberry
samples significantly (p<0.05) decreased over time during storage
(Table 1).However, the PVA/GPE coating resulted in greater reten-
tion of the antioxidant activity over longer periods of time. On day
16 of storage, the antioxidant activity of GPV2.5-coated fruit was
1238 pumol Trolox/kg (ABTS assay) and 16.49 mg/L (ICs, of DPPH
assay), whereas respective values determined for the control sam-
ples were 1,028 umolTrolox/kgand 30.55 ma/L, respectively. These
findings are consistent with a previous study by Petriccione et al.
[2015] who reported that chitosan-coated strawberries retained hi-
gherantioxidant activity after cold storage compared to uncoated
strawberries. Due to its functional qualities, the presence of the GPE
in the coating not only increased the antioxidant content, but also
served as a barrier to oxygen during the coating process, further
retaining antioxidant activity.

®m  Total anthocyanin content

Anthocyanins, which are responsible for the red color of straw-
berries, determine the degree of ripening and the attractiveness
of the strawberries [Khodaei & Hamidi-Esfahani, 2019]. A de-
crease in TAC was observed during the storage of strawberries
(Figure 4). This decrease in anthocyanin content could be due
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Figure 5. Total mesophilic aerobic bacteria count and yeast/mold count of coated by dipping in solution of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape
pomace extract (GPV1, GPV2 and GPV2.5, respectively) and uncoated (control) strawberries during storage at 4°C for 16 days.

Values are given as means and standard deviation. Different capital letters represent the difference between treatments, different lowercase letters represent
the difference between storage times (p<0.05).

Table 2. Total phenolic content (TPC), antioxidant activity determined as Trolox equivalent antioxidant capacity (TAEC) in ABTS assay and as |Cso of DPPH assay, total
anthocyanin content (TAC), and antifungal activity against Botrytis cinerea of the coating solutions of polyvinyl alcohol with 1%, 2% and 2.5% (w/v) grape pomace
extract (GPV1, GPV2 and GPV2.5, respectively).

TPC (g GAE/kg) 263+6¢ 475+6P 519+15°
TEAC (umol Trolox/kg) 138+3° 152+9% 181+12
DPPH" scavenging activity, ICsg* (mg/L) 81.55+1.55° 4822+054° 37.57+1.44°
Antifungal activity, ICsg** (mg/L) 48.19+3.43° 3832+040° 26331065
TAC (mg Pg3G/kg) 22.00+0.02¢ 42.00+0.05° 85.00£0.07°

Significant differences (p<0.05) are indicated by different letters in the same row. ICs¢*, the amount of extract that scavenges 50% of the DPPH radicals; ICsy**, concentration that reduced
mycelial growth by 50%; GAE, gallic acid equivalent; Pg3G, pelargonidin 3-glucoside.

to aging and decay of the fruit [Khodaei & Hamidi-Esfahani, = Effect of PVA/GPE coating on microbial growth

2019]. Similar outcomes have been reported for strawberries The total mesophilic aerobic bacteria (TMAB) and yeast/mold
stored in the refrigerator [Khodaei & Hamidi-Esfahani, 2019; counts of strawberries uncoated and coated with PVA/GPA dur-
Sayyari et al, 2022]. In the current study, the use of edible ing the storage period are shown in Figure 5. The initial TMAB
coatings containing different amounts of GPE was effective count of strawberries was approximately 2 log cfu/g. During
in preventing the deterioration of anthocyanins in strawberries storage, the TMAB count increased in all samples, but this
during storage. The TAC of the uncoated samples decreased increase was seen earlier in the control uncoated samples com-
from an initial value of 86.33 mg Pg3G/kg to 11.75 mg Pg3G/kg pared to the coated samples. The uncoated control samples
at the end of storage. GPE is an anthocyanin-rich resource also had significantly (p<0.05) higher TMAB counts compared
[Rockenbach et al,2011]. Therefore, as expected, the antho- to the coated samples after 8 days of storage. After day 16,
cyanin content of the GPV2.5-coated strawberries was ap- the TMAB content of the control, GPV1, GPV2, and GPV2.5
proximately two-fold higher than of the control uncoated fruit. samples was 9.80, 8.01, 7.00, and 6.67 log cfu/g, respectively.

The TAC of the GPV2.5-coated fruit decreased from 171.57 mg The TMAB count of the GPV2.5-coated strawberries remained
Pg3G kg to 56.62 mg Pg3G/kg during storage. These values constant for the first 8 days, which is likely to be due to the anti-

reflect a decrease in the TAC value of 87% in the control sample bacterial effect of GPE. The mesophilic bacteria countincreased
and 66% in the GPV2.5 sample. The oxygen barrier formed by after day 8 in all GPE-coated samples. A statistically significant
GPE coating most likely contributed towards the protection increase in yeast/mold count was seen in all strawberry samples
of anthocyanin content. (p<0.05) during storage. The initial yeast/mold count of control,
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GPV1, GPV2, and GPV2.5 samples was 2.68, 2.78, 2.60, and 2.56
log cfu/g, which increased to 14.00, 12.06, 11.57,and 10.45 log
cfu/g at the end of storage, respectively. The coated samples
showed stable yeast/mold counts between 8-12 days of stor-
age, while the TMAB count showed an increase. Grape pomace
has a known antimicrobial effect against many bacteria [Hassan
etal,2019]. In addition, extracts with phenolics obtained from
mixtures of Cabernet Sauvignon, Carmenere and Syrah grapes
have been reported to have a high inhibitory effect against
the mycelial growth of the phytopathogenic fungus B. cinerea
[Mendoza et al, 2013].

u  Bioactive compound contentand functional properties
of coating solution

Coating solutions of PVA with 1%, 2%, and 2.5% GPE (w/v) were
tested for their total phenolic content, antioxidant activity, total
anthocyanin content, and antifungal activity against B. cine-
rea. The PVA/GPE solutions demonstrated antioxidant activity,
which was positively correlated with the concentration of GPE
in solution (Table 2). Thus, GPV2.5 showed the highest TEAC
(181 pmol Trolox/kg) compared to GPV2 (152 umol Trolox/kg)
and GPV1 (138 umol Trolox/kg). The ICsq values of DPPH assay
ranged from 37.57 mg/mL (GPV2.5) to 81.55 mg/mL (GPV1).
The total phenolic content of the coating solutions was incre-
ased in direct proportion to the amount of GPE added. TPC was
263,475,and 519 g GAE/kg for GPV1, GPV2, and GPV2.5, respec-
tively. We have previously reported that GPE is rich in phenolic
compounds such as myricetin, gallic acid, quercetin, ellagic acid,
syringic acid, epicatechin, chlorogenic acid, catechin and caf-
feic acid [Kaynarca et al., 2022]. Anthocyanins are remarkable
pigments with red, orange, pink and blue colors, and the most
common are cyanidin, pelargonidine, delphinidine, petunidine,
peonidine, and malvidin [Zhao et al, 2022]. Grape pomace
left after wine production is an abundant and inexpensive
source of anthocyanins. Grape pomace extracts are primarily
composed of malvidin 3-glucoside, followed by peonidine
3-glucoside, along with other components such as petunidin
3-glucoside, delphinidine 3-glucoside, and cyanidin 3-glucosi-
de [Lapornik et al., 2005]. As expected, the highest anthocyanin
content was determined in GPV2.5 containing 85.00 mg Pg3G/
kg while GPV1 had the lowest anthocyanin content of 22.00
mg Pg3G/kg.

Depending on environmental factors, 80-85% of strawberries
perish shortly after harvest due to the presence of gray mold
(B. cinerea) [Hernandez-Munoz et al., 2008]. Therefore, the antifun-
gal activity of the coating solutions against growth of B. cinerea
was determined in our study and results are shown in Table 1.
The ICsq values were found to be 48.19, 38.32, and 26.33 mg/L
for GPV1, GPV2, and GPV2.5, respectively. The addition of grape
pomace had an obvious antifungal effect, and this effect was
more robust at higher concentrations of the pomace (p<0.05).
Such an antifungal effect of PVA/GPE solutions as well as the find-
ings from other microbiological analyses of stored strawberries
suggest that coated with PVA/GPE fruits may be stored for longer
periods of time compared to uncoated strawberries.
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CONCLUSIONS

PVA/GPE coating solutions, which have high antioxidant activ-
ity and phenolic compound content as well as antimicrobial
and antifungal properties, could delay the decay of strawberries
during storage and prolong their shelf life. The use of coating
solutions of PVA with 2.5% (w/v) GPA turned out to be the most
effective approach to preserve the quality of strawberries as
they ensured a significant delay in weight loss and ascorbic acid
content and had positive effects on the preservation of higher
contents of total phenolics and total anthocyanins. PVA/GPE
coating could be used to provide an edible coating with antifun-
gal effects against B. cinerea. Overall, the current study shows that
extending the shelf life of strawberries by coating them with PVA/
GPE solutions may contribute to reducing food loss in the post-
-harvest chain both during distribution and household storage.
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The structure-bioactivity relationship of Tremella fuciformis polysaccharides (TFPs) in anti-aging in vivo is rarely reported. In
the present study, a purified TFP, named HM, mainly composed of mannose, fucose, xylose, and glucose in a molar ratio
of 4.14:0.98:0.81:0.62, was obtained from the fruiting body of T. fuciformis. Subsequently, two differentially degraded TFPs,
named MM and LM, respectively, were prepared by a combined method of ultrasonic irradiation (US) and H,O, treatment.
Their structural properties, scavenging activities against free radicals in vitro, and anti-aging effects on p-galactose-induced
aging of mice were determined. The average molecular weight of HM, MM, and LM was 58.3x10°, 4.68x10% and 3.14x10° Da,
respectively. All three TFPs were devoid of triple helix conformation and exhibited concentration- and molecular weight-
-dependent scavenging activity against radicals. The TFPs markedly relieved skin aging, effectively attenuated oxidative
stress, and significantly decreased inflammation in p-galactose-induced aging mice. MM exhibited the best anti-aging effect
among the TFPs. Additionally, TFPs partially restored the alterations in pH and the total content of short-chain fatty acids
(SCFAs) in the colon but exhibited various impacts on the content of the individual SCFAs. These findings would provide
rational guidance for a better application of TFPs in anti-aging foods and expand our understanding of the structure-function
relationship of mushroom polysaccharides.

Key words: mushroom, polysaccharide purification, anti-oxidant activity, anti-aging activity, structure-function relationship,
anti-oxidant enzyme

INTRODUCTION

Mushrooms have been a part of human diet for centuries
and have been proven to confer a number of benefits against
human diseases, such as cancer, infection, atherosclerosis, dia-
betes, neurodegenerative conditions, etc., in addition to their
nutritional and culinary values [Venturella et al,, 2021]. Polysac-
charides in mushrooms are considered the main active compo-
nents responsible for their health-promoting benefits [Huang &
Nie, 2015]. Numerous studies have documented the structural
properties of polysaccharides, such as monosaccharide com-
position, molecular weight, and conformation, to be closely

associated with their bioactivities [Ferreira et al, 2015]. For ex-
ample, the anti-tumor activity of B-glucan derived from Lenti-
nula edodes strongly depends on its triple-helical conformation
[Zhangetal, 2005]. Degraded polysaccharides from Ganoderma
lucidum with a lower molecular weight (13.6 kDa) have higher
hypolipidemic and antioxidant activities in high-fat diet-induced
obese mice than the original polysaccharides (3,060 kDa) [Xu
etal,2019].Thus, exploring the structure-bioactivity relationship
of mushroom polysaccharides contributes to a better develop-
ment and application of polysaccharides for the prevention and/
or management of human diseases.
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Tremella fuciformis, commonly named snow ear, has been
consumed as food and used in traditional Chinese medicine for
hundreds of years for its nutritional and health beneficial value
[Wuetal, 2019]. T. fuciformis polysaccharides (TFPs) exhibit a va-
riety of bioactivities, including anti-tumor and immune modula-
tion, anti-oxidation and anti-aging, hypoglycemic and hypocho-
lesterolemic effects, neuroprotection, etc. [Wu et al,, 2019; Yang
etal,2019]. TFPs not only reduce the levels of free radicals in vitro
[Ge et al, 2020; Li et al,, 2020], but also show protective effects
of antioxidant enzymes in aging animal models in vivo [Zhang
etal, 2014], indicating their great potential in the management
of oxidative stress-induced health problems. To date, many dif-
ferent structures of TFPs have been reported, which vary greatly
depending on the sources, extraction methods, and purification
processes [Wu et al, 2019]. For instance, the molecular weight
of TFPs reported in different studies ranges from 1.08x10°to
3.74x10°Da [Wuetal, 2019; Yang et al., 2019]. Previous research
indicated that TFPs with a low molecular weight showed high
anti-oxidant activity in vitro [Li et al., 2020]. However, the in vitro
model cannot simulate the internal conditions within cells [Hein-
rich et al, 2020]. Considering the great differences in the bio-
chemical circumstances between in vitro assays and within cells
in an organism, it is necessary to investigate the relationship
between the structure and bioactivity of TFPs from the view
of mammalian model to promote a better application of TFPs
in functional foods and nutraceuticals.

Inthe present study, to better focus our attention on the effect
of T fuciformis polysaccharides with different molecular weights
on anti-aging activities in vivo, a high-molecular-weight TFP was
first obtained from the fruiting body of T. fuciformis. Then, two
differentially degraded TFPs were prepared from the above TFP
using a combined method of ultrasonic irradiation (US) and H,O,
treatments. Subsequently, the structural properties of the three
TFPs and their anti-oxidant activities against 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) radical, hydroxyl radical, and superoxide anion
radical in vitro were examined. Finally, p-galactose-aged mice
were used to assess their anti-aging effects in vivo by measuring
the content of hydroxyproline and hyaluronic acid in the skin;
the activity of glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD); the content of malondialdehyde (MDA) in se-
rum, liver,and heart; the level of interleukin 13 (IL.-1(3) and tumor
necrosis factor a (TNF-a) in serum; and the alteration in pH
and production of short-chain fatty acids (SCFAs) in the gastro-
intestinal tract.

MATERIAL AND METHODS

= TFPs extraction and purification

Dried T. fuciformis fruiting bodies were purchased from a local
agricultural market in Gutian, Fujian province, China. They were
dried by heat air in an electrically-heated oven under normal
pressure. First, the T. fuciformis fruiting bodies were crushed
and sifted through 40 mesh for use. TFPs were extracted using
boiling tap water (1:60, w/v) for 6 h. The extract solution was
then centrifuged (3,000xg, 5 min) and the supernatant was
concentrated to a quarter of the original weight under vacuum
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at 70°C. Subsequently, deproteination was performed by ad-
justing the solution pH to pH 4.0 with citric acid and kept at 4°C
for 4 days to enable the complete precipitation of the proteins
by the isoelectric precipitation method [Oliveira et al., 1999].
The supernatant was collected and three equivalent volumes
of 95% ethanol were added to precipitate polysaccharides
at 4°C overnight. The precipitate was collected by centrifu-
gation (5,000xg, 5 min) and re-dissolved in distilled water
(0.2 g/100 g). Ultra-filtration of the solution with a 50 nm
pore size membrane was performed using an ultrafiltration
system LDS-L1 (AITESEN Co., Ltd, Suzhou, China). The retained
fluid was collected and dialyzed using a dialysis bag (cut-off
of 3,000 Da) against distilled water for 4 days. The dialysis
solution was freeze-dried to obtain white TFPs powder. No
apparent absorption was observed at 260 and 280 nm by
ultraviolet scanning (data not shown), suggesting the absence
of protein and nucleic acid in the TFPs.

=  Preparation of differentially degraded TFPs

Degraded TFPs were prepared by a combined method of US
and H,0, treatment [Li et al, 2020] with slight modifications.
Briefly, the original TFPs was dissolved in distilled water to ob-
taina 0.2 g/100 g solution. H,O, solution was added to the TFPs
solution with a final concentration of 0.5 g/100 g. The degrada-
tion processes were then conducted in an ultrasonic processor
(KQ-250DE, Kunshan Ultrasonic Instrument Co., Ltd, Kunshan,
China) by setting the amplitude of 50% on the controller panel.
The degradation degree of TFPs was determined by measuring
the viscosity of the TFPs solution with a viscometer (DV2T, Brook-
field, Middleboro, MA, USA) at 25+0.5°C. The viscosity of the orig-
inal TFPs solution was 106.7 mPaxs. The viscosity of the mod-
erately degraded TFPs solution and the highly degraded TFPs
solutionwas 22.4 and 5.7 mPaxs, respectively. The degraded TFPs
were obtained by dialysis (cut-off of 1,000 Da) and lyophilization.
The original TFPs with high molecular weight, moderately de-
graded TFPs, and highly degraded TFPs were named HM, MM,
and LM, respectively.

B Structure characterization
B Carbohydrate contentand monosaccharide composition
analysis

The carbohydrate content of all samples was detected by phe-
nol sulfuric acid analysis with mannose as a standard [Liu et al.,
2019]. The monosaccharide composition of HM was detected
according to a previous method [Huang et al, 2011] with slight
modifications. In brief, 10 mg HM was dissolved with 4 mL of 2 M
trifluoroacetic acid in a glass tube, sealed, and hydrolyzed at
121°C for 4 h. Acetylation was performed with 10 mg hydrox-
ylamine hydrochloride and 0.5 mL pyridine for 30 min at 90°C,
and next the mixture was cooled to room temperature. Then,
1 mL of acetic anhydride was added to the solution and reacted
at 90°C for 30 min to obtain alditol acetate derivative. The aldi-
tol acetate derivative was analyzed using a 6890N Agilent gas
chromatograph (Agilent, Santa Clara, CA, USA) with a DB-1701
capillary column (30 mx0.25 mm, Agilent). The chromatography
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conditions were as follows: nitrogen flow rate: T mL/min; inlet
temperature: 250°C; evaporation chamber temperature: 250°C;
detector temperature: 300°C; injection volume: 1 pL; split ratio:
20:1. Glucose, fucose, mannose, galactose, arabinose, xylose, glu-
curonic acid, rhamnose were chosen as standards (Sigma-Aldrich,
Saint Louis, MO, USA).

®  Nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FT-IR) analysis

Thirty mg of HM sample were dissolved in 1.5 mL 99% D,O
and then lyophilized. This process was repeated two times. The ly-
ophilized HM was dissolved with 0.8 mL of D,O, and transferred
to an NMR tube. 'H and "*C NMR spectra were obtained on
a Bruker AVANCE Il HD 600 NMR spectrometer (Bruker, Billerica,
MA, USA). FT-IR spectra of the TFPs samples were measured
in the range of 4,000-400 cm™" by KBr-disk method using an FT-IR
spectrometer (Nicolet 1S50-Nicolet Continuum, Thermo Fisher
Scientific, Waltham, MA, USA) [Li et al., 2020]. OMNIC software
(Thermo Fisher Scientific) was used for spectroscopy analysis.

B Molecular weight analysis

The molecular weight distribution was determined by high-per-
formance gel permeation chromatography (HPGPC) analysis [Liu
etal, 2019]. In brief, TFPs were dissolved to 2 mg/mL in mobile
phase (0.02 M KH,PO, solution, pH 6), then the TFP solutions
were filtered through a 045 um membrane filter, followed by
injection into an HPGPC system (Ultimate 3000, Thermo Fisher
Scientific) equipped with Ultrahydrogel 1000 (7.8x300 mm)
and Ultrahydrogel 500 (7.8x300 mm) columns (Thermo Fisher
Scientific). The flow rate was 0.8 mL/min. A calibration curve
was plotted by measuring a series of dextran standards. Each
run was recorded for 35 min. Additionally, the conformational
characteristic of TFPs in solution was measured using the Congo
red approach reported previously [Lee et al, 2009]. Yeast 3-glucan
(Tokyo Chemical Industry Co,, Ltd, Tokyo, Japan) was chosen as
a positive control.

= Anti-oxidation activity analysis in vitro

®  Determination of DPPH radical scavenging activity
DPPH radical (DPPH") scavenging activity of TFPs was deter-
mined according to the previous method [Ye et al, 2012] with
slight modifications. Briefly, 2.0 mL of the TFP solution (150
and 300 pg/mlL, respectively) were mixed with 2.0 mL of DPPH*
(Sigma-Aldrich) dissolved in ethanol (0.02 mg/mL). Subsequently,
the mixture was kept in a lucifugal cabinet at room temperature
for 30 min. The absorbance of supernatant was measured at
517 nm using an ultraviolet-visible (UV-Vis) spectrophotometer
(752N, Shanghai Jingke Scientific Instrument Co,, Ltd, Shanghai,
China) after centrifugation at 5,000xg for 10 min. Ascorbic acid
(AA) was chosen as a positive control. The absorbance of the mix-
ture was measured in triplicate and the test of DPPH" scavenging
activity was repeated three times. The DPPH" scavenging activity
was calculated using Equation (1).

A-A

—T)XWO

DPPH® scavenging activity (%) = (1 )
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where: A; is the absorbance of the solution containing TFPs
and DPPH"; A, is the absorbance of the solution containing TFPs
and ethanol;and Ay is the absorbance of the solution containing
only deionized water and DPPH".

B Determination of hydroxyl radical scavenging activity
The hydroxyl radical (‘OH) scavenging activity was measured
by the previously reported method [Liu et al, 2009] with slight
modification. Briefly, the hydroxyl radical was produced by mix-
ing 0.4 mL of 0.2 M sodium phosphate buffer (pH 7.4), 0.6 mL
of 5mM 1,10-phenanthroline, 0.6 mL of 5 mM FeSO,, and 0.8 mL
of H,0,(0.1 /100 g). After adding 0.6 mL of the TFPs solution (150
and 300 pg/mL, respectively) or deionized water, the mixture was
incubated at 37°C for 60 min. The absorbance was determined
at 536 nm using a 752N UV-Vis spectrophotometer (Shanghai
Jingke Scientific Instrument Co,, Ltd) in triplicate. The *OH scav-
enging activity was calculated according to Equation (2).

*OH scavenging activity (%) = (AS—X?‘m) x 100 @

~Msample
where: A'is the absorbance of the deionized water instead
of H,0,; Acmple IS the absorbance of TFPs solution, and A is
the absorbance of the deionized solution instead of TFPs solution.
AA was used as a positive control. Test was repeated three times.

®  Determination of superoxide anion radical scavenging
activity

The superoxide anion radical (O,™) scavenging activity was
determined following the previously described method [Cao
et al, 2007] with some modifications. Briefly, 3.0 mL of the TFPs
solution (150 and 300 pg/mL, respectively) or dejonized water
as a blank were added to 3.0 mL of 0.05 M Tris-HCI buffer (pH
8.2). The mixture was shaken thoroughly and incubated at 25°C
for 20 min. Then, 100 uL of 5 mM pyrogallol (1,2,3-trihydroxy-
benzene) were added to the mixture and incubated at 25°C for
5 min. The absorbance was recorded at 325 nm using a 752N
UV-Vis spectrophotometer (Shanghai Jingke Scientific Instru-
ment Co,, Ltd). Test was repeated three times. AA was chosen
as a positive control. The O, scavenging activity was estimated
using Equation (3).

_ Asamg\e) % 100
blank

0, scavenging activity (%) = (1 3)
where: Agmple is the absorbance of the TFP solution, and Apjsnk is
the absorbance of deionized water.

= Invivo experiment

B  Animal and experiment procedure
Specific-pathogen-free (SPF) grade 4-week-old male Kunming
mice (body weight, BW, 18+2 g) were purchased from Guang-
dong Medical Experimental Animal Center and raised in the Lab-
oratory Animals Center at Guangzhou University of Chinese
Medicine, Guangzhou, China. The animals were kept under SPF
laboratory conditions: the room temperature was kept at 22+2°C
under 60~80% relative humidity with a 12 h light/dark cycle.
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Food and water were freely available to mice. Experimental
procedures were consistent with the Health Guide for the Care
and Use of Laboratory Animals of National Institutes and the Chi-
na legislation concerning the use and care of laboratory animals
and approved by the Ethical Committee of Guangzhou University
of Chinese Medicine. After two weeks of adaption to the SPF
environment, a total of 40 male mice were randomly assigned to
five groups: Normal group, Model group, HM group, MM group,
and LM group. Mice in the Normal group were intraperitoneally
injected daily with physiological saline, while those in other
groups were injected with p-galactose (Macklin Biochemical Co.,
Shanghai, China) at a dosage of 120 mg/kg of body weight (BW)
instead [Zhao et al,, 2019]. Mice in the HM, MM, and LM groups
were additionally administered orally with HM, MM, and LM,
respectively, at a dosage of 100 mg/kg of BW per day. The treat-
ment lasted for eight weeks. During the period of the experiment,
trained and skilled animal technicians undertaken monitoring
observations at least twice daily to minimize the pain in mice.
At the end of the experiment, all mice were fasted for 12 h but
had free access to water and then euthanized. Blood samples
were collected and centrifuged to obtain serum at 5,000xg
for 15 min at 4°C. The liver and heart tissues were immediately
removed and washed with pre-cooled phosphate buffer saline
(PBS) (Gibco, Thermo Fisher Scientific, Grand Island, NY, USA).
A 1x1 cm?dorsal skin was collected from each mouse after hair
removal. The contents of the small intestine and colon were
collected separately on ice. All samples were stored at -80°C
until further analysis within two months.

® Determination of the content of hydroxyproline
and hyaluronic acid in the skin

The skin sample was cut into about 2x2 mm? pieces and then
ground into powder using a mortar under liquid nitrogen. Subse-
quently, the skin sample was treated with acetone-diethyl ether
(1:1,v/V) to remove lipids. After drying, a 20 mg tissue sample was
collected and then the content of hydroxyproline and hyaluronic
acid was determined using a mouse hydroxyproline ELISA kit
and a mouse hyaluronic acid ELISA kit, respectively, according
to the manufacturer’s instructions (Jiangsu Meimian Biotech.,
Yancheng, China).

B Anti-oxidant enzyme activity and MDA content assays
The activities of SOD, GSH-Px, and the level of MDA in serum were
determined using a SOD assay kit (WST-1 method), a GSH-PX
assay kit (colorimetric method), and an MDA assay kit (thiobar-
bituric acid method), respectively, according to the manufac-
turer’sinstructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Additionally, 10% (w/V) liver and heart tissue PBS
homogenates were prepared by tissue grinder (Tissuelyser LT,
QIAGEN, Hilden, Germany), and then supernatants were obtained
by centrifugation (5,000xg for 15 min at 4°C), respectively. After
protein quantification in supernatants by BCA kit (Cowin Bio-
sciences, Beijing, China), the activities of SOD, GSH-Px and the lev-
els of MDA were determined according to the kit manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute).
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m  Cytokine concentration assay in serum

The concentration of IL-13 and TNF-a in serum was measured
according to the instructions of mouse IL-1f and TNF-a ELISA
kits (Jiangsu Meimian Biotech.).

B  Measurement of pH and determination of the content
of short-chain fatty acids in the gastrointestinal tract
The samples of the contents of the small intestine and colon were
thawed and then diluted with pure neutral water in a ratio of 1:1
(W/v). The pH of the solution was measured with a pH meter (FE28,
Mettler Toledo, Columbus, OH, USA). SCFAs contents in the small
intestine and colon contents were determined using gas chroma-
tography mass spectrometry (GC-MS) as previously reported [Zhao
et al, 2018] with slight modification. Briefly, 100 mg of intestinal
contents were homogenized with 1.5 mL of phosphate buffer
(pH 7.4) and centrifuged. One mL of supernatant was acidified by
adding 0.5 mL of 50% (v/v) sulfuric acid. Then, organic extraction
was performed by adding 2 mL of diethyl ether, followed by
vortexing and centrifugation at 5,000xg for 5 min. The superna-
tants, after filtering by 0.22 um membrane, were analyzed using
the GC-MS system (GC-2010PLUS, Shimadzu, Kyoto, Japan) with
a DB-FATWAX capillary column (30 mx0.25 mm, Agilent). Acetic,
propionic, isobutyric, n-butyric, isovaleric, and n-valeric acids were
used as standards (Macklin Biochemical Co., Shanghai, China). GC
conditions: initial temperature 120°C maintained for 2 min, then
heating up to 140°C at 5°C/min, held for 3 min, finally enhanced
to 170°C at 10°C/min, kept for 5 min; the detector temperature
was set at 250°C, the split ratio was 25:1, and the flow rate was

1.8 mL/min.

= Statistical analysis

Data were expressed as mean + standard deviation. The statistical
differences between the groups of in vivo experiment were cal-
culated using one-way analysis of variance (ANOVA) with Tukey's
test using SPSS 22.0 (IBM Corp., Armonk, NY, USA). The differences
were considered significant at p<0.05.

RESULTS AND DISCUSSIONS

®  Structure analysis

The carbohydrate content of high molecular weight polysac-
charide (HM) of T. fuciformis fruiting body was 92.5 g/100 g dry
weight. The degraded HM (MM) and highly degraded HM (LM)
contained 93.1 and 93.5 g carbohydrates/100 g dry weight,
respectively. The GC chromatogram of HM after its acid hydro-
lysis is shown in Figure TA. The monosaccharide composition
of HM mainly consisted of mannose, fucose, xylose, and glucose
ina molar ratio of 4.14:0.98:0.81:0.62, which was estimated from
the peak areas. A small amount of glucuronic acid and arabinose
was also found in the HM sample. In the "H NMR spectrum
of HM, the peaks in the range of § 4.3-5.9 ppm (Figure 1 B) were
the chemical shifts of the anomeric hydrogen in the sugar ring
[Agrawal, 1992]. The peaks at & 5.57, 541, 5.20, and 5.13 ppm
demonstrated a-configuration in the polysaccharide mole-
cules, while the peaks at 6 4.53, 4.51, and 4.40 ppm indicat-
ed B-configuration. In the *C NMR spectrum, multiple peaks
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Figure 1. Results of structure analysis of high molecular weight Tremella fuciformis polysaccharide (HM), degraded HM (MM) and highly degraded HM (LM).
(A) Gas chromatography separation of monosaccharides of HM after its hydrolysis; (B) "H NMR spectrum of HM; (C) 3C NMR spectrum of HM; (D) Fourier-transform
infrared spectra of HM, MM, and LM. GIuA, glucuronic acid; Rha, rhamnose; Fuc, fucose; Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glu, glucose.

in the range of 95.00-110.00 ppm belonged to anomeric car-
bon signals [Agrawal, 1992], indicating that HM was composed
of several monosaccharides (Figure 1C). Specifically, four peaks at
6102.98(C1),102.03(C1), 100.67(C1),and 97.20(C1) ppm suggest-
ed the presence of four types of monosaccharides in the back-
bone chain of HM [Hu et al,, 2016], which was consistent with
the results of GC-MS.

The FT-IR spectra of the HM, MM and LM samples showed
similar infrared absorption profiles (Figure 1D). Characteristic
peaks of the FT-IR spectra were presented at approximately
3,400; 2,938; 1,606; 1,411; 1,142; 1,064; 915, and 809 cm". Ab-
sorption peaks were observed at 3,400 and 2,938 cm™ due to
the stretching vibration of O-H [Chen et al,, 2020] and C-H [Jeong
etal, 2019], respectively. The peak at 1,606 cm™ is attributed to
the bound water in the samples [Velazquezetal., 2003]. Absorp-
tion bands in the region of 1,200-1,000 cm™ are typical for poly-
saccharide molecules due to the stretching vibration of C-O, C-C,
and the angular vibration of C-O-H [Barker et al,, 1954]. The peak
at 915 cm'indicates the presence of b-glucopyranosy! [Zhang
et al, 2013], and the peak at 809 cm™ suggests the presence
of a-p-mannopyranose in molecules [Wang et al, 2015; Zhang
etal, 2013]. These results indicated that US/H,O, treatment did
not affect the major functional groups of TFPs.

In the HPGPC chromatograms of HM, MM and LM
(Figure 2A-C), the large peak before the retention time of 20 min
belongs to TFPs, and the small peak after 25 min is attributed to

167

the used solvent. HM exhibited a narrow peak, while both MM
and LM showed wide peaks, suggesting that US/H,O, treatment
reduced the uniformity of polysaccharide molecules. The re-
tention time of the peak for HM, MM, and LM was 13.26, 14.59,
and 18.91 min, respectively, corresponding to a molecular weight
of 58.3x10°, 468x10° and 3.14x10° Da, elucidating a gradual
approximately 10-fold reduction in the average molecular weight
for the three TFPs. Further, the conformation was measured by
Congo red method. The maximum absorption wavelength (\a,)
of all TFPs solutions gradually declined with increasing NaOH
concentration (0-0.5 M), similar to the feature of the Congo
red solution (Figure 2D). There was no noticeable shift of Ay
in TFPs solutions, demonstrating the absence of triple helix
conformation in all TFPs samples. On the contrary, the obvious
shift of Apax in yeast B-glucan solution demonstrated that triple
helix 3-glucan-Congo red complexes formed in the solution.
As aresult, HM was found to be novel heteropolysaccharide
derived from the fruiting body of T. fuciformis based on the mono-
saccharide composition and the molecular weight distribution,
which exhibited a larger molecular weight than previously re-
ported ones [Wuetal,2019;Yangetal,2019]. The possible reason
for this, besides the resource and purification method, might be
the differences in the drying process of the fruiting body of T. fuci-
formis [Lin & Tsai, 2019]. By a combined method of US/H,0,
treatment, two TFPs with gradient-decreased molecular weight
were prepared successfully. Because US/H20, treatment did not
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change the primary structures of TFPs, such as monosaccharide
composition and glycosidic linkages in the main backbone [Li
et al, 2020], therefore, the following anti-oxidant and anti-ag-
ing experiments using the three TFPs could mainly focus on
the effects of polysaccharides with different molecular weights
on bioactivity.

= Anti-oxidant activity in vitro

As shown in Figure 3, the scavenging activity against DPPH
radical, hydroxyl radical, and superoxide anion radical exhibited
a concentration-dependent manner and ranged from 5.86 to
14.67% for HM, 2.75 to 11.52% for MM, and 4.75 to 18.95% for
LM, respectively, although significantly higher values were deter-
mined for AA. Notably, the radical scavenging activity of the three
samples also displayed a molecular weight-dependent manner,
except for superoxide anion radical when TFPs were applied at
a concentration of 150 ug/mL. Specifically, the radical scavenging
activity decreased in a sequence of LM, MM, and HM. Unsur-
prisingly, LM showed the best anti-oxidant activities among
the three TFPs. This was consistent with the previous findings
that polysaccharides with low molecular weight have higher
anti-oxidant activity than those with high molecular weight [Li
etal, 2020; Ogutu & Mu, 2017]. Possible reasons might be that
polysaccharides with lower molecular weight contained more
polysaccharide fractions under the same concentration, which
resulted in more hydroxyl groups in molecules being exposed to
free radicals in solutions, leading to a higher scavenging activity
against radicals [Li et al,, 2020; Wu et al., 2018].

m  Effects of TFPs on p-galactose-induced aging mice

®m  Skin anti-aging activity

During the experimental period, the mice in the Normal group
moved flexibly with shiny fur. In contrast, the mice in the Mod-
el group were inactive, with fur dull and messy. The behavior
and the fur color of the mice improved obviously in the TFPs-
-treated groups, compared with the Model group. The body
weight of the mice in all groups increased gradually and no statis-
tically significant differences were observed between the groups
(data not shown).To assess the degree of skin aging, the content
of hydroxyproline and hyaluronic acid was evaluated in five
groups. As presented in Figure 4, the content of hydroxyproline
and hyaluronic acid was extremely lower in the Model group
than in the Normal group (p<0.01), demonstrating that eight-
-week treatment with p-galactose substantially accelerated
skin aging in mice. Treatments with HM, MM, and LM obvi-
ously increased the content of hydroxyproline in the skin by
91.9, 1014, and 94.6%, respectively, compared with the Model
group (p<0.01). Similarly, administrations of HM, MM, and LM
also greatly improved the content of hyaluronic acid by 34.3,
103.3,and 73.4%, respectively, compared with the Model group
(p<0.01). These results further confirmed the anti-aging effects
of TFPs reported in previous studies [Wen et al, 2016; Zhang
et al, 2014]. In particular, MM displayed the best performance
in ameliorating the loss of hydroxyproline and hyaluronic acid
induced by p-galactose treatment among the three samples.
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B Anti-oxidative stress parameters

In comparison with the Normal group, as shown in Figure 5,
treatment with p-galactose substantially decreased the activi-
ties of SOD and GSH-Px (p<0.01) and dramatically promoted
the production of MDA (p<0.01) in serum, liver, and heart
tissues in mice in the Model group. These results further
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elucidated that the aging mouse model was established suc-
cessfully. Notably, three TFPs samples significantly improved
the activities of SOD and GSH-Px in serum, liver, and heart tis-
sues in p-galactose-treated mice (p<0.05 or p<0.01), except for
the activity of SOD in heart in the HM group and the activity
of GSH-Px in serum in the HM and LM groups. Correspond-
ingly, the level of MDA obviously decreased in serum, liver,
and heart tissues in three groups (p<0.05 or p<0.01) except
for liver tissue in the HM group. These results demonstrated
that all tested TFPs could mitigate oxidative stress in p-galac-
tose-induced aging mice. Particularly, MM showed the highest
efficacy in relieving oxidative stress among the three TFPs.
Notably, the degree of amelioration of skin aging, evidenced
by the increased contents of hydroxyproline and hyaluronic
acid in the skin, was consistent with the reduction of oxidative
stress induced by the three TFPs. This further demonstrated that
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Figure 5.The activities of superoxide dismutase (SOD) (A), glutathione peroxidase (GSH-Px) (B), and the level of malondialdehyde (MDA) (C) in serum, liver, and heart
in p-galactose-induced aging mice treated with high molecular weight Tremella fuciformis polysaccharide (HM), degraded HM (MM) and highly degraded HM
(LM). %, ** represent p<0.05, p<0.01, respectively, compared with the Normal group; #, ## represent p<0.05, p<0.01, respectively, compared with the Model group.

the ameliorating effect of TFPs on skin aging could be partially the molecular mechanism and the correlation between the mo-
attributed to the improvement in the activity of anti-oxidant lecular weight of polysaccharides and the expression profiles
enzymes [Wen et al, 2016]. Antioxidants (e.g., polyphenols) pro- of anti-oxidant genes in the mammalian model.

vide anti-oxidant protection against oxidative damage in vivo by

regulating complicated intracellular signals for induction of anti- ®  Anti-inflammatory activity

-oxidant enzymes [Forman et al, 2014; Forman & Zhang, 2021]. As shown in Figure 6, the levels of IL-13 and TNF-a substantially
The nuclear factor erythroid 2-like 2 (Nrf2) is a critical regulator increased in the Model group by 2.45 and 3.01 times, respectively,
of anti-oxidative responses in intracellular signaling pathways compared with the Normal group, indicating a high level
[Vomund et al, 2017]. Nrf2/antioxidant response element (ARE) of inflammation in p-galactose-induced aging mice. The levels
signaling pathway plays key roles in maintaining intracellular redox of IL-1B and TNF-a in all three TFPs-treated groups were lower
homeostasis [Saha et al,, 2020]. In a recent study, Grifola frondose- than those in the Model group (p<0.01), demonstrating the ex-
-derived polysaccharides elevated anti-oxidative capacity in an cellent anti-inflammatory activity of the samples tested. Spe-
acute liver injury mouse model by regulating the Nrf2/ARE signal- cifically, the order of the anti-inflammatory activity of the three
ing pathway [Mengetal, 2021]. These results provide new clues for TFPs samples was MM, LM, and HM. MM showed the best an-
revealing the molecular mechanisms underlying the anti-oxidant ti-inflammatory activity among the three TFPs, demonstrating
activities of TFPs in vivo. Further studies are needed to demonstrate an important role of molecular weight in influencing bioactivity
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Figure 6.The levels of interleukin 13 (IL-1B) (A) and tumor necrosis factor a (TNF-a) (B) in serum of p-galactose-induced aging mice treated with high molecular
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for mushroom polysaccharides. Pretreatment with TFPs could
attenuate lipopolysaccharide (LPS)-induced oxidative stress
and inflammation by inhibiting nuclear factor kB (NF-kB) ac-
tivation through downregulating miR-155 expression, one
of the key small RNAs regulating NF-kB activation, in RAW264.7
macrophages [Ruan et al, 2018]. Numerous studies have docu-
mented that mushroom polysaccharides and their metabolites
produced by gut microbiota, such as SCFAs, display anti-in-
flammatory activities through multiple pathways, including
modulation of immune cell receptor-involved NF-kB signaling
pathway and promotion of the proliferation and differentiation
of Foxp3+ regulatory T-cells [Liu et al., 2022]. Given the diverse
structures of TFPs [Wu et al,, 2019], the low absorption rate of TFPs
through oral administration route (only 0.4% in rat) [Gao et al.,
2002], and the complexity of gut microbiota in the metabolism
of polysaccharides [Song et al, 2021], there remain complex
challenges in fully understanding the molecular mechanism
of anti-inflammatory activity of TFPs in vivo. However, efforts
need to be undertaken in future work.

Matrix metalloproteinases (MMPs) can degrade a variety
of components of the extracellular matrix (ECM), such as collagen
and hyaluronic acid [Chen et al, 2013]. Higher levels of MMPs
are observed in aged human skin, and MMPs play an important
role in the remodeling of ECM in skin aging [Shin et al, 2019].
Inflammation increases the levels of MMPs in the vascular wall
and plasma of obese women [Ozen et al., 2019], suggesting an
association between the level of inflammation and the level
of MMPs. Mechanically, the activation of activator protein 1
(AP-1) and NF-kB-related intracellular signaling pathways in-
creases the expression of MMPs [Shin et al., 2019], indicating
that overproduction of reactive oxygen species (ROS) and a high
level of pro-inflammatory cytokines would promote the levels
of MMPs. TFPs could inhibit NF-kB activation under inflamma-
tory status in cells [Ruan et al, 2018]. As a theoretical specu-
lation, TFPs might regulate the level of MMPs in aging mice
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via the inactivation of NF-kB-related signaling pathway, lead-
ing to a decreased level of MMPs in the skin. In the present
study, the degree of amelioration in the loss of hydroxyproline
and hyaluronic acid in the aging skin was positively associated
with the reduction of inflammatory cytokine levels. This further
indicated that the anti-skin aging effect of TFPs, evidenced by
amelioration in the loss of hydroxyproline and hyaluronic acid
in the skin, might be partially attributed to their anti-inflamma-
tory actions. Further animal experiments should be considered
in future studies to elucidate the molecular mechanism of TFPs
in modulating MMPs expression.

®  Alterations in pH and SCFAs production in the gut
To investigate the responses of the gastrointestinal environment
to TFPs treatment, the pH and content of SCFAs (acetic acid,
propionic acid, n-butyric acid, isobutyric acid, n-valeric acid,
and isovaleric acid) were determined. As shown in Figure 7A
and 7B, the pH in the small intestine was weakly alkaline, while
the pH in the colon was slightly acidic. There was no statisti-
cal difference (p=0.05) in pH in the small intestinal environ-
ment among the five groups. On the contrary, in the colon,
the pH in the Model group was lower than that in the Normal
group (p<0.01), suggesting alterations in microbial metabolites
in the colonic environment in p-galactose-treated mice. TFPs
treatments differentially reversed the decrease in pH in the co-
lon in p-galactose-treated mice. Interestingly, the pH in the HM
group increased significantly (6.50 vs. 5.92, p<0.01), compared
with the Model group. Notably, the pH was higher in the HM
group than in the LM group (p<0.05), suggesting the differential
impacts of the three TFPs on gut microbial metabolism.
Furthermore, almost no SCFAs were detected in the smallin-
testinal contentsin all mice. By contrast, acetic acid and propionic
acid were the predominant SCFAs in the colon, followed by n-
butyric acid (Figure 7D). An unexpected increase in the amount
of total SCFAs was observed in the Model group (p<0.01,
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Figure 7C). Notably, the amount of total SCFAs in the HM and MM
groups decreased, compared with the Model group, whereas
the amount of total SCFAs in the LM group was equivalent to
thatin the Model group. These observations indicated that TFPs
with different molecular weights might preferentially be utilized
by different SCFAs-producing bacteria and, therefore, exert differ-
ential impacts on the colonic microbial metabolism. In previous
studies, a decrease in the contents of SCFAs in feces in mice, as
well as reduced richness and diversity of the gut microbiota, was
induced by p-galactose treatment [Zhang J.etal, 2017; Zhang Z.
etal., 2020]. The opposite results of SCFAs production in the cur-
rent study might be attributed to the differences in housing
environments and mouse species, since environmental factors
and genetic background strongly influence the composition
of gut microbiota [Ericsson et al,, 2018]. More investigations are
needed to clarify the relationship between the changes in SCFAs
production and the progress of aging.

In detail, among the individual SCFAs, the contents
of n-butyric acid and isobutyric acid in the Model group in-
creased significantly (p<0.05 and p<0.01), whereas the others
did not change obviously, compared with the Normal group
(Figure 7D). However, HM and MM treatments markedly reversed
the abnormal increases in n-butyric acid and isobutyric acid
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production in p-galactose-treated mice. In particular, the con-
tents of isobutyric acid in the MM group and n-valeric acid
in the HM group were dramatically decreased compared with
those of the Model and LM groups. The inconsistent profiles
of the SCFAs in three groups indicated the complicated impacts
of TFPs with different structures on microbial metabolism.
Generally, mushroom polysaccharides can modulate gut
microbial composition and increase SCFAs-producing bacte-
ria, leading to increased contents of SCFAs in the gut [Liet al,
2021]. Conversely, HM and MM treatments induced a decrease
in the amount of total SCFAs. These phenomena suggested that
the contents of SCFAs in the gut might vary in a physiological range
forahealthy host. For example, an increased total content of SCFAs
in the obese subjects was reported compared to the lean ones
[Schwiertz et al, 2010]. TFPs might modulate gut microbial com-
munity to maintain gut homeostasis through direct and indirect
routes.On the one hand, TFPs might reverse the abnormalincrease
in contents of SCFAs induced by p-galactose treatment through
directly modulating the intestinal microbiota due to the prebiotic
properties of mushroom polysaccharides [Lietal, 2021];0n the oth-
erhand, TFPs could stimulate intestinal mucosal immune responses
which, in turn, shape the intestinal microbial composition, result-
ing in a restoration of the contents of SCFAs. Recent experimental
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evidence revealed the bioactive properties of TFPs in the restora-
tion of the gut microbiota in dextran sodium sulfate (DSS)-induced
colitis model [Xiao et al, 2021; Xu et al,, 2021], as well as the direct
anti-inflammatory activity in vitro [Ruan et al, 2018; Xiaoetal,, 2021],
suggesting the dual roles of TFPs in modulating gut microbiota.
Additionally, oat 3-glucan with a lower average molecular weight
exhibited a higher production of SCFAs in the in vitro gut fermenta-
tion model [Dong et al, 2020], partially explaining that LM induced
the highest production of SCFAs in the gut among the three TFPs
samples. However, well-designed experiments, such as those us-
ing a germ-free mouse model and gut microbiota transplantation
technology, are urgently needed to reveal whether the alterations
in gut microbiota composition and metabolites are a consequence
of mushroom polysaccharide interventions or a cause of health
benefits of mushroom polysaccharides.

CONCLUSIONS

TFPs with high molecular weight, mainly consisting of mannose,
fucose, xylose, and glucose, and two differentially degraded TFPs
were obtained from the fruiting body of T. fuciformis. Three TFPs
with gradient-decreased molecular weight by approximately 10-
-times, 58.3x10°,4.68x10% and 3.14x10° Da, respectively, showed
concentration-and molecular weight-dependent activities in scav-
enging free radicals in vitro. Furthermore, three TFPs effectively
relieved aging features in p-galactose-induced aging mice, as
evidenced by amelioration of the loss of hydroxyproline and hya-
luronic acid in the skin, increased activities of GSH-Px and SOD,
and decreased levels of MDA in the serum, liver,and heart tissues,
reduced levels of inflammatory cytokines in the serum, and par-
tial restoration of the alterations in pH and SCFAs production
inthe colon. Particularly, TFPs with the medium molecular weight
exhibited the best performance in ameliorating skin aging, reduc-
ing oxidative stress, and anti-inflammation. These results not only
confirmed the antioxidant activity of TFPs, but more importantly
revealed a preliminary relationship between molecular weight
and anti-aging activity of TFPs in vivo.
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Effect of Dry, Vacuum, and Modified Atmosphere Ageing on
Physicochemical Properties of Roe Deer Meat
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Consumers around the world are choosing sustainable and unprocessed foods. Roe deer meat, due to the natural origin,
is a source of organic and healthy meat. The selection of suitable storage conditions and times plays an important role
in a deterioration of the meat’s functional and nutritional values. The knowledge about oxidation processes in roe deer
meat stored and packed deploying different methods is limited. The main aim of this study was therefore to investigate
the effect of storage method on the physicochemical properties of musculus longissimus thoracis et lumborum (LTL), musculus
biceps femoris (BF), and musculus vastus lateralis (VL) of roe deer. The muscles were stored either dry (DRY-AGED), vacuum-
-packed (VAC), or packed under modified atmosphere (MAP) for 21 days. The quality of roe deer meat was assessed based
on chemical composition, technological properties, pH values, water activity, colour, and oxidation processes of proteins
and lipids. Roe deer meat had high protein (216.5-228.6 g/kg) and low fat content (17.1-25.8 g/kg). Both DRY-AGED and VAC
contributed to improving meat tenderness during storage, while the Warner—Bratzler shear force of the MAP muscles in-
creased. The high-oxygen conditions during MAP storage strongly induced the oxidation processes; an average increase
of 1,263% for thiobarbituric acid reactive substance (TBARS) level and 155% for protein carbonyl content on day 21. Vacuum
packaging and dry-ageing are recommended methods for storing roe deer meat. The high oxygen atmosphere negatively
affected the quality of this game species. It carries the risk of increased oxidation of proteins and lipids which may promote
the formation of potentially detrimental compounds.

Key words: roe deer, protein oxidation, lipid oxidation, vacuum, modified atmosphere, dry-ageing

INTRODUCTION
Today, despite its many advantages for human nutrition, meat

tradition of meat consumption, but increased health awareness
has led to a demand for alternative, low-fat, and antibiotic-free

is considered a less sustainable food choice due to growing
concerns about health and the environment. Recently, many
changes in dietary recommendations have been noticed, focus-
ing much attention on the heavy environmental burden of meat
production. In Central and Western Europe, there is a strong

types of meat [Hoffman & Wiklund, 2006; Niewiadomska et al.,
2020]. In addition, consumers are looking for balanced and nutri-
tious meat that can be included in a climate-friendly diet. When
estimating the carbon footprint of farmed meat, many relative
factors must be considered, ranging from feeding to energy,
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transportation, and slaughter. Therefore, the calculations for
farmed meat are much higher than those for free-living game
meat. For consumers who like meat, a pro-climate choice can
be venison. In Poland, the most common species of deer is roe
deer. Its meat is characterised by a unique taste and aroma but
also by high quality and unique dietary and health-promoting
properties. Roe deer meat is high in protein, unsaturated fat-
ty acids, iron, and low in fat and saturated fatty acids [Cygan-
-Szczegielniak & Janicki, 2012a; Zomborszky et al., 1996]. The high
content of polyunsaturated fatty acids (PUFAs) is characteristic
of the muscle tissue of game animals and much higher than that
of farm animals [Klupsaite et al,, 2020; Razmaité et al., 2015].Im-
portantly, deer meat is free from antibiotics and growth and de-
velopment enhancers, and animals are not exposed to the stress
of commercial breeding [Cygan-Szczegielniak & Janicki, 2012b;
Zomborszky etal, 1996]. Anotherimportant aspect is the higher
vitamin, folate, and mineral content of venison meat compared
to many farmed species [Krolikowski & Deptuta, 2020]. Despite
its many advantages, the consumption of venison in Poland
remains surprisingly low compared to pork, poultry, and beef.
It is also significantly lower than in other European countries
[Cygan-Szczegielniak & Janicki, 2012b; Krélikowski & Deptuta,
2020; Kwieciniska et al, 2018].

Venison meat and meat products obtained in Poland are
largely exported to the markets of Western Europe; meanwhile,
conditions in Poland could successfully contribute to an in-
crease in the share of venison in the meat industry [Krélikowski
& Deptuta, 2020]. The high price of game meat and problems
in maintaining quality during carcass processing and storage are
the main reasons for low consumption [Kwiecinska et al, 2018].
Most of the research carried out on the storage of meat has
focused on the meat of farm animals [Daszkiewicz et al., 2008;
Vergara et al,, 2003]. The selection of suitable storage conditions
and time plays an important role from the point of view of both
consumer acceptance and the meat industry. However, incorrect
storage can directly affect the deterioration of raw material qual-
ity [Kwiecinska et al, 2018]. Meat is rich in many nutrients, but
these compounds are prone to degradation processes, includ-
ing oxidative ones especially in the case of proteins and lipids
[Dominguez et al., 2019].

Monitoring oxidative processes in food systems is impor-
tant from the perspective of human nutrition and is therefore
crucial for the meat industry [Lund et al, 2011; Soladoye et al,
2015]. Oxidative processes result in the deterioration of meat'’s
functional properties and negatively affect its nutritional value
[Estévez 2021; Kasatka-Czarna et al., 2022; Liet al,, 2020; Soladoye
etal, 2015]. In addition to a reduction in the nutritional quality
and bioavailability of oxidised proteins, the consumption of these
modified proteins may be associated with an increased risk
of certain disease states [Estévez & Xiong, 2019; Lund etal,, 2011;
Soladoye etal, 2015; Thagersen et al., 2020]. Soladoye et al. [2015]
conducted a comprehensive review of the oxidative processes
of proteins in processed meat, which highlighted the impact
of the consumption of oxidised proteins in ageing and diseases
associated with oxidative modifications of proteins and included
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Alzheimer's disease, kidney failure, and diabetes, among others.
Protein oxidation results in the formation of oxidised muscle
protein products, but the characteristics of these products are
highly dependent on the amino acids involved and mechanisms
of oxidation process initiation. The oxidative changes of proteins
include modifications of amino acid side chains, fragmentation,
aggregation and polymerisation of proteins Oxidative chang-
es in proteins can be monitored by measuring the content
of formed carbonyl groups [Estévez, 2011; Soladoye et al., 2015].
Scientific studies have shown that processing and storage influ-
ence the development and intensity of oxidation processes
infarmed species [Lund etal, 2011]. In the case of game animals,
which are characterised by a higher content of iron, myoglobin,
and polyunsaturated fatty acids, the susceptibility to oxidation
increases [Chaijan, 2008]. Despite this, there is still a scarcity
of scientific research on oxidative processes within wild game
meat. The main non-microbiological cause of meat deteriora-
tion is lipid oxidation, which is one of the main factors affecting
meat quality, acceptability, and shelf life [Dominguez et al.,, 2022].
Oxidative processes begin at slaughter and then intensify dur-
ing processing, handling, and storage. The formation of lipid
oxidation products results in discolouration, unpleasant odour
and taste, and changes in texture [Chaijan, 2008]. In addition to
reducing the nutritional value of meat, the aldehydes and ox-
ysterols formed upon lipid oxidation exert pro-inflammatory,
cytotoxic, and mutagenic effects [Dominguez et al., 2022; Sottero
etal, 2019]. As Chaijan [2008] suggested, lipid oxidation leads to
the formation of a wide range of aldehyde products that induce
the oxidation of oxymyoglobin, resulting in anincrease in the per-
oxidative activity of metmyoglobin. Oxidation processes can be
effectively controlled by using appropriate packaging, storage
or preservation technologies [Bao & Ertbjerg, 2019; Moczkowska
etal,2017; Wazir et al, 2019].

The objective of this study was to use different storage
methods and storage times for venison to preserve its quality
(pH, colour, tenderness, water activity, water loss during cooking
and storage) and to inhibit protein and lipid oxidation. Identify-
ing differences in biochemical processes and quality of venison
may allow improving production and packaging techniques
and changing nutritional strategies for this type of meat. These
factors have already been evaluated for common slaughter spe-
cies, whereas studies on roe deer are still lacking.

MATERIALS AND METHODS

= Sampling

Samples for the research were obtained from five carcasses
of roe deer (Capreolus capreolus). Animals were hunted in Hunter
District No. 57, OHZ, Sarbia Forest District (Poland). The selec-
tion was based on similarity of sex (male) and age (2-4 years),
verifying the development of the dentition. Shooting and evis-
ceration were performed under hunting protocol (internal car-
cass inspection report based on Regulation (EC) No 853/2004).
The carcass was then cooled and stored at 0°C for 5 days at
the Venison Buying Station (Drzazgowo Forestry, Sarbia Forest
District). This procedure is an ageing procedure, which is longer
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for game meat than for slaughtered farm animals. Carcasses were
assessed after skinning to exclude meat with defects (damaged
elements by shooting, inappropriate pH value or improperly
cooled meat). From each skinned roe deer carcass, three mus-
cles were excised without bone and meat on the bone, namely
musculus longissimus thoracis et lumborum (LTL), musculus biceps
femoris (BF), and musculus vastus lateralis (VL). The cuts were
vacuum-packed and transported to the Department of Meat
Technology, Poznan University of Life Sciences, Poland in a por-
table car refrigerator with a permanent power supply (18445,
Norauto, Warsaw, Poland). The muscles (without bone) were
divided into equal, selected parts (@approximately 80 g). Muscles
(in triplicate) were vacuum-packed (VAC) in barrier bags (MUL-
TIVAC Seep Haggenmdiller SE & Co. KG, Wolferschwenden, Ger-
many) and in a modified atmosphere (MAP) (80% O,, 20% CO,)
(Multivac T200 packaging machine) and sealed with polyeth-
ylene terephthalate/polyethylene (PET/PE) film. Samples were
stored at 4+1°C for 21 days. Muscles on the bone were stored
ina dry-ageing cabinet (DRY-AGED) at 2°C and 80% humidity for
21 days (Dry-Aged Cooler SW-28, Arnsberg, Germany). Samples
were analysed immediately after preparation (0 days) and on
the day 7 and 21 of storage, for each variant.

= Proximate composition analysis

The proximate composition (protein, moisture, fat, and ash con-
tents) was determined in triplicate for each muscle on fresh
meat before packing. The composition was evaluated accord-
ing to ISO standards. The protein content was calculated based
on total nitrogen content and the 6.25 conversion factor for
meat and dairy products following ISO 937:1978. In turn, re-
spective Polish Standards: PN-ISO 1442:2000, PN-1SO 1444:2000,
and PN-ISO 936:2000, were used for the other parameters tested.
Samples for analysis were homogenised using a food processor
(Moulinex S 643.23, Paris, France).

= Analysis of the composition of minerals

Ash of raw meat samples (0.500+0.001 g) was digested with
5.0 mL of 65% HNO; (Merck, Darmstadt, Germany) in closed
Teflon vessels (55 mL) at 180°C using the Mars 6 microwave diges-
tion system (CEM, Matthews, NC, USA). Digested samples were
diluted with high-pure deionized water (=18 MQxcm resistivity)
obtained from Milli-Q water purification system (Merck Millipore,
Burlington, MA, USA) to a final volume of 10 mL. The procedure
was reproduced after Zubaidi et al. [2021]. Contents of 13 min-
erals (K, Na, Mg, Ca, Zn, Fe, Al, Cu, Pb, Cd, Cr, Mn, and Ni) were
determined in the samples with the inductively coupled plasma
high-resolution optical emission spectrometry (ICP-HROES), us-
ing a PlasmaQuant PQ 9000 Elite spectrometer (Analytic Jena,
Germany). The settings were as follows: radio frequency (RF)
power 1.2 kW, auxiliary gas flow 0.5 L/min, nebulizer gas flow
0.5 L/min, plasma gas flow 12 L/min, and axial plasma view.
High-resolution optics were echelle double monochromator
and charge-coupled device (HR CCD), which was cooled to
—10°C using the Peltier system. The following wavelengths
of emission lines were applied: K 769.897 nm, Na 588.995 nm,
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Mg 285.213 nm, Ca 315.887 nm, Zn 206.200 nm, Fe 238.204 nm,
Al 396.152 nm, Cu 324.754 nm, Pb 220.353 nm, Cd 214.441 nm,
Cr267.716 nm, Mn 257.610 nm, and Ni 231.604 nm. Acquisition
time was 1 s and signal was measured in 5 replicates. Argon
was used as the internal standard (Ar 420.068 nm). Detection
limits (DLs) were estimated at the level of 0.03 mg/kg dry weight
(DW). ICP commercial analytical standards (Romil, Cambridge,
UK) were used for calibration. Standard addition method was
used in the quality control with acceptable recovery (80-120%).
The uncertainty for the complete analytical process (including
sample preparation) was at the level of 20%.

= Water activity, pH and colour measurements

The water activity, pH and colour indices were measured on fresh
meat before packing and on stored meat for 7 and 21 days under
VAC, MAP, and DRY-AGED treatment. The water activity measure-
ment was performed using a LabMaster-a,, neo instrument (No-
vasina AG, Lachen, Switzerland) at 25+ 1°C. The meter was calibrated
with standard SAL-T 97% tagged with an automatic recognition
system (RFID). The pH values were measured at room temperature
(22-24°C) with a portable Handylab 2 pH meter equipped with an
168880 pH combination electrode (Schott AG, Mainz, Germany).
The pH buffers 4.01 and 7.00 (Testo Ltd.,, Alton Hampshire, UK) were
used for calibration. The colour on the cross-section of freshly cut
samples was measured three times by the CIELab colour space using
aDr.Lange LMG161 portable colorimeter (Dr. Bruno Lange GmbH &
Co.KG, Berlin, Germany). The values of lightness (L*), greenness/red-
ness (a*), and blueness/yellowness (b*) were measured. The setting
parameters were as follows: illuminant D65, aperture size of 5.0 mm,
and observer angle of 10°. The instrument was standardised using
a white standard (no. 3125).

B Purge and cooking losses determination

The purge and cooking losses were expressed as a percentage,
by weighing the samples before and after thermal treatment
or the storage period. The purge losses were determined after
7 and 21 days of storage for each storage method while cook-
ing losses were also determined for fresh meat. To determine
cooking losses, 25 mm slices of meat wrapped in aluminium foil
were heated to a core temperature of 72°C in a Rational combi
model SCC 61 convection oven (Landsberg am Lech, Germany)
at a temperature of 160°C and a 75% humidity in the cooking
chamber. Cooking losses were determined on cooled samples
at room temperature.

= Warner-Bratzler shear force measurement

The samples cooked and cooled according to the procedure for
cooking losses determination were cut into cuboids (1x1x3 cm).
The Warner-Bratzler shear force (WBSF) for every muscle was
tested before packing and after 7 and 21 days of storage (VAC,
MAP, DRY-AGED). WBSF was measured by a TAXT.plus texture
analyser (Stable Micro Systems, Godalming, UK) using a Warner-
Bratzler add-on device. The shear force expressed as N was
measured perpendicularly to the arrangement of muscle fibres
at a traverse speed of 100 mm/min.
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= Protein carbonyl content determination

Protein oxidation was determined by the total carbonyl content
using 2,4-dinitrophenyl hydrazine (DNPH) derivatisation method
according to Levine et al. [1994], with slight modifications. Fresh
samples and packed meats (VAC, MAP, DRY-AGED) stored for 7
and 21 days were subjected to the analysis. One gram of meat
was homogenised (Ultra Turrax) in 20 mM sodium phosphate
buffer containing 6 M NaCl (pH 6.5) for 30 s, and immediately
filtered through filter paper. Samples from homogenate (two
aliquots of 0.4 mL) were precipitated by cold 10% trichloroace-
tic acid (TCA) (1.5 mL) and incubated at 20°C for 20 min. After
incubation, the samples were centrifuged for 5 min at 4°C at
10,000xg. One of the pellets was treated with 1 mL of 2 M HCl
(for the protein content measurement), the second with T mL
of 10 M DNPH in 2 M HCI (for the carbonyl content measure-
ment), and then were incubated for 30 min at 37°C. Afterward,
the samples were treated with 1 mL of 10% TCA and centrifuged
for 5 min at 4°C and 10,000xg. To remove excess DNPH after
centrifugation, the precipitates were washed 3x1 mL with a solu-
tion of ethanol and ethyl acetate (1:1, v/v). The obtained pellets
were then dried at room temperature for 1 h.The dried samples
were dissolved in 1.5 mL of 20 mM sodium phosphate buffer
containing 6 M guanidine hydrochloride (pH 6.5) and incubated
for 30 min at 37°C. To remove insoluble fragments, the samples
were centrifuged for 5 min at 4°C at 10,000xg. The absorbance
was measured (Ultrospec 2000, Pharmacia Biotech, Uppsala,
Sweden) at 280 nm (A,g0) and 370 nm (A350) and carbonyl content
(nmol mg protein) was calculated using Equation (1) [Levine
etal, 1994]:

A37O
Carbonyl content = 22,000 X (Axgo — Asro X 043

)><106 Q)

= Determination of thiobarbituric acid reactive
substance content
The thiobarbituric acid reactive substance (TBARS) content of LTL,
BF, and VL was assessed according to the method described
by Lo Fiego et al. [2004], with minor modifications. The analy-
sis was performed for fresh samples and in meat stored (VAC,
MAP, DRY-AGED) for 7 and 21 days. Raw meat samples from
each muscle (10 g) were homogenised in 20 mL of 20% TCA at
10,000xg for 60 s and then centrifuged at 3,502xg for 15 min at
4°C.The supernatant was filtered through qualitative filter paper

by vacuum filtration. The volume of 5 mL of 20 mM 2-thiobarbi-
turic acid was added to 5 mL of the filtrate. The blank was 5 mL
of TCA and 5 mL of 2-thiobarbituric acid solution. Solutions were
heated for 20 min in a boiling water bath and afterward cooled
to 21°C. Absorbance was measured using an Ultrospec 2000
spectrophotometer (Pharmacia Biotech) at 532 nm. Results were
expressed as mg of malonic dialdehyde (MDA) equivalents per
kg of meat (mg MDA/kg).

u Statistical analysis

Statistical analysis of the results was performed using Statistica
13.1 (StatSoft Inc,, Tulsa, OK, USA). The statistics were consist-
ent with the assumption of a normal distribution (verified by
the Shapiro-Wilk test). One-way and two-way analysis of variance
(ANOVA) was used. Tukey's Honestly Significant Difference (HSD)
test was used to assess the significance of differences. The influ-
ence of the storage method of LTL, BF, and VL samples, as well
as storage period up to 21 days on the quality characteristics,
were assessed. The results were considered to be statistically
significant at p<0.05, and expressed as mean + standard error
of mean (SEM).

RESULTS AND DISCUSSION
® The proximate composition, physicochemical pro-
perties, and shear force

The proximate composition of the three muscles tested (LTL,
BF, VL) is shown in Table 1. Based on ANOVA, it was found that
the type of muscle significantly (p<0.05) affected the chemi-
cal composition (protein and fat content). The protein con-
tent of roe meat was 216.5-228.6 g/kg, while the fat content
was 17.1-25.8 g/kg. Roe deer meat can therefore be catego-
rised as low-fat meat. The muscle containing the most protein
and the least fat was LTL. The protein content of VL and BF mus-
cles was lower, while the fat content was higher than that of LTL.
There were no statistically significant differences in moisture
and ash contents between the muscles.

According to Ivanovic¢ et al., [2020], the protein content of LTL
from roe deer was 21.40%, while the fat content was 1.31%.
Other authors [Daszkiewicz et al., 2018] showed a similar pro-
tein content in this muscle, i.e. 229.76 g/kg, to that determined
in the present study. As reported by Cygan-Szczegielniak & Janicki
[2012a], the age of the animal had a direct effect on the proxi-
mate composition of the muscle derived from it. LTL muscle ob-
tained from roe deer aged 2-3 had the highest protein content

Table 1. Proximate composition of roe deer muscles: longissimus thoracis et lumborum (LTL), biceps femoris (BF), and vastus lateralis (VL).

Protein 2286£1.1° 217.341.3° 2165+ 1.7° orx
Moisture 738.9+1.6 7444+2.1 742.6+2.1 NS
Fat 17.141.0° 22.6+1.0° 258+0.8° Frx
Ash 14.1+£1.6 15.6+1.7 15.0+2.0 NS

Results are shown as mean + standard error of mean (SEM). Means with different letters (a,b) in a row indicate significant differences between the muscles (p<0.05). *p<0.05; **p<0.01;

NS, non-significant (one-way ANOVA).
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(24.029%) compared to the other age groups (4-5 and 6-7 year
old), and a low fat content (0.43%). According to other studies,
the fat content of roe deer in LTL ranged from 0.36 to 1.76%
and depended on the season [Dominik et al., 2012]. Compared
to wild boar meat, which is also a representative of game, roe
deer meat is richer in protein and has a lower fat content [Kasat-
ka-Czarnaetal., 2022].Nevertheless, the proximate composition
of game meat is strongly influenced by diet, season, hunting,
habitat, sex, and animal activity [lvanovic¢ et al., 2020].

Table ST (in Supplementary Materials) shows the content
of selected minerals in the LTL, BF, and VL. The highest con-
tents were determined for potassium, sodium, magnesium, zinc
and iron. The content of iron ranged from 14.8 to 24.6 mg/kg
of meat. No heavy metals, such as cadmium, chromium, manga-
nese, or nickel, were found. Roe deer meat was richer in potas-
sium, magnesium, iron, and phosphorus than that of wild boar
[Kasatka-Czarna et al., 2022, Zomborszky et al., 1996].

The physicochemical properties of muscles of roe deer (fresh
and stored for 7 and 21 days in VAC, MAP and DRY-AGED variant)
are presented in Table 2. Their values indicate a significant ef-
fect of storage time and method as well as their interaction on
the pH of the tested muscles (Table 3). The pH values of fresh
meat ranged from 5.53 to 5.63, depending on muscle type. Of
all the roe deer muscles, VL had the highest pH for each storage
method. Significantly higher pH values, compared to the other
methods, were observed for DRY-AGED muscles on both day 7
and 21 of storage (pH ranged from 5.53 to 5.74 for LTL), while
the pH of the muscles stored in MAP on day 7 was similar to
the pH of the VAC samples, with exception of VL. On day 21,
the highest decrease in pH was noted for BF in MAP (5.44).
The VAC muscles featured the greatest fluctuations in pH values.
Similar relationships between the effect of storage method
and time were shown for the wild boar muscles in a similar exper-
iment, but MAP storage resulted in a significant decrease in pH for
each wild boar muscle (compared to 5.23 for BF) [Kasatka-Czarna
etal, 2022]. According to Daszkiewicz et al. [2018], the pH value
measured 48-54 h post-mortem in LTL of roe deer was 5.52.
However, for the LTL taken 24 h post-mortem, the pH was 5.72
[lvanovi¢ et al, 2020]. Other researchers have also shown that
the pH of fresh meat from roe deer measured 120 h post-mortem
ranged from 5.52 to 5.56, depending on the muscle metabolism
[Dominik et al, 2012]. A characteristic of game meat is the high
content of lactic acid produced by glycolysis, which influences
meat acidity. The pH values of venison meat measured up to 96 h
post-mortem ranged from 5.4 to 5.6. These values also changed
according to season, sex, and age [Dominik et al,, 2012]. Storage
time resulted in differences in meat pH. Vergara et al. [2003]
studied deer meat stored in a modified atmosphere in three gas
mixtures (40% CO, 4+ 60% N,, 80% CO, 4+ 20% O, and 80% CO, +
20% N,). They noted that storage time affected the increase in pH
for each method. In turn, Gill [1990], found that the pH of lamb
meat decreased when it was packaged in a CO,-rich atmosphere.
Thus, depending on a given species, meat undergoes different
changes with the same gas atmosphere in packaging.
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The study demonstrated a significant effect of storage time
and method as well as their interaction on the lightness values
(L*) of the BF and VL (Table 3). For VL, there was a weaker in-
teraction between storage method and storage time than for
BF. The value of L* color parameter of meat on day 21 of MAP
and VAC storage increased compared to the fresh samples (Ta-
ble 2). For a* and b* values, an interaction was demonstrated
between the storage method and time for each muscle (Table 3).
Time did not significantly affect a* values of BF and VL and b*
values of BF. The storage method also had no significant effect on
a* value of LTL. MAP had a negative effect on the a* parameter
(Table 2).1ts value increased in DRY-AGED BF, whereas remained
unchanged after 21-storage in VAC. On day 21 of the analysis,
significantly lower a* values were determined in the samples
stored in MAP compared to the other two methods. This is
most likely due to the formation of oxymyoglobin (OxyMb)
under aerobic conditions in an atmosphere with a high oxy-
gen concentration [Chaijan, 2008]. The samples stored in VAC
and DRY-AGED had significantly lower values of yellowness (b*)
compared to the meat stored in MAP (Table 2). Vergara et al.
[2003] found that the b* value in deer meat increased when
the O, content of the package was higher. The sharp changes
in the b* parameter values suggest that this gas was responsible
for the browning of red deer meat. Oxygen is used to enhance
fresh meat colour, as it maintains the characteristic red colour
of oxymyoglobin, which is the oxidised form of myoglobin. How-
ever, at increased concentrations, oxygen can negatively affect
meat colour [Swiderski & Sadowska, 2011]. The increase in the b*
value observed during meat storage may be due to metmyoglo-
bin formation [Daszkiewicz et al, 2011]. Myoglobin is involved
in the storage of oxygen in red muscles. The addition of oxygen
can retard its formation, but when oxygen-free packaging is
used, intense oxidative changes occur, which can contribute
to the formation of its large amounts [Swiderski & Sadowska,
2011]. A similar effect can be observed with vacuum packaging
when oxygen is removed from the meat surface, which can also
result in a change in meat colour towards browning. Accord-
ing to Daszkiewicz et al. [2011], no significant differences were
found between the average values of the colour indices of roe
deer meat after 7 days of storage in the case of using vacuum
packaging and MAP (40% CO, + 60% N; 60% CO, + 40% N,).
The results also showed that, after 21 days of storage, the use
of MAP with 60% N, had the smallest effect on colour changes.
Other researchers have noted a similar relationship for deer
meat [Vergara et al, 2003]. The pH value also affects L* values,
and alower pHincreases protein denaturation, resulting in higher
L* values [Klupsaite et al., 2020].

A significant effect of storage time and method on water
activity (a,,) was shown for all muscles (Table 3). However, no
significant interaction between method and storage time was
observed for LTL. On day 7 of MAP storage, a,, values for all mus-
cles were lower (0.9675 for LTL, 0.9690 for BF, and 0.9686 for VL)
compared to fresh meat and meat stored for 21 days (Table 2). No
similar relationship was observed for VAC and DRY-AGED. After 21
days, a significant decrease in a,, was determined in DRY-AGED
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Table 3. Effect of time (0, 7, 21 days) and method of storage (dry, vacuum,
and modified atmosphere ageing) and their interaction on selected properties
of roe deer muscles: longissimus thoracis et lumborum (LTL), biceps femoris (BF),
and vastus lateralis (VL) .

)
Parameter Storage Storage Storage time X
time method storage method
*R¥ *R¥ HX*

LTL
pH BF
VL o . e
LTL NS NS NS
[* BF . . e
va P . ¢
LTL ek NS
a* BF NS *xx wxx
VL NS * *xx
LTL % o -
b* BF NS T *ax
VL > . e
LTL * * NS
\:ﬁ?\iiy BF . -
VL > P *4x
ITL *¢ >k .
Cooking loss BF *xx *xrx .
VL > ek -
7L > . e
Purge losses BF o *xx *wx
va P P ¢
ITL > P *4x
WBSF BF *rx *x% *xx
VL > >k *xx
ITL > e *x
VL > . o
7L . . e
Protein
carbonyl BF *xx o k.
content " ™ » "

*p<0.05; **p<0.01; ***p<0.001; NS, non-significant (two-way ANOVA). L*, lightness;
a*,greenness/redness; b*, blueness/yellowness; WBSF, Warner-Bratzler shear force; TBARS,
thiobarbituric acid reactive substances.

meats, e.g., from 0.9754 t0 0.9590 for LTL. This decline corresponds
to the highest purge losses (Figure 1). The highest a,, was de-
termined for the samples stored for 21 days in MAP, especially
for LTL (0.9737). For vacuum packaging, the decrease in water
activity was not significant after longer storage. Meat seasoning
had a positive effect on a,,, which was also observed for wild boar
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meat [Kasatka-Czarna et al, 2022]. The growth of microorganisms
and the rate of biochemical processes are strongly dependent
on water activity. Additionally, according to Florek et al. [2019],
DRY-AGED meat has a lower water content than those stored
in VAC, which affects, among others, its microbiological safety
during storage. According to other reports, for the same storage
conditions (MAP, VAC, DRY-AGED), at 7, 14 and 21 days of stor-
age, wild boar meat was microbiologically safe [Kasatka-Czarna
etal,2022].

In terms of cooking losses, the interaction effect of storage
time X storage method (Table 3) on LTL, BF and VL was significant
(p<0.001). Significant effect of time and storage method was
found for BF and VL (p<0.001;p<0.001) and LTL (p<0.01; p<0.001),
respectively. Cooking losses in fresh meat were 23.03% in LTL,
28.52% in BF, and 22.45% in VL (Table 2). The lowest percentage
of thermal loss after 7 days of storage was noted in the DRY-
-AGED (21.10% for LTL, 30.00% for BF, and 23.28% for VL) and VAC
(22.59% for LTL, 29.31% for BF and 23.03% for VL) muscles. For
VAC, cooking losses significantly increased on day 21 of storage
relative to the fresh sample for VL and BF. Significant differences
were noted at day 7 of MAP storage for LTL and VL compared
to both the fresh sample and the sample stored for 21 days.
The increase of the thermal losses for MAP stored samples in-
dicates a decrease in water retention in the muscle, which may
have a direct effect on its texture. This was not observed for VAC
in muscles from wild boar, in which cooking losses decreased
during storage [Kasatka-Czarna et al., 2022]. According to Dasz-
kiewicz et al. [2011], roe deer meat stored (m. longissimus dorsi)
under vacuum was characterised by increased cooking losses
compared to the modified atmosphere with oxygen exclusion.
Despite this, no significant differences were observed in cook-
ing losses between MAP and VAC. Therefore, the composition
of the modified atmosphere can have an impact on cooking
losses. In the early phase of storage, a characteristic crust de-
velops on the surface of DRY-AGED meat due to water loss
[Dashdorj et al, 2016]. The increase in water retention capacity
is strongly correlated with an increase in meat pH. As a result
of the increase in pH, the protein structure became more open
and myofibrillar proteins could bind more water. Despite high
storage losses and high water loss, DRY-GED meat with the high-
est pH is of high quality [Dashdorj et al, 2016]. The same result
was obtained from wild boar meat analyses (on day 21 of storage
of LTL, pH values were 5.31 (MAP), 5.46 (VAC), 5.72 (DRY-AGED),
and cooking losses were 30.82%, 30.92%, 20.94%, respectively)
[Kasatka-Czarna et al,, 2022].

Significant (p<0.001) effect of storage time and storage
method on purge losses was found in the study (Table 3). The in-
teraction effect of storage time x storage method (Table 3) on
LTL, BF and VL was significant (p<0.001 for LTL and BF; p<0.01
for VL). Purge losses were highest on day 21 of storage for each
muscle and storage method (Figure 1, Table S2). The lowest
purge losses were determined for MAP and VAC. For LTL on day
21 of storage, there was an increase of 2.3% for MAP and 1.27%
for VAC relative to day 7 of storage. For LTL DRY-AGED, the dif-
ference was 15.92% (26.12% on day 7 and 42.04% on day 21).
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Figure 1.Purge losses in muscles longissimus thoracis et lumborum (LTL), biceps femoris (BF) and vastus lateralis (VL) of roe deer during storage (at day 7 and 21) under
modified atmosphere (MAP), dry (DRY-AGED) and vacuum (VAC) ageing. Results are shown as mean and standard error of mean (SEM). Different a and b letters
above bars indicate a significant effect of time within the method (p<0.05). Different x-z letters above bars indicate a significant effect of the method within

time (p<0.05).

After 7 and 21 days of storage, the purge losses of DRY-AGED
meat due to drying and water loss were significantly four to
even seven times higher. Daszkiewicz et al. [2008] reported lower
losses for roe deer LTL in VAC (1.50% after 7 and 2.17 after 21
days of storage) and observed that the use of modified atmos-
phere packaging with 60% CO, + 40% N, resulted in reduced
purging. The extent of purge losses can have some economic
consequences, as, e.9., DRY-AGED storage of roe deer meat dra-
matically reduces the overall process efficiency. A higher storage
loss was recorded within each method for roe deer compared
to wild boar meat [Kasatka-Czarna et al., 2022].

The study demonstrated a significant (p<0.001) effect of stor-
age time and method as well as their interaction on the WBSF
of the LTL, BF and VL (Table 3). VAC and DRY-AGED had a posi-
tive effect on tenderness at day 21 of storage (except for LTL,
DRY-AGED and VL), whereas MAP adversely affected this quality
attribute during meat storage (Figure 2, Table 52). For LTL muscle
stored as DRY-AGED, the lowest values were reached on day 7
of storage (16.91 N). For each of the MAP muscles, WBSF values
increased on day 21 relative to the fresh sample. The highest
tenderness of BF and VL muscles was reached after 21 days
of storage for DRY-AGED (17.83 N and 19.08 N, respectively). For
LTL, the lowest values were observed on day 7 of storage for both
DRY-AGED andVAC (16.91 Nand 16.53 N, respectively). Klupsaite
etal. [2020] showed that roe deer meat analysed 24 h post-mor-
tem had the highest tenderness compared to other game species
(wild boar, deer,and beaver), and its tenderness was satisfactory
(1.17 kg/cm? for m. glutenus medius). In another study, cutting
force was determined for LTL from roe deer 24 h post-mortem at
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4721 N [Dominik et al,, 2012]. Therefore, the carcass skin matu-
ration treatment applied in this study for 5 days had a major
effect on the tenderness of roe deer meat. The muscles showed
satisfactory tenderness on the day the samples were obtained.
According to Daszkiewicz et al. [2008], in LTL from roe deer, VAC
storage for 21 days had a positive effect on tenderness (16.24 N).
The researchers used modified atmosphere packaging, but with
the elimination of oxygen (40% CO, + 60% N, and 60% CO, +
40% N,); the analyses showed a positive effect on tenderness
development. Other researchers have also reported that high
oxygen concentrations may contribute to increased WBSF. This
may be due to increased oxidation of proteins and fats, result-
ing, for example, in the formation of oxygen-induced protein
aggregates [Clausen et al, 2009; Moczkowska et al, 2017]. In pork
and beef stored in a high-oxygen atmosphere, myosin heavy
chains form intermolecular bonds that are not observed without
the presence of oxygen. This may contribute to the deteriora-
tion of tenderness [Lund et al., 2007]. In addition to the method
and time of storage, these differences can also be influenced by
different muscle metabolisms. In another study on beef stored
in a high-oxygen atmosphere, a reduction in tenderness was
confirmed due to cross-linking of myosin through disulphide
bond formation [Kim et al., 2010].

H  Protein and lipid oxidation

Two-way ANOVA showed the significant effect of storage time
and method and the effect of storage time x storage meth-
od (Table 2) on protein and lipid oxidation in LTL, BF and VL
(p<0.001). During VAC storage, the content of protein carbonyl
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Figure 2. Warner-Bratzler shear force determined for muscles longissimus thoracis et lumborum (LTL), biceps femoris (BF) and vastus lateralis (VL) of roe deer during
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a significant effect of the method within time (p<0.05).

groups decreased in all muscles at both 7 and 21 days of storage
compared to the fresh sample (Figure 3, Table S3). On day 21
of VAC storage, the protein carbonyl content ranged from 0.21
to 0.26 nmol/mg protein. On day 7 of storage, the highest levels
of carbonyls were determined for all DRY-AGED muscles. They
remained stable, and no considerable increase was observed on
day 21, except for BF. Oxidative changes in MAP-stored muscles
up to day 7 were less intense than in the DRY-AGED muscles.
Onday 21 of analysis, however, the increase in protein oxidation
observed in MAP samples was the highest, i.e,, 121.43% for LTL,
141.03% for BF, and 78.26% for VL, compared to the fresh samples.
As a result of protein oxidation, carbonyl group content
for all roe deer muscles within each method did not exceed
0.94 nmol/mg protein (21 days MAP, BF). In a similar study on
wild boar meat, the carbonyl contents for fresh LTL, BF, and VL
muscles were significantly higher (1.26, 1.15, and 0.86 nmol/mg
protein, respectively), while MAP storage contributed to pro-
tein oxidation products of 2.48-3.29 nmol/mg [Kasatka-Czarna
etal, 2022]. As reported by Lindahl et al. [2010], greater protein
carbonylation in beef muscle was observed with high-oxygen
packaging. In other studies, carbony! levels in pork LTL stored for
7 days in MAP with a high oxygen content (70% O, + 30% CO,)
did not change significantly and were slightly higher than for VAC
samples. After 14 days, a decrease in carbonyl levels was noted
forVAC and a slight increase for MAP samples [Lund et al,, 2007].
As reported by Wang et al. [2019], 7 days of pork storage in MAP
(80% O, + 20% CO,) resulted in enhanced (reaching approxi-
mately 2.40 nmol/mg protein) formation of protein carbonyls.
The formation of protein carbonyls may also be promoted by
adecreasein pH [Estévez, 2011].In the current study, it was noted

183

that on day 21 of MAP storage, a significant increase in protein
oxidation was consistent with a decrease in pH. A deterioration
in tenderness, colour, and odour of MAP-stored roe meat was
observed in the present study. There are many hypotheses on
the consequences of protein oxidation on meat flavour due to
the formation of carbonyl groups [Lund et al, 2011]. According
to Ventanas et al. [2007] and Fuentes et al. [2010], the formation
of protein carbonyls can affect the taste and aroma of meat. In
contrast, other authors demonstrated the effect of protein oxida-
tion on changes in meat colour [Dominguezetal, 2019; Estévez
& Cava, 2004]. This may explain the changes observed in our
study for the b* parameter values of meat during storage in MAP.

The levels of TBARS in fresh roe meat were 044, 047,
and 046 mg MDA/kg for LTL, BF, and VL, respectively (Figure 3,
Table S3). Daszkiewicz et al. [2018] reported 0.92 mg MDA/kg for
LTL roe deer, but Klupsaite et al. [2020] detected 0.30 mg MDA/kg
form. gluteus medius. These values are strongly dependent on mus-
cle metabolism and proximate composition. After 7 days of stor-
age, an increase in lipid oxidation was detected in all samples.
Significantly higher TBARS values were noted (after 7 and 21 days
of storage) in the samples stored under high oxygen conditions
(MAP). The least changes in lipids after 21 days of storage were
observed in the samples stored in VAC. In the DRY-AGED muscles,
the changes, although significant, occurred more slowly compared
with MAP TBARS values in roe deer meat increased faster than
the protein carbonyl content during prolonged storage in MAP
(an average increase of 1263% for TBARS and 155% for carbonyls
onday 21).In our previous study, we observed that changes within
TBARS occurred equally rapidly upon the storage of wild boar
meat in a high-oxygen atmosphere [Kasatka-Czarna et al,, 2022].
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Figure 3. Contents of thiobarbituric acid reactive substances, TBARS (A) and protein carbonyls (B) in muscles longissimus thoracis et lumborum (LTL), biceps femoris
(BF) and vastus lateralis (VL) of roe deer during storage (at day O (fresh), 7 and 21) under modified atmosphere (MAP), dry (DRY-AGED) and vacuum (VAC) ageing.
Results are shown as mean and standard error of mean (SEM). Different a—c letters above bars for a given parameter indicate a significant effect of time within
the method (p<0.05). Different x-z letters above bars for a given parameter indicate a significant effect of the method within time (p<0.05). MDA, malonic dialdehyde.

Interestingly, TBARS values were not considerably different for roe
deer meat compared to wild boar meat. The LTL from wild boar on
day 21 of MAP storage contained 6.15 mg MDA/kg, while the LTL
from roe deer had 6.07 mg MDA/kg. High TBARS values result
in a rancid aroma or noticeable colour change [Dominguez etal,
2019]. The acceptable MDA content for meat products, where no
rancid aroma is perceptible, is 2.0-2.5 mg MDA/kg meat [Campo
et al, 2006]. Importantly, reducing the oxygen in packaged pork
results in the inhibition of both pork protein and lipid oxidation
compared with 80% oxygen atmosphere. When the pork was
stored in the air, the carbonyl and TBARS contents were lower
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thanin high oxygen MAP [Wang et al, 2019]. Similarly, beef steaks
stored in a high oxygen atmosphere (80% O, + 20% CO,) had
higher TBARS values compared to the VAC-packed ones [t opacka
etal,2016].

CONCLUSIONS

In conclusion, a significant effect of storage time and method (dry,
vacuum, and modified atmosphere ageing) of muscles of roe deer
on pH, water activity, thermal loss, storage loss, WBSF and lipid
and protein oxidation was found in the present study. A signifi-
cant interaction effect of storage time X storage method was also
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observed for all traits examined in BF and VL. For LTL, no significant
interaction effect was found only for L* values and water activity.
The high-oxygen atmosphere induces the formation of protein
carbonyls and lipid oxidation products. The use of MAP also caused
negative changes in the technological properties and colour pa-
rameters of the muscles during storage. From the point of view
of physicochemical analysis and texture properties, muscles stored
in the DRY-AGED and VAC system showed no visible signs of dete-
rioration and could be stored in the refrigerator for up to 21 days.
The storage time had a positive effect on the tenderness of the meat
and the colour of the DRY-AGED samples. The results indicate that
the recommended methods for storing roe meat for 21 days are
VAC and DRY-AGED. Further research should be carried out using
other gas indicators for MAP packaging for this species. Due to its
very low fat contentand high protein content, roe meat s a valuable
component of a balanced diet. Compared to other game species,
venison meat is also rich in micro- and macronutrients.

SUPPLEMENTARY MATERIALS

The following are available online at http://journal.pan.olsztyn.
pl/Effect-of-Dry-Vacuum-and-Modified-Atmosphere-Ageing-on-
Physicochemical-Properties,163613,0,2.html; Table S1. The con-
tent (mg/kg) of selected minerals in muscles longissimus thoracis
et lumborum (LTL), biceps femoris (BF) and vastus lateralis (VL)
of the roe deer.Table S2. Storage loss and Warner-Bratzler shear
force (WBSF) for muscles longissimus thoracis et lumborum (LTL),
biceps femoris (BF) and vastus lateralis (VL) of roe deer during
storage under modified atmosphere (MAP), dry (DRY-AGED)
and vacuum (VAC) ageing. Table S3. Contents of thiobarbituric
acid reactive substances (TBARS) and protein carbonyls in mus-
cles longissimus thoracis et lumborum (LTL), biceps femoris (BF)
and vastus lateralis (VL) of roe deer during storage under modified
atmosphere (MAP), dry (DRY-AGED) and vacuum (VAC) ageing.
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Effect of Maltodextrin on Drying Rate of Avocado (Persea
Americana Mill.) Pulp by Refractance Window Technique, and on
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This study investigated the effects of various maltodextrin contents (0, 6, 7.5,9,and 10.5 g/100 g of pulp) on the drying rate
and powder quality of avocado pulp dried by refractance window technique. Increasing the maltodextrin addition level
significantly decreased the drying rate and prolonged the drying time. The maltodextrin considerably affected the drying
rate of pulp when its moisture content was higher than 1.0 g/g dry weight. A significant improvement was found in the re-
tention of total contents of phenolics and chlorophylls, antioxidant capacity, and color in avocado powder obtained from
pulp with maltodextrin. The addition of 9 g maltodextrin/100 g of pulp allowed to retain 85.60% TPC, 78.78% total chlorophyll
content, 83.48% DPPH radical scavenging activity, and 78.89% ferric reducing antioxidant power. However, maltodextrin
in the amount of 10.5 g/100 g of pulp had a negative impact on moisture removal and deteriorated the quality of the dried
avocado. These findings may have practical application for the production of dried avocado and other fruits.

Key words: antioxidant activity, chlorophyll, drying curve, total phenolics, color parameters

INTRODUCTION

Hydrocolloids were widely applied in food processing as thicken-
ers, gelling agents, structure stabilizers, and emulsifiers [Williams
& Phillips, 2000]. During the drying process, particularly for fruit
puree orjuice, hydrocolloids were added to improve both prod-
uct quality and drying efficiency. Previous studies applied hydro-
colloids to fruit pulp before processing to prevent the stickiness
and caking phenomena [Bhandari et al, 1993; Gobmez-Pérezetal,,
2020; Singh Gujral & Singh Brar, 2003]. After mixing hydrocolloids
into the pulp, the glass transition temperature of fruit pulp in-
creased, leading to the drying process being implemented easily
and obtaining high-quality products [Bhandari et al, 1993]. It was

reported that the increase of maltodextrin (MD) could improve
the sensory quality of mango leather [Singh Gujral & Singh Brar,
2003] as well as the lamina and texture properties of murta
(Ugni molinae Turcz) berry leather [Gomez-Pérez et al, 2020],
and enhance the quality of dried fruit powder from tomato pulp
[Goula & Adamopoulos, 2008], blackberry [Ferrari et al., 2012], etc.
Among hydrocolloids, MD was the most popular carrier used
in food production [Williams & Phillips, 2000].

Drying technology continues to play an important role
infood preservation and processing. The commercial and utilitar-
ian worth of food items was increased as a result of the removal
of moisture from their constituents. Among the fruit forms that
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can be dried, fruit juice and puree get the most attention when
it comes to making fruit powder, which is simple to utilise or
formulate commercial food goods [Ramaswamy & Marcotte,
2005]. In the research, spray-, drum-, and freeze-drying were
the most common methods for producing fruit powder. There
were, however, disadvantages to each drying procedure. In spray
drying, the powder quality was diminished as a result of the ad-
dition of 40 to 60% of carriers [Brennan et al, 1971; Can Karaca
etal, 2016; Sobulska & Zbicinski, 2021]. In turn, drum drying at
temperatures ranging from 120 to 170°C caused substantial harm
to the quality of dried materials [Nindo & Tang, 2007]. Finally,
the freeze-drying exclusively produced fruit powder of the high-
estgrade [Ratti, 2013], but the adoption and maintenance of this
process were costly.

Recent advancements in drying technology would increase
the likelihood of discovering viable drying methods to address
pre-existing issues. Recently, refractance window (RW™) dry-
ing has received increased interest in the dehydration of fruit
purees or slices [Vega-Mercado et al,, 2001]. In the RW™ drying
technique, moisture diffusion and evaporation occur rapidly
due to heat conduction, convection, and radiation at the hot-
-water interface and air-film interface [Raghavi et al, 2018].
Therefore, the drying process could be finished quickly and pre-
serve the quality of the dried product efficiently. Compared to
the above-mentioned drying processes, RW™ drying was ad-
dressed in fewer publications; however, the RW™ drying results
were substantially more outstanding. In the literature, the RwW™
drying was reported to produce good nutritional and sensory
quality of dried fruits and vegetables such as carrots, strawber-
ries [Nindo &Tang, 2007], tomatoes [Abul-Fadl & Ghanem, 2011],
mango pulp [Caparino et al, 2012], pomegranate leather [Tontul
&Topuz, 2017], cornelian cherry pulp [Tontul et al., 2018], low-fat
avocado paste [Da Silva & Da Silva, 2018], apple slices [Rajoriya
etal, 2019], goldenberry pulp [Puente et al., 2020], etc. Besides,
the RW™ drying was more thermally efficient than convective
and freeze-drying [Nindo & Tang, 2007]. Thus, RW™ drying was
anticipated to be an effective method for drying fruits and veg-
etables. However, additional evidence is required to confirm
this notion.

Avocado fruits are nutrient- and phytochemical-dense super-
foods [Comerford et al, 2016]. Specifically, bioactive substances
with varied medicinal capabilities in avocado have been shown
to be associated with consumer health advantages [Lye et al,
2020]. As a result of its climacteric fruit qualities and significant
processing constraints, avocado’s economic and utilitarian worth
decreased.

In this situation, applying the drying process to avocado
would be one of the appropriate alternatives. The avocado’s
shelf life might be prolonged and new avocado-based products
could be developed after drying. In previous studies, avocado
was reported to be dried by heat-pump [Ceylan et al, 2007],
freeze-drying [Castafieda-Saucedo et al, 2014; Rafidah et al,
2014; Souza et al, 2015], hot-air drying [Temu, 2013], and su-
perheated-steam drying [Rafidah et al, 2014]. However, these
drying methods took a long operating time (varying from 3 to
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more than 20 h). A recent report indicated that the RW™ drying
temperature greatly affected drying kinetics and avocado pulp
quality [Nguyen, et al, 2022b]. The high RW™ drying temperature
of 90°C could preserve over 80% of total phenolics and antioxi-
dantactivity [Nguyen, etal, 2022b]. [tappeared that the RW had
agood potential for the manufacturing of avocado fruit powder.
While the effect of drying temperature has been well explored,
the influence of maltodextrin content has not yet been inves-
tigated. Therefore, this study sought to determine the effects
of MD content on the drying rate and quality of powder (includ-
ing total contents of phenolics and chlorophylls, antioxidant
capacity, and color parameters) made of avocado pulp dried
with the RW™ technique.

MATERIALS AND METHODS

=  Materials and chemicals

Fresh avocado (Persea americana Mill. cv.'Maluma') fruits were
obtained from a local farm in DakLak, Vietnam; only ripe avocados
with a green exterior were selected.

Gallic acid, 2,4,6-tripyridyl-s-triazine (TPTZ), 2,2-diphenyl-
-1-picrylhydrazyl (DPPH) radical, and 6-hydroxy-2,5,7,8 tetra-
methylchromane-2-carboxylic acid (Trolox) were purchased
from Sigma-Aldrich (Merck PTE Ltd, Ascent Building, Singapore).
The solid sodium tungstate, sodium molybdate, and lithium
sulphate were constituents of the Folin-Ciocalteu (2 N) reagent.
Maltodextrin (dextrose equivalent in the range of 16.5-19.5,
Sigma-Aldrich) was acquired from a local vendor. As well as
other chemicals, acetic acid, sodium acetate, chloroform, sodium
carbonate, methanol, acetone, diethyl ether, and ferric chloride
hexahydrate were of analytical quality.

= Avocado pulp preparations

After receiving, the avocado fruits were washed, peeled, devoid
of seed, and sliced into slices with 3.00+0.03 mm thickness.
Then, the slices were soaked in a sodium bicarbonate solution
(0.05%) for 30 min and subjected to steam blanching for 3 min
to inactivate the browning enzymes and inhibit other enzymes
in materials. Subsequently, the blanched samples were cooled
promptly with cold water at 5.0+0.5°C and ground to collect
avocado pulp using a commercial blender (BJY-CB2L60-A, Ber-
jaya Steel Product Sdn Bhd, Kuala Lumpur, Malaysia). To prepare
the material for drying, the pulp was mixed with MD using
a laboratory mixing overhead stirrer (SH-1I-6C, Hebei, China).
The mix was analyzed for total phenolic content (TPC), total
chlorophyll content, antioxidant capacity, and color parameters
before drying.

= Drying conditions and drying rate determination

This study designed experiments with three replications using
the one-factor-at-a-time approach. The samples were prepared
using a block design that was randomly generated. Each sample
containing 100 g of pulp was mixed with different amounts of MD,
ie.0,6,7.5,9,and 10.5g.In this investigation, a custom-built refract-
ance window (RW™) drying apparatus comprised of a hot water
reservoir (0.42x0.28x0.10 m) and a thermostatically-controlled
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water bath was operated in a batch laboratory-scale configura-
tion (Model DH.WB000106, Daihan-Scientific, Wonju-si, South
Korea). A polyester film (Mylar™, Jiangsu, China) with a thickness
of 0.25 mm was utilized to transfer heat from hot water to fruit
pulp placed in 2 mm-thick layers atop the Mylar films. Our earlier
research determined that the RW™ drying temperature had
a substantial effect on the quality of dried avocado powder, with
the highest quality powder being produced at 90°C [Nguyen,
et al, 2022b]. Therefore, each sample was dried at 90°C using
RW™ drying.

The moisture content of samples was measured using
the moisture analyzer (MB23, Ohaus, Parsippany, NJ, USA) in 5-min
intervals. The drying process was stopped when the moisture
content reached approximately 0.04 g/g dry weight (DW) be-
cause this moisture content assured that dried avocado could
be ground to powder. The drying rate (g/g DW) was computed
from Equation (1).

Mt_Mt+At

1
At m

Drying rate (g/g DW/min) =
where: M, and M, . were the moisture content at drying time
t (min), and t+At (min), respectively.

Then, the avocado powder was used to analyze TPC, total
chlorophyll content, antioxidant capacity, and color parameters.

= Preparation of avocado extracts for chemical analysis
The extracts were obtained according to the procedure reported
inthe literature [Wang et al, 2010]. The fresh pulps as well as dried
and powdered avocado pulps with and without MD (0.2 g) were
extracted using 10 mL of solvent (7 mL acetone + 0.03 mL glacial
acetic acid + 2.97 mL water). Then, the extracts were diluted to
25 mL and analyzed for their TPC and antioxidant capacity.

= Total phenolic content determination

The method with Folin-Ciocalteu reagent, as established
in 1SO 14502-1:2005, was deployed to measure the TPC with
distilled water serving as a blank [ISO, 2005]. The UV-9000
spectrophotometer (Metash, Shanghai, China) was used for
absorbance measurement. The gallic acid calibration curve
was used to calculate the total phenolic content, which was
given as mg of gallic acid equivalent per g of dry weight (mg
GAE/g DW).The retention percentage of TPC was determined
according to Equation (2).

CTPC, after drying

Retention of TPC (%) = x 100% 2)

TPC, before drying
where: Croc pefore drying aNd Crpe afierdrying Were the TPCin the sample
before drying and after drying, respectively.

= DPPH radical scavenging assay (DPPH)

The DPPH radical scavenging activity of the extract was deter-
mined according to the procedure described previously [Nguyen
et al, 2022b] using a UV-9000 spectrophotometer (Metash).
DPPH radical scavenging activity was analyzed using the stand-
ard curve for Trolox plotted as the percent of scavenged DPPH
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radicals vs. concentration. Results were expressed as mg Trolox
equivalent per g of sample dry weight (mg TE/g DW). The re-
tention percentage of DPPH radical scavenging activity was
calculated from Equation (3).

Retention of DPPH radical _ Coppr after drying

) o X 100%
scavenging activity (%) 0

3
CDPPH: before drying

where: Coppr, before drying aNA Copph, after drying Were the DPPH radical
scavenging activity of the sample before drying and after dry-
ing, respectively.

= Ferric reducing antioxidant power determination
The ferric reducing antioxidant power (FRAP) assay was con-
ducted in accordance with a modified version of the method de-
scribed in the literature [Benzie & Strain, 1996]. The acetate buffer
(0.3 M, pH 3.6), TPTZ (10 mM in 40 mM HCI), and FeCl3x6H,0
(20 mM) were mixed ina 10:1:1 (v/v/V) ratio to make the reagent.
In order to measure the FRAP, 2.85 mL of FRAP reagent was ap-
plied to 0.15 mL of diluted sample. The reaction mixture was
incubated in the dark for 30 min, after which the absorbance
was measured at 593 nm with a UV-9000 spectrophotometer
(Metash) using distilled water as the blank. Based on the Trolox
calibration curve, the ferric reducing antioxidant power was
computed and reported as mg Trolox equivalent per g of sample
dry weight (mg TE/g DW).

The retention percentage of FRAP was calculated from Equa-
tion (4).

CFRAP, after drying

Retention of FRAP (%) = x 100% 4)

CFRAP, before drying
where: Cegap before drying AN Crrap afier drying Were the FRAP of the sam-
ple before drying and after drying, respectively.

5 Determination of total chlorophyll content

In order to initiate the extraction process, 0.2 g of avocado pulps
or powders was combined with 5 mL of the solvent (chloroform
and methanol, 2:1, v/v) and vortexed for 30 s at 2,000 rpm. After
sonication (40 KHz, 240 W, 5 min), the sample was vortexed again
for 10 s and cooled at 4°C for 20 min. After cooling the sample,
it was centrifuged at 2,095xg for 10 min, and the supernatant
was collected. The solvent in the supernatant was evaporated
in a Petri dish using an LO-FS100 forced convection oven (LK Lab,
Namyangju, Korea) at 50°C for 30 min, and residue was redissolved
in 10 mL of pure diethyl ether for analysis of total chlorophyll
content as described in the literature [Lichtenthaler & Buschmann,
2001]. Results were calculated according to Equation (5).

Total chlorophyll

762X Agsr + 1539 X Agsn
content (ug/g DW) —

msamp\e (DW)

x10  (5)

where: Agg1 and Ags, corresponded to absorbances measured at
661 and 642 nm using a UV-9000 spectrophotometer (Metash),
Maample w) Was the dry weight of sample.

The retention percentage of total chlorophyll content was
calculated from Equation (6).
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Retention of total

CCh\orophyH,aﬁerdrymg 0
chlorophyll content (%) — > 100%

CChlorophyll, before drying

where: CCh\orophyH, before drying and CCh\orophyH, after drying were the total
chlorophyll content in the sample before drying and after dry-
ing, respectively.

u Determination of color parameters

Color of avocado pulps and powders was assessed using
the NR110 precision colorimeter (Shenzhen ThreeNH Technol-
ogy Co. Ltd, Shenzhen, China) in the ClELab color scale. The L*, a*,
and b* values were measured. L* symbolizes lightness on a scale
ranging from 0 (black) to 100 (white). Positives and negatives
of a* represent red and green, whereas positives and negatives
of b* represent yellow and blue. Besides, the total color difference
(AF) was calculated according Equation (7) to evaluate the dif-
ference in total color between the tested samples.

AE=AF = L)+ (a* — a§)*+ (b* — bY)?

m Statistical analysis

Experimental data were evaluated utilizing the SPSS 15 pro-
gramme (SPSS Inc,, Chicago, IL, USA). The significant differences
in mean values between the samples were determined using
one-way analysis of variance (ANOVA) with Tukey's multiple
range test at the 5% significance level for all experiments, which
were carried out in triplicate.

RESULTS AND DISCUSSION

= Effect of maltodextrin addition on the drying rate
The curves of moisture content versus drying time of avocado pulp
at different maltodextrin (MD) contents are presented in Figure 1.
In addition, the drying curves are shown in Figure 2. The pulps
with a higher content of MD had a lower drying rate and a longer
drying time. The control sample (0 g MD/100 g of pulp) had
the highest drying rate and the shortest drying time. The MD with
amoisture content of 3.62+0.04 g/100 g (wet basis) was added to
the avocado pulp. Therefore, the increased addition of MD would
rise significantly dry matter content of the pulp before drying. Ac-
cording to Rodosta & Schierbaum’s [1990] findings, the presence
of MD in avocado pulp would create hydrogen bonds with free
water molecules. This could cause internal and external diffusion
resistance, leading to limited moisture removal from the pulp
inthe drying process [Goula & Adamopoulos, 2008]. Consequently,
theinitial drying rate was slower at higher MD content. Some previ-
ous studies on the MD effect on drying kinetics of sugar, acid-rich
foods [Adhikari et al, 2004], pineapple, and mango leather [Guijral
etal, 2013] showed similar findings.

Figure 2 further revealed that moisture removal only oc-
curred during the falling-rate period for all samples. It is likely
that during the RW™ drying process with a thin layer of avocado
pulp, moisture evaporated rapidly, causing the drying process to
occur during the falling-rate period without a constant drying
rate period. This finding was consistent with literature data on
RW™ drying [Abul-Fadl & Ghanem, 2011; Gomez-Pérez et al,,
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0g MD/100 g pulp
69 MD/100 g pulp
7.5 g MD/100 g pulp
9 g MD/100 g pulp
10.5 9 MD/100 g pulp
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Moisture content (g/g DW)

50 60

Time (min)

Figure 1. The curves of moisture content versus drying time of avocado
pulp without (0 g/100 g pulp) and with the addition of 6, 7.5, 9, and 10.5 g
maltodextrin (MD/100 g of pulp) dried by refractance window technique.
DW, dry weight.

2020; Nguyen, et al., 2022b; Nindo & Tang, 2007; Ochoa-Martinez
etal,2012].

Drying curves of avocado pulps without and with different
contents of MD show that the behavior of moisture removal
was significantly different between samples at the moisture
content higher than 1.0 g/g DW (Figure 2). When the moisture
content of the drying material was above this value, the moisture
diffusion was directly related to the elimination of free water.
When the moisture content was below 1.0 g/g DW, the mois-
ture removal predominantly eliminated bound water. Therefore,
when MD was mixed with avocado pulp, the MD predominantly
interacted with the free water. Consequently, the MD had a sub-
stantial impact on the drying rate curves of avocado pulp with
a moisture content greater than 1.0 g/g DW.

u Effect of maltodextrin addition on total contents
of phenolics and chlorophylls

TheTPCand total chlorophyll content of the avocado pulps with-
out and with different MD contents and powders obtained by
RW™ drying of pulps are shown in Figure 3. The addition of MD
to fresh pulp significantly (p<0.05) decreased its TPC and total
chlorophyll content and these decreases were dependent on
the MD content. The results of phytochemical content analysis
were expressed based on dry weight of pulp or powder. There-
fore, an increase in MD content would increase the dry matter
content of the pulp, resulting in a decrease in the avocado pulp’s
TPC and total chlorophyll content prior to drying.

The TPC and total chlorophyll content in the samples be-
fore drying were significantly (p<0.05) higher than in powders
after drying (Figure 3), thus the total content of both phe-
nolics and chlorophylls deteriorated during the RW™ drying
of the avocado pulp with MD content increasing from 0to 9 g
MD/100 g of pulp; however, phytochemical retentions during
the RW™ drying increased (Table 1). The highest retentions
(85.60% for TPC, and 78.78% for chlorophylls) were found with
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Figure 2. Drying rate curves of avocado pulp without (A) and with the addition of 6 g (B), 7.5 g (€), 9 g (D) and 10.5 g (E) maltodextrin per 100 g of pulp dried

by refractance window technique. DW, dry weight.

the addition of 9 g MD/100 g of pulp, although the TPC retention
for the pulp with 7.5 g MD/100 g was not significantly (p>0.05)
different. When the highest level of MD additive was used (10.5 g
MD/100 g of pulp), the retentions of TPC and total chlorophyll
content decreased significantly (p<0.05). The enhanced reten-
tions of TPC and chlorophylls by increasing the pulp's MD content
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may be because MD acted as the coating substance that produc-
es a physical barrier [Osorio et al, 2011], restricting the contact
of phytochemicals with external factors like oxygen. Therefore,
the rate of phytochemical degradation was slowed, and their re-
tention was increased. As stated previously, MD in pulp increased
the dry weight and formed bonds with free water [Radosta &
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Figure 3. Total phenolic content, TPC (A) and total chlorophyll content (B) in avocado pulps without and with the addition of maltodextrin, as well as in their
powders obtained by refractance window drying. Values with the same letters are not significantly different (p>0.05). GAE, gallic acid equivalent; DW, dry weight.

Table 1. The retention of total phenolic content (TPC), total chlorophyll content, and antioxidant capacity in avocado powder obtained from pulp without and with

the addition of maltodextrin (MD) by refractance window drying.

Addition of MD Retention of TPC Retention of total Retention of DPPH radical Retention of FRAP
(9/100 g pulp) (%) chlorophyll content (%) scavenging activity (%) (%)

80.44+098° 53.54+0.759 61.13£1.24° 75.85+1.75°
6 81.14+0.46° 55.12+1.049 62.15£1.10° 78.89+0.56°
75 84.15+0.75° 68.14+0.95¢ 77.95+0.25° 77.56+1.06°
9 85.60+1.49° 78.78+1.80° 83.48+1.37° 78.89+0.70°
105 80.12+1.10° 72.25+0.95° 79.53+0.58° 74.43+0.83¢

Data are expressed as mean = standard deviation and values within a column with the same letter are not significantly different (p>0.05). FRAP, ferric reducing antioxidant power.

Schierbaum, 1990]. Consequently, a larger content of MD would
diminish water activity, resulting in decreased enzyme activity
that contributes to the retention of phenolics and chlorophylls.
Studies on the impact of MD on the drying of pulp/puree have
recently mostly concentrated on the assessment of the drying
rate and physical characteristics of dried samples. Regarding to
the effect of MD on the quality of the dried material, Ahmed
etal. [2009] observed that after hot-air drying, MD was positively
linked with the phenolic content in purple sweet potato flour.
Furthermore, compared to the avocado pulp without MD, the ad-
dition of MD allowed to retain higher TPC after infrared radiation
drying [Nguyen et al., 2021].

However, when 10.5 g MD/100 g of pulp was utilized,
the preservation of phenolics and chlorophylls in pulp decreased.
In the drying process, the operating time was also the reaction
time [Nguyen et al., 2020]. Therefore, RW™ drying of avocado
pulp with 10.5 g MD required the longest drying time, resulting
in greater phytohemcial loss.

= Effectof maltodextrin addition on antioxidant capacity
The antioxidant capacity of avocado pulps without and with
MD and powders after RW™ drying was determined as DPPH
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radical scavenging activity and as FRAP. Results are reported
in Figure 4. Additionally, the results of antioxidant capacity re-
tention after drying are shown in Table 1. Similarly to the total
content of phenolics and chlorophylls, the antioxidant capacity
tended to decrease as increasing amounts of MD were added
to fresh pulp. Significantly (p<0.05) lower values for powders
compared to pulps before drying were also noted. Moreover,
the effect of MD addition level to pulp on retention of DPPH
radical scavenging activity after RW™ drying was similar as on re-
tention of phytochemical contents. The content of 9g MD/100 g
of pulp allowed to retain the highest DPPH radical scavenging
activity after drying. In the case of FRAP, when MD content was
inthe range of 6 t0 9 g/100 g of pulp, the differences in retention
were insignificant (p>0.05). Furthermore, the samples with MD
additions ranging from 6 t0 9 g/100 g of pulp retained more FRAP
than those without MD or with 10.5 g MD/100 g of pulp (p<0.05).

According to a previous report, the phenolics and chloro-
phyllsidentified in avocados are responsible for their antioxidant
potential, but the contribution of the former is definitely greater
than the latter [Wang et al, 2010]. In addition, avocado pulp
may contain other antioxidants, such as ascorbic acid and carot-
enoids [Lye et al, 2020]. In our study, the trend of DPPH radical
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Figure 4. DPPH radical scavenging activity (A) and ferric reducing antioxidant power, FRAP (B) of avocado pulps without and with the addition of maltodextrin,
as well as in their powders obtained by refractance window drying. Values with the same letters are not significantly different (p>0.05). TE, Trolox equivalent;

DW, dry weight.

scavenging activity differentiation between samples was com-
parable to the variations of TPC and total chlorophyll content.
According to the evidence, both phenolics and chlorophylls may
have contributed to DPPH radical scavenging activity of pulps
and powders. However, TPC, chlorophylls, and other antioxidants
in avocado may affect FRAP.

= Effect of maltodextrin addition on color parameters

The color of avocado pulp changed significantly after RwW™
drying (Table 2). Specifically, the L* and b* values of the color
of the powders decreased, whereas the a* value increased com-
pared to the color of the fresh pulp. The results indicated that
the samples became darker, more yellow, and less green. When
MD content changed from 0 to 7.5 g/100 g of pulp, the L* value
in dried samples gradually increased, while the * and b* val-
ues did not change significantly (p>0.05). The color of powder
obtained from pulp with 9 g MD/100 g of pulp had the greatest
greenness, as well as the lowest total color difference value.

The highest addition of MD to the pulp caused the greatest color
change with a AE value of 12.38.

The color played a key role in the customer’s buying choice;
therefore, this criterion retains its important significance. In
processing and preservation, color was also used to assess
processing efficiency because it correlates with the quality
change of items. Pigment loss, oxidation, enzymatic or non-en-
zymatic browning, etc, accounted for the majority of the color
change during the drying process [Bahloul et al, 2009]. In our
study, the decrease of L* may have been due to browning re-
actions occurring during drying. With regard to a* values, a rise
in a* indicated that the dried samples were less green. For green-
-pigmented foods like avocado, the biotransformation of chloro-
phylls to pheophytins, with the replacement of magnesium with
hydrogen, was primarily responsible for the loss of greenness [Rudra
et al, 2008]. In addition, according to the literature, MD could de-
crease the browning index value [Caliskan & Dirim, 2016] and in-
crease the [* value of dried product [Nguyen et al, 2022a].

Table 2. Color parameters of avocado pulp and powders obtained from pulp without and with the addition of maltodextrin (MD) by refractance window drying.

Addition of MD
(9/100 g pulp)

Pulp 61.05+1.02°
0 51.91+1.34°

6 52.57+1.28%

Powder 75 53.15+0.75°
9 54.64+1.17°

105 51.10£1.02°

~23.77+1.17° 5505+1.09°

-20.54+0.87 5149+145° 103340320
~18.89+0.95° 50.5242.05% 10.78+051°
-20.15+1.01° 50.14+0.55" 9.98+0.54°
—23.04+0.45P 50.25+0.77° 8.04+0.14
-19.21+043? 49.25+0.65¢ 12.38+0.48°

Data are expressed as mean + standard deviation and values within a column with the same letter are not significantly different (p>0.05).L*, lightness; a*, redness-greenness; b*, yellowness-

-blueness; AE, total color difference.
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CONCLUSIONS

The addition of MD dramatically altered the behavior of mois-
ture removal and the quality of avocado pulp and powder ob-
tained by RW™ drying. The increase in MD content decreased
the drying rate and the initial TPC, total chlorophyll content
and antioxidant capacity of pulp but had a beneficial effect on
the retention of these phytochemicals, bioactivity and color
of the powders. The most effective in protecting functional prop-
erties and bioactive compounds of powders was the addition
of 9g MD/100 g of pulp. Although a higher MD content in pulp
could increase the quality of drying products, too much MD led
to a slower drying rate, which resulted in a longer drying time
and greater product damage. Overall, this study demonstrated
the RW™ drying technique had great potential for the produc-
tion of avocado powder with high-quality retention if the appro-
priate amount of MD was added prior to drying. These findings
could be implemented for the manufacturing of fruit powder.
To produce the highest quality fruit powder, additional research
should concentrate on identifying optimal drying conditions or
assessing alternative creative drying procedures.
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Effect of -Carrageenan and Its Hydrolysates
on the Stability of Milk Ice Cream Mixes
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The objective of this research was to determine the influence of 1-carrageenan and its acid and enzymatic hydrolysates
on the physical properties of milk ice cream mixes. The main factors considered were the Turbiscan stability index, back-
scattering profile, particle size distribution and median diameter (Dsp), the consistency index and the flow behavior index
of ice cream mix before and after 24 h of maturation at 4°C. The microstructure of emulsion was also analysed based on
confocal laser scanning microscopy (CLSM). The addition of i-carrageenan resulted in lower stability of emulsion compared
to emulsions with its acid and enzymatic hydrolysates. The sedimentation, coalescence and flocculation were observed
based on the backscattering profile and CLSM images. The addition of stabilisers contributed to an increase in Ds, of ice
cream mix from 17.56 to 37.05-45.50 um before maturation and from 34.73 to 46.73 um after maturation. The -carrageenan
after commercial lactase treatment improved the stability of milk ice cream mixes by increasing the consistency index to
0.104 and a flow behaviour index to 0.702. Finally, it may be concluded that the stabilisers used — 1-carrageenan and its
hydrolysates — significantly influenced the physical properties of milk ice cream mixes and, hence, can be used as beneficial
ingredients in the recipe of milk ice cream mixes.

Key words: ice cream mix emulsion, particle size, confocal laser scanning microscopy

INTRODUCTION

The colloidal structure of ice cream has recently been an object
of research interest for the global audience. It is known that
the final physicochemical structure of ice cream may be regarded
as a four-phase system, which includes air bubbles, fat globules,
ice crystals and an unfrozen serum phase. In this unfrozen serum
phase, there exist the unadsorbed casein micelles in a suspen-
sion of sugars, salts, whey proteins and high molecular weight
polysaccharides. The structure of ice cream characterizes its
complexity as a result of several stages of manufacturing such as
pasteurisation, homogenisation, maturation, freezing and hard-
ening. The colloidal aspects of ice cream, such as interactions

between protein and emulsifier, the partial coalescence of fat or
interactions between protein and partially coalesced fat, allow for
a better understanding of this unique system [Gelin et al., 1994;
Goff, 1997, 2002; Goff & Hartel, 2013; Konstantas et al., 2019].
During the manufacturing process, the ice cream mix emul-
sion is foamed, the dispersed phase of air bubbles is formed,
and frozen to obtain another dispersed phase of ice crystals.
The ice cream mix contains fat droplets, coated with a protein-
-emulsifier layer as a dispersed phase. The ice cream mix can also
be classified as emulsion-filled gel, in which macromolecular gel
contains dispersed fat particles (fillers). Therefore, the structure
and rheological properties of the ice cream mix can be affected
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as aresult of distinctive interactions of the filler gel matrix [Chen
etal,2019; Daw & Hartel, 2015; Goff, 1997; Innocente et al., 2009;
Voronin et al., 2020].

Not only is the formation of the ice phase significant but sta-
bility is also equally crucial in the structure of ice cream. Desirable
stability includes no changes in the size distribution or spatial
arrangement of droplets. Stability plays a crucial role in control-
ling the shelf-life of ice cream or its texture and mouthfeel during
consumption. It may be understood as the ability to resist unde-
sirable changes in physicochemical properties. Loss of stability
may occur due to various processes, such as creaming, floccula-
tion, coalescence, partial coalescence, Ostwald ripening or phase
inversion [Cheng et al,, 2015; Dickinson, 1994, 2010; Pal, 2019].
The initial stability of emulsion in the ice cream mix is obtained
by simultaneous adsorption of proteins and emulsifiers during
the homogenisation process. Subsequently, during the matura-
tion process, changes in the physical state occur in the liquid
phase, not only in the emulsified fat but also in the adsorbed
layer of mono-and diglycerides. Additionally other changes take
place during maturation except for the mentioned process, such
as the hydration of milk proteins and stabilisers, the crystallization
of fat globules or the rearrangement of the surfactant membrane.
They all contribute to a smoother texture and consequently
better quality of ice cream [Gelin et al,, 1994; Goff, 1997; Mendez-
Velasco & Goff, 2012; Segall & Goff, 2002b].

Furthermore, the stability of emulsion in the ice cream mix
may be considered through the prism of stabiliser addition.
Despite the increasing viscosity, one of the main functions
of stabilisers is to stabilise the emulsion and prevent separation
[Akbarietal, 2019; Lomolino et al., 2020; Pintor & Totosaus, 2012;
Seisun, 2010]. An example of such stabilisers is carrageenan that
has been proved effective in preserving quiescent stability/shear
instability in the emulsion with a low protein surface concen-
tration [Segall & Goff, 2002a]. This happens as the migration
of the milk protein from the solution to the oil-water interface
in the emulsion is inhibited by carrageenans. Due to specific
interaction with the milk proteins, carrageenans are employed
in milk ice cream production. The favourable interactions be-
tween carrageenan and milk proteins depend on the number
of sulphate groups in carrageenan structure and environmen-
tal conditions [Pintor & Totosaus, 2012]. -Carrageenan is one
of the three forms of carrageenan (next to k- and A-carrageen-
an) that exhibits the specific ability to form a soft elastic gel
in the presence of calcium ions, and stands out through other
forms owing to the fact that it can form intra-molecular bonds
between sulphate groups of anhydro-p-galactose and p-galac-
tose via calcium as a divalent cation [Kiran-Yildrim et al.,, 2021;
Thrimawithana et al, 2010]. Additionally, there are pieces of ev-
idence that hydrolysates of carrageenan have a better ability
to stabilize ice cream than native carrageenan. For instance,
in the research by Kaminiska-Dwarznicka et al. [2015] or Kot et al.
[2022], it was noticed that hydrolysates of k- and (-carrageenan
had more favourable effect on ice recrystallization inhibition (IRI)
then k-carrageenan in ice cream and 1-carrageenan in model
solutions of ice cream, respectively.
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This work focused on the influence of -carrageenan and its
hydrolysates on the physical properties, such as stability, particle
size distribution, consistency index and the flow behavior index,
of milkice cream mixes. Knowledge concerning these stabilisers
in such products before freezing is lacking. Moreover, our pre-
vious research, in which the addition of -carrageenan and its
acid and enzymatic hydrolysates allowed achieving desired size
of crystals in a model milk solution, gave rise to the idea of us-
ing such stabilisers in this work [Kot et al., 2022]. This research
might provide a valuable insight into the interactions between
hydrocolloids and milk ice cream mixes.

MATERIALS AND METHODS

=  Materials

Pure -carrageenan powder was obtained from Sigma-Aldrich
(St. Louis, MO USA). B-Galactosidase (1,000 U/mg, from Escherich-
ia coli) and lactase (min. activity 5,200 NLU/g) for 1-carrageenan
hydrolysis were purchased from Sigma-Aldrich and Serowar s.c.
(Szczecin, Poland), respectively. The ingredients used to prepare
the ice cream mixes were acquired from Mlekovita, Wysokie
Mazowieckie, Poland (milk 0.5%, skimmed milk in powder); Orafti
BENEO, Tienen, Belgium (inulin); Diamant, Poznan, Poland (white
sugar); and Fooding Shanghai, Shanghai, China (emulsifier E471,
locust bean gum (LBG), xanthan gum).

®  The preparation of hydrolysates of 1-carrageenan
The hydrolysis of I-carrageenan was carried out according to
the procedure described in our previous paper [Kot et al., 2022].
Briefly, .-carrageenan was dissolved in distilled water heated up to
40°Cto obtaina 04 mg/mL solution.The enzymatic hydrolysis was
carried out using 3-galactosidase for 72 h, at 37°Cand a ratio of en-
zyme to -carrageenan solution of 1:1,000 (v/v) or using lactase for
24 h,at 5°C and enzyme to substrate ratio of 1:250 (v/v). For both
hydrolyses, the reaction was stopped by neutralisation at 48°C
for 5 min. To perform acid hydrolysis of i-carrageenan, the sub-
strate was dissolved in 0.1 M hydrochloric acid solution (pH 3).
The solution was heated at 60°C for 3 h and then neutralised. Al
hydrolysates were stored frozen at —18° and thawed just before
analysis. To characterise the hydrolysates, their molecular weight
was determined by size-exclusion chromatography (SEC) accord-
ing to the procedure described by Kaminska-Dworznicka et al.
[2015] using the Shimadzu high-performance liquid chroma-
tography system consisting of a RID-10A detector, an LC-20 CE
pump, a CTO-20A heater (Shimadzu, Kyoto, Japan) and equipped
with a PolySep-GFC-P Linear column (300 mm x 7.8 mm, Phe-
nomenex, Torrance, CA, USA). The molecular weight of samples
after the hydrolysis by B-galactosidase ranged from 3.20x10° to
3.80x10° Da; that of hydrolysates obtained by commercial lactase
from 3.50x10°to 3.60x10° Da, and that of acid hydrolysates from
1.48x10° to 1.94x10° Da.

5 The preparation of ice cream mixes

The ingredients of the ice cream mixes are presented in Table 1.
The control sample (C) was prepared without stabilisers.
The ice cream mix with the combination of -carrageenan, LBG
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Table 1.The composition (%) of ice cream mixes without stabilisers (control, C), with i-carrageenan (1) and with hydrolysates obtained by acid (A

and commercial lactase (L) treatment of i-carrageenan.

A), B-galactosidase (B)

Milk 0.5 7549
Inulin 10.0 100
Milk powder 7.0 7.0
White sugar 70 7.0
Emulsifier E471 04 04
Locust bean gum - 0.08
Xanthan gum - 0.02
I-Carrageenan = 0.01

Acid hydrolysate of i-carrageenan -

I-Carrageenan hydrolysate obtained by
B-galactosidase treatment

I-Carrageenan hydrolysate obtained by
lactase treatment

and xanthan gum was coded as I. In turn, samples A, B and L
instead of I-carrageenan contained its acid hydrolysate or hydro-
lysates obtained using B-galactosidase and commercial lactase,
respectively. All components were mixed using a Bosch Maxo
-Mixx 750W blender (Bosch, Gerlingen, Germany). The next step
involved pasteurization conducted in a Vorwerk thermomixer
(Vorwerk, Wuppertal, Germany), at 85°C within 1.5 min. After this
process, the mixtures were cooled to 25°C. Finally, the obtained
ice cream mixes were matured for 24 h at 4°C in a refrigerator
(Whirlpool, Warszawa, Poland). Two liters of ice cream mix were
prepared for each experimental variant in duplicate.

m  Stability analysis of ice cream mixes

The analysis of the stability of ice cream mixes was performed
using a Turbiscan Lab Expert device (Formulation SA, Toulouse,
France). The Turbisoft 2.0.0.33 software was used to evidence
the date of backscattering (BS) and calculate the Turbiscan sta-
bility index (TSI). The ice cream mixes were analysed before
and after maturation in three replications.

®  The analysis of particle size distribution of ice cream
mixes

The particle size distribution of the ice cream mixes before and af-
ter maturation was measured by laser diffraction using a Cilas
1190 analyser (Cilas, Orléans, France). Few drops of emulsion
of milk ice cream mixes were suspended in water at an obscura-
tion of 10%. The results were presented as the median diameter
(Ds) and as diagrams of particle size distribution. Analyses of all
samples were performed in three replications.

= The rheological analysis of ice cream mixes
The rheological properties of the milk ice cream mixes were
examined using the Haake Mars 40 rheometer (Thermo Scientific
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Inc, Karlsruhe, Germany) in a rotational mode within a shear rate
of 0-100 5" ata constant temperature of 25°C. The analyses were
performed in triplicate. The apparent viscosity (Napp) CUrve as
afunction of shear rate (y) in the semi-logarithmic scale (the flow
curves) was plotted by the RheoWin v.4.86. Job Manager (Thermo
Scientific). Based on the obtained results, only Ostwald de Waele
model (1) was used to describe the flow curves and to determine
the flow behaviour index.
Napp = Ky"™! )
where: Kis the consistency index (Paxs"), y is the shear rate (s),
and nis the flow behavior index (dimensionless).

The adequacy of fitted model was estimated using regres-
sion analysis which delivered the correlation coefficient (R).

H  Characterization of the ice cream mix emulsion using
confocal laser scanning microscopy (CLSM)

The microstructure of the emulsion of the ice cream mix (before
and after the maturation step) was analysed using a confocal laser
scanning microscope FLUOVIEW FV300 (Olympus, Tokyo, Japan),
according to the method described by Ahn et al. [2022]. The fluo-
rescence dye — Nile red —was used to label lipids in the samples. An
aliquot of 200 uL of the emulsion for all ice cream mixes and 3 pl
of the Nile red solution (1 pg/mL) were mixed. Then, the samples
were stained on glass slides, covered with a coverslip and observed
at excitation and emission wavelengths of 630 and 660 nm, re-
spectively. From every sample of ice cream mix, 6 photos were
made and only representative ones were chosen for to results.

= Statistical analysis
The results were expressed as a mean with standard deviations.
The analysis of variance (ANOVA) was performed for the TSI,
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the Dso and data from rheological properties. The analysis was A
performed using STATISTICA 13.3 software (Statsoft Polska,
Krakow, Poland) with test significance at a=0.05. The differences 351 Coalescence/Flocculation

between homogenous groups were assessed using the Tukey's

honestly significant difference (HSD) test. 301
RESULTS AND DISCUSSION 2”1
®  The stability of ice cream mixes g
The stability of milk ice cream mixes was scrutinised with the tur- 7
bidimetric method, and respective results are presented as the TSI 5]
in Table 2 and as backscattering profile in Figure 1 (for control

mix and mix with acid hydrolysate of i-carrageenan) and in Fig- 0]

ures S1-S3 in Supplementary Materials (for other ice cream
mixes). The addition of stabilisers (i-carrageenan and its hydro- 5]
lysates) contributed to changes in the stability of milk ice cream
mixes. The TSI ranged from 1.9 to 2.8. The lowest (p<0.05) value

T T T T T 1
0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38

was noted for the sample with the addition of acid hydrolysate Height of vial (mm)

of -carrageenan (A). Moreover, it was noticed that there was no B

significant difference (p>0.05) in the TSI of ice cream mixes with 40

enzymatic hydrolysates of i-carrageenan (B, after 3-galactosidase

treatment and L, after lactase treatment) and control sample 357 Coalescence/Flocculation

without stabilisers (C). Nonetheless, the most striking observation 20 ‘ ‘
was that the addition of i-carrageenan contributed to the high- sedimentation
est TSI value, which indicates slightly worse stability of the mix g 5]

with -carrageenan compared to the other samples. Based on 4

TSI, it may be stated that only the addition of acid hydrolysate 20+

of 1-carrageenan (A) contributed to significant improvement

in the stability of ice cream mixes compared to the control sam- 57

ple. In research by Seo & Oh [2022], the TSI of ice cream mixes 101

stabilized by the k-carrageenan/milk protein isolate or Maillard

conjugate derived from the reaction of the k-carrageenan/milk 5]

protein isolate during 120 h of storage was less than 1.8. RAL AR A A ,
0 2 4 6 8 1012141618 20 22 24 26 28 30 32 34 36 38

The backscattering profiles (Figure 1, Figures S1-53)
showed that during maturation time, two phenomena occurred
in the milk ice cream mixes. Firstly, it was noticed that the same Figure 1. Backscattering (BS) profile of ice cream mixes without stabilisers

type of destabilization, such as coalescence/flocculation, oc- (control sample) (A) and stabilised by the combination of acid hydrolysate
! ! of 1-carrageenan, locust bean gum and xanthan gum (B) before and after

curred in the control sample (C) and in the sample with the ad- maturation. The dark green line presents measurement before maturation
dition of i-carrageenan (I) and that the intensity of backscattering and the light green line presents measurement after maturation.

Height of vial (mm)

Table 2. The results of physical properties analysis of milk ice cream mixes with stabilisers before and after maturation.

22+02° 17.56+0.31¢ 0.009+0.001¢ 0.900+0.001° 09 23.24+2.40° 0.012+0.012° 0.838+0.007° 0.99
I 2.8+0.1° 40.60+2.97% 0.061+0.005° 0.738+0.022¢ 0.99 3557+2.63° 0.059+0058%®  0.761+0.011® 099
A 1.9+0.1¢ 45502378 0.059+0.005%  0.765+0.018°  0.99 46.73+0.19° 0.058+0057%®  0.771£0.031%® 099
B 22+0.1° 37.05+2.34° 0.048+0.001¢ 0.798+0.005° 0.99 34.73+0.90° 0.050+0.049° 0.803+0.016* 099
L 2240.1° 41.08+1.79% 0.083+0.006° 0.727+0.014¢ 0.99 35.16+1.23° 0.104+0.103° 0.702+0.083° 0.99

Values are presented as mean + standard deviations. Different superscript letters in column represent significant differences in the means (p<0.05). C, control ice cream mix (without stabilisers);
|, ice cream mix with 1-carrageenan, locust bean gum (LBG) and xanthan gum; A, Band L, ice cream mixes with hydrolysates obtained by acid, 3-galactosidase and commercial lactase treatment
of I-carrageenan, respectively, LBG and xanthan gum; TSI, Turbiscan stability index, Dso, median diameter, K consistency index (Paxs"), n, flow behaviour index; R, correlation coefficient.
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was changing across the whole height of the vial. Additionally,
observations of CLSM images of these samples before and after
maturation ( ) confirmed destabilisation of fat in mixes,
as indicated by agglomerates visible in images la, Ib (the sam-
ple with the -carrageenan) and Ca, Cb (the control sample).
Furthermore, except for coalescence/flocculation, also sedimen-
tation occurred in the milk ice cream mixes with the addition
of acid hydrolysates of 1-carrageenan ( ); as evidenced
by significant changes in the intensity of backscattering on
the top and bottom and also slightly in the middle of the vial.
These processes of destabilisation may take place simultaneously
(droplets coalescing during sedimentation) or one by one (for
instance, firstly small droplets grow by coalescence before sed-
imenting). The separation in ice cream mix with (-carrageenan
hydrolysate (3-galactosidase treatment) before maturation was
captured in image Ba ( ). The order of this process may
depend on the droplet diameter, dispersed phase concentration
or viscosity [Frising et al,, 2008]. What should be highlighted here
is the fact that after the maturation, the median diameter (Ds)
for samples with the addition of -carrageenan or enzymatic
hydrolysates decreased ( ). Itis common knowledge that
coalescence or flocculation occurs when the particle size in-
creases not decreases [Goff et al, 1989]. However, as mentioned
above, the agglomerates of fat of ice cream mixes were visible
in CLSM images ( ).Inthe research by Chengetal.[2015],
flocculation occurred despite a decrease in the average particle
size after the maturation of ice cream mixes with different poly-
saccharide contents. In our research, despite the content of sta-
bilisers and emulsifiers contributing to a decrease in particle size,
the change was not significant enough to inhibit the mentioned

type of destabilisation.

10pm magnification: 120x 10m [ magnification: 120x

[t was proven that a certain amount of fat destabilisation
is covetable in frozen products, such as ice cream [Berger &
White, 1971; Goff et al.,, 1989; Koxhlot et al,, 2001, Liu et al., 2022].
As a result of a combination of sheer forces and ice crystal-
lisation during the freezing process, fat globules are mechani-
cally damaged and agglomeration or coalescence takes place.
Consequently, such desirable destabilisation contributes to dry
appearance, slow meltdown, good shape retention and finally
a firmer texture. Albeit, the excessive coalescence of fat may be
associated with poor whipping properties or a buttery texture.
Furthermore, it is known that the ice cream mix is not only an
example of dairy emulsion but also a foamed dairy emulsion
[Stanley et al,, 1996]. It means that the stability of such products
is connected with the presence of air bubbles. In such cases,
preventing air bubbles to grow in size or adjacent to coalescing
should be considered in the whole conception of the stability
of ice cream mixes. Additionally, Liu et al. [2022], proved that
the higher the amount of fat aggregates in the serum phase,
the greater the possibility of a 3D destabilization network forma-
tion inice cream. In our research, destabilisation occurred in ice
cream mixes; thus, it may be concluded that fat destabilisation
at this step of production could produce conditions for the for-
mation of more favourable and uniform ice crystal structures
while freezing. Finally, in the present study, the ice cream mixes
remained stables despite TSI value.

The particle sizes of ice cream mixes
The median diameter (Dso) of particles of milk ice cream
mixes before and after maturation was presented in ,
and the particle size distribution in . Before matu-

ration, the Dso ranged from 17.56 to 45.50 um. The lowest

(Lo ]

10um [ magnification: 120x 10 ym | magnification: 120x

Confocal laser scanning microscopy images of ice cream mixes before (a) and after (b) maturation. C, control ice cream mix (without stabilizers);
|, ice cream mix with 1-carrageenan, locust bean gum (LBG) and xanthan gum; A, B and L, ice cream mixes with hydrolysates obtained by acid, -galactosidase
and commercial lactase treatment of 1-carrageenan, respectively, LBG and xanthan gum.
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(p<0.05) value of this parameter was noted for the control
sample without stabilisers (C), whereas the highest one - for
the ice cream mix with the addition of acid hydrolysate of -car-
rageenan (A); however, the values determined for the mixes
with 1-carrageenan and with its hydrolysate obtained using
lactase did not differ significantly (p>0.05) from that of sam-
ple A. Overall, before the maturation, the addition of stabilisers
contributed to the increase in the median diameter of ice cream
mix particles. After maturation, the Dsy ranged from 23.24 to
46.73 um. The tendency of the variation of this parameter
was the same as before maturation. In the control sample (C),
the median diameter was at 23.34 um and in the sample with
the addition of acid hydrolysate of i-carrageenan (A) it reached
almost 47 um. Nonetheless, some changes occurred com-
pared to the values before maturation. The decrease in the size
of particles was observed in the ice cream mixes with the ad-
dition of enzymatic hydrolysates of -carrageenan (B and L)
and in the sample with -carrageenan (I). On the other hand,
a slight increase of Dsy was noticed in the mix with the acid
hydrolysates of 1-carrageenan (A) and the control sample (C).
As a result of maturation, the greatest reduction of median
diameter (by almost 6 um) was observed for the sample with
the 1-carrageenan hydrolysate obtained using lactase (Table 2).
Such changes are desirable to obtain the expected quality
of the final product, especially in the context of the formation
of ice crystals. In our previous study, vegan ice cream mixes
with the same stabilisers were analysed [Kot et al,, 2021]. Similar
results were noticed, i.e., the Ds; of ice cream mixes decreased
as a result of maturation, and only in the control sample was an
increase observed. On the other hand, the size of the particles
was smaller than in the present paper; the range of median
diameter after maturation was from 17.23 to 28.50 um. Overall,
the reason for the large size of particles in ice cream mixes may
be the addition of an emulsifier to the recipe. Based on the re-
search by Liu et al. [2022], the fat aggregate size and also the fat
aggregate percentage increased with the increased amount
of the added emulsifier, such as Tweet 80, P4780 and whey pro-
teinisolate, to ice cream mixes. In the sample with the addition
of 0.25% of emulsifier, the size of fat aggregates was from 1.6 to
66.3 um. Bolliger et al. [2000] also discussed using emulsifiers
in ice cream mixes and reported that the increasing amount
of emulsifier contributed to the increased fat globule size or
aggregate size of fat globules. Furthermore, in the samples
without emulsifiers, no stable agglomerates were formed, while
the only stable agglomerates were present in ice cream mixes
with the addition of this ingredient. Alternatively, Alvarez et al.
[2005] showed that maturation did not affect the size distribu-
tion of fat globules. The authors attributed it to a result of no
noticeable destabilisation of emulsions during maturation due
to the fact that the changes in the structure of emulsion, such
as rearrangement of fat globule membranes, contributed to
the lesser stability during maturation.

It is known that the changes in the structure of ice cream
mixes, such as the arrangement of fat droplets, affect their
texture as well as the melting stability of the final product
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Figure 3. Particle size distribution of ice cream mixes before (A) and after (B)
maturation. C, control ice cream mix (without stabilizers); |, ice cream mix with
I-carrageenan, locust bean gum (LBG) and xanthan gum; A, Band L, ice cream
mixes with hydrolysates obtained by acid, 3-galactosidase and commercial
lactase treatment of -carrageenan, respectively, LBG and xanthan gum.

[Mendez-Velasco & Goff, 2012]. The uniform distribution of drop-
lets may be the reason for kinetic instabilities such as cream-
ing or sedimentation [Pal, 2019]. Therefore, the particle size
distribution of ice cream mixes was analysed and the results
are shown in Figure 2. Considering particle size distribution
of the samples before maturation, four peaks were observed
for the control sample (with particle size ranges of 0-2, 7-30,
50-80 and 100-120 um), and the ice cream mix with the ad-
dition of hydrolysates obtained using acid and lactase (8-10,
20-40, 60-70, and 80-90 um). While for the ice cream mixes
with the addition of -carrageenan and (-carrageenan after
-galactosidase treatment, three peaks were noted (particle
size ranges for | sample: 2-5, 15-30 and 90-110 um and for
L sample: 2-5,7-15and 80-110 um. Moreover, the range and lo-
cation of peaks were similar for samples C, 1,and B. The samples
Aand L, with the hydrolysates obtained using acid and lactase,
respectively, had also similarities in particle size distribution.
After maturation, four peaks in particle size distribution were
noticed only for the control sample, whereas three-peaks were
detected for the other samples (Figure 2). Among the samples
with stabilisers, the significant differences in particle size dis-
tribution were only visible for the samples with the addition
of -carrageenan after acid treatment (A) and after lactase treat-
ment (L). In both mixes, particles in the size ranges 10-40, 50-70
and 80-90 pm were dominant. The frequency of particles with
diameter less than 5 um was low. The more frequent particles
between 10 to 100 um could represent fat agglomerates or
fat coalescence. The same observation was made for molten
ice creams; single fat droplets with a size of 1-1.5 um and fat
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clusters with a diameter of around 10 um were determined
[Liuetal, 2022]. Mendez-Velasco & Goff [2012] provided a deep
analysis of the influence of the fat structure and properties
of ice cream. Unsaturated monoglycerides (from sunflower oil)
and saturated monoglycerides (from palm kernel oil) added to
ice cream were tested. Based on particle size distribution, it was
concluded that ice cream with unsaturated lipids formed larger
fat networks with the higher number of droplets as stable par-
ticles, while ice cream with saturated lipids destabilized readily
with smaller aggregates. The particles with diameters of 0.01-1
and around 100 pm dominated in ice cream with unsaturated
lipids, while distribution of particle size was more homogenous
in the ice cream with saturated lipids. In our study, the mix
of saturated and unsaturated acids (mono- and diglycerides
of fatty acids) was used as an emulsifier, which may explain
such a wide range of particle sizes in all samples.

®  Therheological properties of ice cream mixes

The flow behavior and mouthfeel of ice cream are referred to
as rheological properties. The rheological behaviour of milk ice
cream mixes was described using the Ostwald de Waele model.
The accuracy of this model fitting was high, as indicated by
high correlation coefficients (Table 2). The rheological parame-
ters of ice cream mixes before and after maturation are shown
in Table 2. Data obtained for the samples before maturation
shows that consistency index (K) ranged from 0.009 to 0.083.
The addition of stabilisers contributed to anincrease inits values
owing to the fact that the lowest value was noted for the control
sample. Considering the type of stabilizer used, the highest K
was determined for the ice cream mix with the addition of i-car-
rageenan after lactase treatment (L). In the case of the flow
behaviour index of the samples before maturation, the lowest
value was determined for L (0.727), but the values achieved for ice
cream mix with -carrageenan and its acid hydrolysate were sim-
ilarand did not differ significantly (p>0.05) from that determined
for L sample.The highest (p<0.05) n was determined for the con-
trol sample (0.900), which allows concluding that higher K was
obtained from the lower flow behaviour index. In the research by
Atalar et al. [2021], flow curves plotted for the hazelnut vegan ice
cream mixes were described using the Ostwald de Waele model,
and the values of their flow behaviour index ranged from 0.61
to 0.76. Similar n values (0.65-0.73) were computed for vanilla
ice creams with various contents of milk protein concentrate
[Mostafavi et al., 2017].

After maturation, the same trend in the variation of K
and n between samples as before maturation was observed.
The highest K value (0.104) was determined for the ice cream
mix with the addition of I-carrageenan after lactase treatment
and the lowest one (0.012) for the control sample. In the case
of the flow behaviour index, the lowest value (0.702) was noted
for the L sample and the highest one (0.838) for the control
sample. Soukoulis et al. [2008] showed that the consistency
index of the ice cream mixes with the addition of different
hydrocolloids and k-carrageenan ranged from 0.498 to 1.951,
which was due to the distinctive ability of k-carrageenan to
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form a gel with other hydrocolloids. Thus, the combination
of carrageenan with guar gum or carboxymethyl-cellulose
should be more favourable than the combination with xan-
than gum or sodium alginate, which usually forms weak gel
networks. Referring to the views of Alvarez et al. [2005], after
maturation, an increase in viscosity was observed in milk ice
cream mixes. Such a change was understandable due to the hy-
dration of protein and stabilisers during maturation, which
results in a change in viscosity.

According to the presented results for allice cream mixes (be-
fore and after maturation), the n values were less than 1 (Table 2).
It means that the ice cream mixes showed non-Newtonian
shear-thinning (pseudoplastic) behaviour [Rao, 2007]. Previous
research reported that ice cream mixes exhibited pseudoplastic
behaviour due to the aggregated fat globules and polysaccha-
ride stabilisers [Akbari et al,, 2019]. Consequently, the viscosity
decreased with an increasing shear rate.

After maturation, only the samples with the addition of en-
zymatic hydrolysates of -carrageenan (B and L) tended to in-
crease their consistency index (Table 2). It may suggest the same
mechanism of rheological behaviour in both ice cream mixes.
Our previous study [Kot et al., 2022] proved that the mentioned
enzymatic hydrolysates of 1-carrageenan were more flexible
in comparison to I-carrageenan or acid hydrolysate of 1-carra-
geenan in model solutions of ice cream. It may be the reason
why the consistency of samples B and L was improved.

= Microscopic analysis

The microscopic observation of emulsion may provide pivotal
clues to understanding the relationship between microstruc-
ture and the stability of the emulsion [Ahn et al, 2022]. The im-
ages from the CLSM analysis of the milk ice cream mix before
and after maturation are presented in Figure 2. To observe
the changes in the stability of samples, Nile red was used to
stain the fat droplets. In all samples both before and after mat-
uration, single particles of fat were visible with a size of around
5 um. This is in agreement with the particle size distribution;
the first peak was observed for the particles <10 um (Figure 3)
but larger fat agglomerates were visible in microscopic imag-
es as well (Figure 3). Their presence in ice cream mixes was
also proven by previous analyses of the TSI and Dsy. The sizes
of agglomerates were around 10 um or more. Such molecules
were visible in the control sample and ice cream mix with
the addition of -carrageenan before maturation (Figure 3 Ca
and la, respectively). Additionally, fat droplet deformation was
observed in the image of the control sample before maturation.
This confirmed flocculation, which was suggested above based
on the backscattering profile. Moreover, as can be seen from
image Ba, phase separation in the sample with 1-carrageenan
after B-galactosidase treatment (before maturation) occurred,
which also confirmed the destabilisation of this milkice cream
mix. Frising et al. [2008] noticed in the picture of sedimentation
of water-in-oil emulsion that droplets which were not evenly
distributed tended to gather in more or fewer agglomerates.
It means that flocculation may occur in this place later. In
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our study, such phenomena could also be observed during
maturation (Figure 2). Melted ice cream was also observed
by confocal scanning laser microscopy after dynamic freezing
[Voronin et al,, 2020]. Based on the results, the control sample
and the sample with the addition of polysorbate 80 (C-P80)
were characterized by destabilized fat globules and partial
coalescence, especially in the sample with the addition of an
emulsifier. The same method was used to observe the pro-
tein and fat globules in ice cream mixes with polysaccharides
[Cheng et al, 2015]. According to the results, flocculation was
visible in the examined samples. In our research, the same or
similar behaviour of fat destabilisation was observed.

CONCLUSION

The presented study showed that I-carrageenan and its hydro-
lysates had a strong influence on the physical properties of milk
ice cream mixes. They affected the stability of the emulsion
during maturation. The hydrolysates of i-carrageenan improved
the stability of mixes contrary to 1-carrageenan as indicated
by TSI. On the other hand, the addition of -carrageenan to
the mixes affected two different types of destabilisation: coales-
cence and flocculation, while in the samples with hydrolysates
of -carrageenan additionally, sedimentation was noted. Before
and after maturation, aggregates of fats occurred and parti-
cles of distinctive sizes were observed in the ice cream mixes.
The used stabilisers contributed to increasing the sizes of par-
ticles while maturation decreased it. The addition of the enzy-
matic hydrolysate of -carrageenan after commercial lactase
treatment beneficially influenced the rheological properties
of the ice cream mix.

[t may be concluded that i-carrageenan and its hydrolysates
could serve as effective stabilisers in milk ice cream. However,
further investigations are needed to explain the mechanism
of their action as stabilisers and the behavior of fat in the pre-
sented recipe during maturation. The study ultimately proved
that the type of stabilisers, in this case, -carrageenan and its hy-
drolysates, contributed to the destabilisation of ice cream mixes
during maturation. Such a conclusion may be useful in planning
the ice cream production process or predicting the formation
of ice crystal structure.

SUPPLEMENTARY MATERIALS

These are available at http://journal.pan.olsztyn.pl/Effect-of-
lota-Carrageenan-and-Its-Hydrolysates-on-the-Stability-of-
Milk-lce-Cream,166382,0,2.html. Figure S1. Backscattering
(BS) profile of ice cream mixes stabilised by the combination
of 1-carrageenan, locust bean gum and xanthan gum before
and after maturation. Figure S2. Backscattering (BS) profile of ice
cream mixes stabilised by the combination of 1-carrageen-
an hydrolysate obtained using -galactosidase, locust bean
gum and xanthan gum before and after maturation. Figure S3.
Backscattering (BS) profile of ice cream mixes stabilised by
the combination of -carrageenan hydrolysate obtained using
commercial lactase, locust bean gum and xanthan gum before
and after maturation.
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not been, nor is being, considered for publication elsewhere. All papers should be submitted and will be processed electronically
via Editorial Manager system (available from PJFNS web site: http://journal.pan.olsztyn.pl). On submission, a corresponding author
will be asked to provide: Cover letter; Files with Manuscripts, Tables, Figures/Photos; and Names of two potential reviewers (one from
the author’s homeland — but outside author’s Institution, and the other from abroad). All papers which have been qualified as relevant
with the scope of our Journal are reviewed. All contributions, except the invited reviews are charged. Proofs will be sent to the cor-
responding author and should be returned within one week since receipt. No new material may be inserted in the text at proof stage.
It is the author’s duty to proofread proofs for errors.

Authors should very carefully consider the preparation of papers to ensure that they communicate efficiently, because it permits
the reader to gain the greatest return for the time invested in reading. Thus, we are more likely to accept those that are carefully de-
signed and conform the instruction. Otherwise, papers will be rejected and removed from the online submission system.

SCOPE. The Polish Journal of Food and Nutrition Sciences publishes original, basic and applied papers, and reviews on fundamental
and applied food research, preferably these based on a research hypothesis, in the following Sections:

Food Technology:
- Innovative technology of food development including biotechnological and microbiological aspects
- Effects of processing on food composition and nutritional value

Food Chemistry:

- Bioactive constituents of foods

- Chemistry relating to major and minor components of food
- Analytical methods

Food Quality and Functionality:

- Sensory methodologies

- Functional properties of food

- Food physics

- Quality, storage and safety of food

Nutritional Research:
- Nutritional studies relating to major and minor components of food (excluding works related to questionnaire surveys)

“News" section:
- Announcements of congresses
- Miscellanea

OUT OF THE SCOPE OF THE JOURNAL ARE:
Works which do not have a substantial impact on food and nutrition sciences

- Works which are of only local significance i.e. concern indigenous foods, without wider applicability or exceptional nutritional or
health related properties

- Works which comprise merely data collections, based on the use of routine analytical or bacteriological methods (i.e. standard
methods, determination of mineral content or proximate analysis)

- Works concerning biological activities of foods but not providing the chemical characteristics of compounds responsible for these
properties

- Nutritional questionnaire surveys

- Works related to the characteristics of foods purchased at local markets

- Works related to food law

- Works emphasizing effects of farming / agricultural conditions / weather conditions on the quality of food constituents

- Works which address plants for non-food uses (i.e. plants exhibiting therapeutic and/or medicinal effects)

TYPES OF CONTRIBUTIONS. Reviews: (at least: 30 pages and 70 references) these are critical and conclusive accounts on trends in food
and nutrition sciences; Original papers: (maximally: 30 pages and 40 references) these are reports of substantial research; Reports on
post and forthcoming scientific events, and letters to the Editor (all up to three pages) are also invited (free of charge).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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REVIEW PROCESS. All scientific contributions will be peer-reviewed on the criteria of originality and quality. Submitted manuscripts
will be preevaluated by Editor-in-Chiefand Statistical Editor (except for review articles), and when meeting PJFNS'scope and formal
requirements, they will be sent to a Section Editor who upon positive preevaluation will assign at least two reviewers from Advisory Board
Members, reviewers suggested by the author or other experts in the field. Based on the reviews achieved, Section Editor and Editor-in-
-Chief will make a decision on whether a manuscript will be accepted for publication, sent back to the corresponding author for revision,
or rejected. Once a manuscript is sent back to the corresponding author for revision, all points of the reviews should be answered or
rebuttal should be provided in the Explanation letter. The revised manuscripts will be checked by Section Editor and by the original
reviewers (if necessary), and a final decision will be made on acceptance or rejection by both Section Editor and Editor-in-Chief,

Polish Journal of Food and Nutrition Sciences uses CrossCheck’s iThenticate software to detect instances of similarity in sub-
mitted manuscripts. In publishing only original research, PJFNS is committed to deterring plagiarism, including self-plagiarism.

COPYRIGHT LICENSE AGREEMENT referring to Authorship Responsibility and Acknowledgement, Conflict of Interest and Financial
Disclosure, Copyright Transfer, are required for all authors, i.e. Authorship Responsibility and Acknowledgement: Everyone who has made
substantial intellectual contributions to the study on which the article is based (for example, to the research question, design, analysis,
interpretation, and written description) should be an author. It is dishonest to omit mention of someone who has participated in wri-
ting the manuscript ("ghost authorship”) and unfair to omit investigator who have had important engagement with other aspects
of the work. All contributors who do not meet the criteria for authorship should be listed in an Acknowledgments section. Examples
of those who might be acknowledged include a person who provided purely technical help, writing assistance, or a department
chairperson who provided only general support. Any financial and material support should also be acknowledged. Conflict of Interest
and Financial Disclosure: Authors are responsible for disclosing financial support from the industry or other conflicts of interest that
might bias the interpretation of results. Copyright License Agreement: Authors agree to follow the Creative Commons Attribution-Non-
-Commercial-NoDerivs 4.0 License.

A manuscript will not be published once the signed form has not been submitted to the Editor with the manuscript revised
after positive reviews.

CHANGES TO AUTHORHIP. Authors are expected to consider carefully the list and order of authors before submitting their manuscript
and provide the definitive list of authors at the time of the original submission. Any addition, deletion or rearrangement of author names
in the authorship list should be made only before the manuscript has been accepted and only if approved by the journal Editor. To
request such a change, the Editor must receive the following from the corresponding author: (a) the reason for the change in author
list and (b) written confirmation (e-mail, letter) from all authors that they agree with the addition, removal or rearrangement. In the
case of addition or removal of authors, this includes confirmation from the author being added or removed.

ETHICAL APPROVAL OF STUDIES AND INFORMED CONSENT. For all manuscripts reporting data from studies involving human
participants or animals, formal approval by an appropriate institutional review board or ethics committee is required and should
be described in the Methods section. For those investigators who do not have formal approval from ethics review committees,
the principles outlined in the Declaration of Helsinki should be followed. For investigations of humans, state in the Methods section
the manner in which informed consent was obtained from the study participants (i.e., oral or written). Editors may request that au-
thors provide documentation of the formal review and recommendation from the institutional review board or ethics committee
responsible for oversight of the study.

UNAUTHORIZED USE. Unauthorized use of the PJFNS name, logo, or any content for commercial purposes or to promote commercial
goods and services (in any format, including print, video, audio, and digital) is not permitted by IAR&FR PAS.

MANUSCRIPTS. A manuscript in English must be singlesided, preferably in Times New Roman (12) with 1.5-point spacing, without
numbers of lines. The Editor reserves the right to make literary corrections and to make suggestions to improve brevity. English
is the official language. The English version of the paper will be checked by Language Editor. Unclear and unintelligible version will
be returned for correction.

Every paper should be divided under the following headings in this order: a Title (possibly below 150 spaces); the Name(s) of the
author(s)in full.In paper with more than one author, the asterisk indicates the name of the author to whom correspondence and inqu-
iries should be addressed, otherwise the first author is considered for the corre-spondence. Current full postal address of the indicated
corresponding author or the first author must be given in a footnote on the title page; the Place(s) where the work was done inclu-
ding the institution name, city, country if not Poland. In papers originated from several institu-tions the names of the authors should
be marked with respective superscripts; the Key words (up to 6 words or phrases) for the main topics of the paper; an Abstract (up
to 250 words for regular papers and reviews) summarizing briefly main results of the paper, no literature references; an Introduction
giving essential background by saying why the research isimportant, how it relates to previous works and stating clearly the objectives
at the end; Materials and Methods with sufficient experimental details permitting to repeat or extend the experiments. Literature
references to the methods, sources of material, company names and location (city, country) for specific instruments must be given.
Describe how the data were evaluated, including selection criteria used; Results and Discussion presented together (in one chapter).
Results should be presented concisely and organized to supplement, but not repeat, data in tables and figures. Do not display the data
in both tabular and graphic form. Use narrative form to present the data for which tables or figures are unnecessary. Discussion should
cover the implications and consequences, not merely recapitulating the results, and it must be accomplished with concise Conclusions;
Acknowledgements should be made to persons who do not fill the authorship criteria (see: Authorship forms); Research funding
should include financial and material support; Conflict of Interests: Authors should reveal any conflicts of interest that might bias the
interpretation of results; and References as shown below.
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REFERENCES each must be listed alphabetically at the end of the paper (each should have an Arabic number in the list) in the form
as follows: Periodicals — names and initials of all the authors, year of publication, title of the paper, journal title as in Chemical Abs-
tracts, year of publication, volume, issue, inclusive page numbers, or article id.; Books — names and initials of all the authors, names
of editors, chapter title, year of publication, publishing company, place of publication, inclusive page numbers; Patents — the name
of the application, the title, the country, patent number or application number, the year of publication.

For papers published in language other than English, manuscript title should be provided in English, whereas a note on the original
language and English abstract should be given in parentheses at the end.

The reference list should only include peer-reviewed full-text works that have been published or accepted for publication. Citations
of MSc/PhD theses and works unavailable to international Editors, Reviewers, and Readers should be limited as much as possible.

References in the text must be cited by name and year in square parentheses (e.g.: one author — [Tokarz, 1994]; two authors — [Sto-
nimski & Campbell, 1987]; more than two authors — [Amarowicz et al., 1994]). If more than one paper is published in the same year
by the same author or group of authors use [Tokarz, 19944, b]. Unpublished work must only be cited where necessary and only
in the text by giving the person’s name.

Examples:

Article in a journal:

Stonimski, B.A, Campbell, LD, Batista, E., Howard B. (2008). Gas chromatographic determination of indole glucosinolates. Journal
of Science and Food Agriculture, 40(5), 131-143.

Asher, A, Tintle, N.L., Myers, M., Lockshon, L., Bacareza, H., Harris, W.S. (2021). Blood omega-3 fatty acids and death from COVID-19:
A pilot study. Prostaglandins, Leukotrienes and Essential Fatty Acids, 166, art. no. 102250.

Book:
Weber, W,, Ashton, L., Milton, C. (2012). Antioxidants — Friends or Foes? 2nd editition. PBD Publishing, Birmingham, UK. pp. 218-223.

Chapter in a book:
Uden, C, Gambino, A, Lamar, K. (2016). Gas chromatography. In M. Queresi, W. Bolton (Eds.), CRC Handbook of Chromatography, CRC
Press Inc.,, Boca Raton, Florida, USA, pp. 44-46.

ABBREVIATIONS AND UNITS. Abbreviations should only be used when long or unwieldy names occur frequently, and never in the title;
they should be given at the first mention of the name. Metric SI units should be used. The capital letter L should be used for liters.
Avoid the use of percentages (% g/g,% w/w; Mol%; vol%), ppm, ppb. Instead, the expression such as g/kg, g/L, mg/kg, mg/mL should
be used. A space must be left between a number and a symbol (e.g. 50 mL not 50mL). A small x must be used as multiplication sign
between numeric values (e.g. 5 x 102 g/ml). Statistics and measurements should be given in figures, except when the number be-
gins a sentence. Chemical formulae and solutions must specify the form used. Chemical abbreviations, unless they are internationally
known, Greek symbols and unusual symbols for the first time should be defined by name. Common species names should be followed
by the Latin at the first mention, with contracting it to a single letter or word for subsequent use.

FIGURES should be submitted in separate files. Each must have an Arabic number and a caption. Captions of all Figures should
be provided on a separate page “Figure Captions”. Figures should be comprehensible without reference to the text. Self-explanatory
legend to all figures should be provided under the heading “Legends to figures”; all abbreviations appearing on figures should
be explained in figure footnotes. Three-dimensional graphs should only be used to illustrate real 3D relationships. Start the scale of axes
and bars or columns at zero, do not interrupt them or omit missing data on them. Figures must be cited in Arabic numbers in the text.

TABLES should be submitted in separate files. They should be as few in number and as simple as possible (like figures, they are expen-
sive and space consuming), and include only essential data with appropriate statistical values. Each must have an Arabic number
and a caption. Captions of all Tables should be provided on a separate page “Table Captions” Tables should be self-explanatory; all
abbreviations appearing in tables should be explained in table footnotes. Tables must be cited in Arabic numbers in the text.
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