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Abstract: In recent years, there has been a growing interest in utilizing natural antioxidants as al-
ternatives to synthetic additives in food products. Apples and apple by-products have gained at-
tention as a potential source of natural antioxidants due to their rich phenolic content. This review
aims to provide a comprehensive overview of the antioxidant properties of apples and apple
by-products, their extraction techniques as well as potential applications in food products because
of their antioxidant or nutritional properties. The findings here reported highlights the proper uti-
lization of apples and their by-products in food to reduce the detrimental effect on the environment
and provide a positive impact on the economy.
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1. Introduction

Nowadays, natural antioxidants derived from fruits and vegetables have gained
interest as important food additives and nutraceutical supplements. The number of pub-
lications related to antioxidants and their applications has significantly increased in the
last few years (Arias et al., 2022; Dominguez et al., 2020; Fraga et al., 2019; Lorenzo et al.,
2018; Lyu et al., 2020). The purpose of using antioxidants in a food product is to delay
oxidation reaction by inhibiting the formation of free radicals or by interrupting the
propagation of the free radicals (Dominguez et al., 2019; Halliwell, 1995; Ribeiro et al.,
2019). In general, many plant tissues develop antioxidant compounds under constant
oxidative stress to protect themselves from free radicals, reactive oxygen species and
prooxidants generated both exogenously (heat and light) and endogenously (H202 and
transition metals). These antioxidant species are known as natural antioxidants. Some
common examples of natural antioxidants include flavonoids, phenolic acids, carote-
noids and vitamins (ascorbic acid, beta-carotene, tocopherols). They are efficient in
scavenging free radicals, chelating pro-oxidant metal ions or are acting as reducing
agents (Agati et al.,, 2007; Arias et al., 2022; Ozsoy et al., 2009).

Apples (Malus domestica) are the most consumed fruits as they contain various bi-
oactive compounds, including: pectins, dietary fibers, vitamins, oligosaccharides,
triterpenic acids and phenolic compounds, such as flavonols, dihydrochalcones, antho-
cyanidins, hydroxycinnamic acids and hydroxybenzoic acids. Because of the higher
content of these phenolic compounds (>20 mmol TE/kg), apples are well known for their
high antioxidant properties (Cetkovié et al., 2008; Comert et al., 2020; Kalinowska et al.,
2020; Raudone et al., 2017). According to the Food and Agriculture Organization of the
United Nations, more than 86 million tons of apples were produced globally in 2020
(FAO, 2020). The global production of apples from 2012-2020 is reported in Figure 1A.
Based on these data, Asia stands as the largest producer (64.10 %), followed by Europe
providing 20 % of total global production. America comes in the third rank by contrib-
uting with 11.6 % of apples in the last decade. The main apple producers in Europe are
Poland, France, and Italy with more than 7.6 million tons of apples in 2020 as shown in
Figure 1B.
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Generally, apples are consumed as fresh fruit. In 2019 more than 57 million tons of
apple were consumed globally (Al Daccache et al., 2020). However, fresh apples are de-
teriorating and lost prior to consumption because of their short shelf life and presence of
spoilage pathogens. The use of preservatives, manufacturing and cooking processes in-
cluding pasteurization and addition of some additives can reduce the spoilage of fresh
fruits.

Apples are also widely consumed in the form of processed food products. Typical
examples of processed products from apples include juices, sauces, jams, apple pies, ap-
ple cider vinegar, wine, apple snacks (chips). Among all processed apple products, apple
juice is the most produced product (65%)(Cruz et al., 2018; Lyu et al., 2020).

During the processing of apples, a high amount of by-products is produced. This
by-product is called pomace and is constituted by a mixture of peel, core, seed, calyx,
stem and soft tissue. It is mainly considered as a waste with processing companies facing
problems discarding them in a sustainable way. Most of the time, apple pomace is used
as fertilizer, for animal fodder or as a substrate for aerobic fermentation (Dugmore et al.,
2017; Mirzaei-Aghsaghali & Mabheri-Sis, 2008). However, the disposal of apple
by-products as waste causes huge losses (Parfitt et al., 2010). Several studies have shown
that apple by-products possess high biological activities due to the high content of phe-
nolic compounds, vitamins, and carotenoids (de la Rosa et al., 2019). Therefore, apples
and apple by-products are potential sources to extract natural antioxidants to be used in
food, cosmetic and nutraceutical industries.

In this review, the antioxidant properties of apples and apple by-products are ex-
plained focusing on their phenolic content, extraction techniques, and potential applica-
tions in the food industry.
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Russia 2.04
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Figure 1. The worldwide production of apples from 2012-2020 (a) and top 11 producers of apples in
2020 (b) according to data provided by the Food and Agriculture Organization of United Nation.

2. Antioxidant compounds present in apple and apple by-products

Apples have gained special attention due to their chemical composition, especially
for their antioxidant characteristics. Among four groups (vitamins, carotenoids, poly-
phenols and minerals) of non-enzymatic natural antioxidants, vitamins and phenolic
compounds are the main constituents responsible for the antioxidant's properties of ap-
ples (Daccha et al.2020; Skinner et al. 2023; Arias et al. 2022). In the following paragraph,
the main group (with their subgroups) of antioxidant compounds are described.

2.1 . Vitamins

Apples are a rich source of vitamins, especially vitamin C and E. Based on vitamin C
content, apples are placed as the second highest ranked fruit after cranberries (Skinner et
al. 2023). The concentration of vitamin C ranges from 2 to 35 mg/100 g based on the apple
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variety and it is found in two forms in apples such as ascorbic acid, and its oxidized form,
dehydroascorbic acid (Daccha et al.2020; Campeanu et al. 2009). It has been reported that
vitamin C has antioxidant properties with free radical-scavenging activity of EC50 = 0.35
(here EC50 is the concentration required to obtain a 50% antioxidant effect). On the other
hand, vitamin E is mainly present in the apple seeds. As a result, apple pomace is a rich
source of vitamin E, and it has been found that the concentration of vitamin E in apple
pomace is 5.5 mg /100 g with a free radical-scavenging activity of EC50 = 0.30. Other
vitamins found in apples are vitamin B12 and vitamin D, but they are present in trace
amounts (Skinner et al. 2023).

2.2. Phenolic compounds

Phenolic compounds are one of the largest classes of plant secondary metabolites
with biological functions in humans. They contain one or more aromatic rings in their
molecular structures with one or more hydroxyl groups, which are responsible for ex-
hibiting biological functions. To date, more than 60 phenolic compounds have been
found in apples (da Silva et al., 2021; Kalinowska et al., 2020), which are mainly consti-
tuted by phenolic acids and flavonoids (Figure 2). The mostly reported phenolic acids

2.2.1. Phenolic acids

Phenolic acids are the major components belonging to non-flavonoids group of
phenolic compounds. They are aromatic acids with a phenolic ring and an organic car-
boxylic acid (C6—C1 skeleton). They are also known as phenol carboxylic acids. Accord-
ing to their classification, they are mainly two types: hydroxybenzoic acids (C6-C1) and
hydroxycinnamic acids (C6-C3) (Trigo et al., 2020).

Hydroxybenzoic acids are the derivatives of benzoic acid, found in fruits mostly in
the conjugated form (esters or glycosides) but can also be present in the free form. Gen-
erally, they are bound to components of cell walls (such as cellulose or lignin or even
forming protein complexes) that can be connected to sugars or organic acids (Barros et
al., 2009). Examples of hydroxybenzoic acids present in apples include gallic acid, pro-
tocatechuic acid, vanillic acid, syringic acid (Bondonno et al., 2017; da Silva et al., 2021;
Kalinowska et al., 2020; Kschonsek et al., 2018). On the other hand, hydroxycinnamic
acids are rarely available in free form and are mainly present in conjugated forms (gly-
cosylated or esters). The most reported hydroxycinnamic acids found in apples are quinic
and caffeic acid, and estimated range was 4 to 18% of total phenolic compounds based on
apple varieties. Furthermore, 5-caffeoylquinic or chlorogenic acid, p-coumaroylquinic,
and p-coumaric are also present in apple. They are mostly abundant in apple peel in
comparison to apple flesh (Barros et al., 2009; Kschonsek et al., 2018; Nkuimi Wandjou et
al., 2020).

2.2.2 . Flavonoids

Apples are enriched with flavonoids. Among eight subclasses of flavonoid apples
contain mainly four subclasses such as flavonols (71-90%), flavanols-3-ols (1-11%), an-
thocyanins (1-3%), chalcones/dihydrochalcones (2-6%) The most abundant flavonols
found in apples are quercetin glycosides, (with quercetin 3-glycoside) whereas Catechins,
epicatechins, and procyanidin B2 are the major compounds belonging to flavan-3-ols
(they are mainly present in apples peel and pulp) (Bondonno et al., 2017; Hyson, 2011).
The third subgroup “‘anthocyanins™ include cyanidin 3-galactoside which is the most
abundant in red apples peel as it is responsible for the red color. Examples of phenolic
compounds belonging to dihydrochalcone are phloridzin and phloretin. These com-
pounds are more abundant in apple seeds and apple pomace and mainly found in con-
jugated forms (linked to the fruit sugar content, such as glucose and xyloglucan) (da Silva
et al., 2020; Jakobek & Barron, 2016).
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Figure 2. Apple and apple by-products phenolic compounds.

3. Extraction of phenolic compounds from apple and apple by-products

The yield of total phenolic content and antioxidant properties of phenolic com-
pounds from apple and apple by-products is greatly influenced by the extraction tech-
niques and conditions (Casazza et al., 2020; Gdrnas et al., 2015). The main purpose of ex-
traction is to recover all compounds present in apple, without any chemical modifica-
tions (Bekele et al., 2014). Several studies have been published demonstrating different
extraction techniques and conditions to recover phenolic compounds from apple, and
apple by-products. In general, the extraction of phenolic compounds for apple can be
achieved by using conventional or innovative extraction techniques (Lépez-fernandez et
al., 2020; Perussello et al., 2017).

3.1. Conventional extraction

The widely reported conventional methods for the extraction of phenolic com-
pounds from apples are maceration, Soxhlet extraction, and hydro-distillation. Conven-
tional Soxhlet extraction is mainly used for the recovery of volatile compounds from ap-
ples specially aroma compounds (as the recovered extracts provide the aroma closest to
the fresh fruit) whereas, vacuum hydro-distillation is used to extract volatile and polar
components from plant matrices (Mehinagic et al., 2003; Rabetafika et al., 2014). Indeed,
Soxhlet extraction is found to be effective to extract phenolic compounds such as
phlorizin, epicatechin, quercetin, and phloretin from apple pomace with a yield of (TPC)
4.13 mg/g (Ferrentino et al., 2018). The right choice of the solvent is a crucial factor for
these extraction methods. Extraction solvent should be selected based on polarity of
phenolic compounds. For phenolic compounds, ethanol, acetone, methanol or acidified
methanol, water or combination of water with methanol/ethanol were the most recom-
mended solvents as mentioned by several authors. Water is a suitable solvent to extract
phenolic compounds from apple pomace like hydroxycinnamic acids and flavonoids
(dihydrochalcones, flavanols) (Herndndez-Carranza et al., 2016). However, it is not the
right choice for some phenolic compounds like quercetin glycosides (Reis et al., 2012). On
the other hand, only pure organic solvents are not sufficient to extract polar phenolic
compounds. For this purpose, it is important to use more polar solvents in a combination.
For example, methanol is an appropriate solvent to extract chlorogenic acid and phlorizin
and the optimized conditions for extraction using methanol were 84.5% methanol for 15
min at 28 °C. However, acetone (65%) shows high selectivity for the recovery of most
polyphenols with high antioxidant properties by performing a maceration for 20 min at
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10 °C (Alberti et al., 2014). Sometimes, multiple-step extraction is required to extract 100%
of phenolic compounds. In multi-step extraction different types of solvents are used.
According to Reis et al. (2012), three steps extraction was able to recover the total phe-
nolic content from apple pomace. The first solvent was water which yielded 67% and the
2nd and 3rd steps were performed using methanol and acetone to obtain a yield of 17%
and 16 %, respectively (Reis et al., 2012).

Fromm et al. (2013) used a magnetic stirrer to optimize the extraction based on time
and temperature from apple seeds. For this purpose, the authors conducted the experi-
ments at different temperatures (042 ° C) and extraction time (60-1440 min) using
aqueous acetone (60-70% v/v) and reported the optimum value was at 25 °C for 60 min.
Moreover, other authors have also demonstrated that the optimum temperature was 60 °
C to extract phenolic compounds from apple pomace but reduced extraction time was
observed (from 60 min to 30 min) while using aqueous methanol (80%, v/v) and ethanol
(50%, v/v) (da Silva et al., 2020; Fromm et al., 2013).

However, the major drawbacks of conventional extraction techniques are the lack of
the temperature control, exposure to light, longer extraction time and the large quantity
of organic solvents required, which may reduce the extraction yields, and the extract
concentration of target compounds. These drawbacks lead to seek innovative techniques
that are closer to the concept of “green” technologies (Azmir et al., 2013; Putnik et al,,
2018). In fact, these alternative technologies are aimed at providing safe compounds by
minimizing or eliminating the drawbacks of the conventional techniques (Soquetta et al.,
2018).

3.2. Innovative extraction

The most innovative techniques are ultrasound assisted extraction (UAE), micro-
wave-assisted extraction (MAE), supercritical fluid extraction (SFE), pressurized liquid
extraction, pulsed electric fields (PEF) (Alirezalu et al., 2020). Phenolic compounds of
apple can easily be extracted by microwave-assisted extraction (MAE). In MAE micro-
wave energy is used to heat solvents in contact with a sample to allow the analytes par-
titioning from the sample matrix into the solvent. In general, ethanol is used as a solvent
in this method with specific ratio that is 22.9:1 (solvent: raw material). MAE showed
higher efficiency at a shorter time for the extraction of phenolic compounds from apple
pomace in comparison to conventional methods (Soxhlet and maceration) (Bai et al.,
2010).

Ultrasound assisted extraction (UAE) is regarded as sustainable technology as it
needs a moderate investment of solvent and energy. Furthermore, it is very cheap, easy
to operate, and reproducible due to its capability to work under atmospheric pressure
and at an ambient temperature. UAE technique shows potential to increase the yield of
polyphenols thanks to the enhancement of the diffusion of a solvent through the cell
walls, and thus increases the release of the cell components (nutritional components and
phenolic compounds) extraction (Khawli et al., 2019; Medina-Torres et al., 2017). It has
been reported that, the yield of phenolic compounds from apple pomace using UAE
(even with the same extraction conditions) is 20 % and 30% higher than conventional
method (Pingret et al., 2012; Virot et al.,, 2010). Recently, UAE combined with natural
deep eutectic solvents (NADES) has developed. It has been reported that, UAE and
NADES with optimized parameters showed better efficiency in terms of TPC, TFC and
radical scavenging activity in comparison to the conventional solvent such as water,
ethanol and 30% hydro-ethanolic solution. The best NADES was found choline chloride
in combination with glycerol (1:2) and choline chloride with Lactic acid (1:3). For both
two cases values for TPC, TFC and radical scavenging activity by DPPH were higher in
comparison to the conventional solvents (Rashid et al., 2022). The yield for apple pomace
polyphenol is also higher for UAE method in comparison to MAE method and the value
of yields were 10.2 mg/g and 3.8 mg/g, respectively (He et al., 2015). The optimal condi-
tions for the extraction process of polyphenols from apple pomace were reported by
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Vigor with an ultrasonic power of 0.142 W/g, a temperature of 40.1 °C and sonication
time of 45 min whereas the best yield was reported by Pingret et al. (2012) with an ul-
trasound intensity of 0.76 W/cm? at 40 °C for 40 min (Pingret et al., 2012; Virot et al., 2010).

Supercritical fluid extraction is another example of green and efficient technology.
This technology is mainly used to extract essential oils from plant-based by-products. At
present, several studies have been conducted to recover high-added value compounds
using this technology. Carbon dioxide is the most used fluid in supercritical fluid extrac-
tion as it possesses low toxicity, low critical temperature (31.1° C) and high safety profile
with or without ethanol (5%) as co-solvent. The use of organic co-solvents (e.g., ethanol,
methanol, acetone) is required to increase the solubility of polar polyphenols during ex-
traction as carbon dioxide is a non-polar solvent. By changing the extraction parameters
(pressure, temperature, ethanol concentration, extraction time) it is also possible to ex-
tract specific phenolic compounds precisely from a complex mixture of natural com-
pounds. It has been demonstrated that, extraction using SFE to extract phenolic com-
pounds from freeze dried apple pomace at 30 MPa and 45 °C for 2 h with ethanol as co
solvent exhibited a higher antioxidant activity (5.63 + 0.10 mg TEA/g of extract) in com-
parison to conventional extraction technologies such as Soxhlet with ethanol (2.05 *
0.21mg TEA/g of extract) and boiling water maceration (1.14 + 0.0lmg TEA/g of extract)
(Barba et al., 2016; Ferrentino et al., 2018).

Finally, although UAE showed promising results for the extraction of polyphenols
from apple and apple by-products, further research studies should be carried out to
demonstrate the optimal process conditions for each extraction technique in order to re-
cover phenolic compounds with high antioxidant activity using kinetic approaches.

4. Applications of apple phenolic compounds in food products

Nowadays, food products fortification using apple or apple by-products has gained
more attention as they are a good source of dietary fibers and bioactive compounds. This
product, rich in natural antioxidants, could play an important role in replacing the syn-
thetic ones (Filipcev et al., 2010; Li et al., 2020). In the following sections, food products
formulated with the incorporation of apple or by-products are described as shown in
Figure 3.
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Figure 3. Application of apple phenolic compounds in different food.

4.1. Bread and bakery products
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There has been a growing interest in utilizing apple and apple by-products powder
in bread and bakery products (as baked goods are suitable foods to be fortified). The ad-
dition of dried apple powder ( 5 and 10%) increased the antioxidant capacity of wheat
bread up to 38.5% and 61.9% when compared with control bread. Overall, the sensory
properties were acceptable regardless of the control samples (Filipcev et al., 2010). Fur-
thermore, recent studies have demonstrated that the total polyphenol content and anti-
oxidant potential of wheat bread increased while formulated with defatted 5% and 20%
apple seed powder of different varieties (Golden Delicious, Idared, and Sumatovka). The
results showed that the total polyphenol content was 1.7 and 2.9 times higher with 1.1
and 2.1 times higher antioxidant capacity in comparison to the control bread (Puri¢ et al.,
2020). In addition, the antioxidant properties of other bakery products such as cakes,
buns, cookies, and muffins enriched with apple pomace were investigated by several
researchers. For instance, increased antioxidant properties with improved sensory at-
tributes (fruity flavor) were observed when muffins were prepared with 20% of apple
pomace (Sudha et al., 2007, 2016). Similarly, another study reported that muffins blended
with up to 32% of apple peel powder (Idared and Northern Spy) showed higher total
phenolic content, total antioxidant capacity, dietary fiber content and water holding ca-
pacity (Rupasinghe et al., 2008). Several published works have investigated the effect of
total polyphenol content and total dietary fiber content in cookies enriched with apple
pomace (5%, 10%, 15%, 20%, and 25%). The best result was obtained when the cookies
were prepared by adding apple pomace powder (10%) with acceptable sensory attributes
and nutritional composition. (Jung et al., 2015; Usman et al., 2020). Other important ap-
plications of apple pomace powder involved the preparation of a gluten-free bread with
satisfactory sensory quality and biscuits with a low glycemic index. In detail, biscuit
products blended with 10% and 20% of dried apple pomace were able to decrease the
glycemic index. It has been found that glycemic index values were reduced with the in-
creasing concentration of apple pomace and the values were 65.7 and 60.8 for 10% and
20%, respectively whereas the value was 70.4 for the control sample. Moreover, the
overall results for sensory analysis were quite acceptable except for the color as it became
darker in comparison to the control one (Alongi et al., 2019; Rocha Parra et al., 2015). Fi-
nally, the addition of apple and apple pomace powder in bread and bakery products has
a positive impact in terms of total phenolic content, total antioxidant capacity, and ac-
ceptable sensory properties (except color). Generally, most of the studies reported that
bakery products blended with apple pomace powder became darker due to the proba-
bility of nonenzymatic browning of apple carbohydrates that could undergo carameliza-
tion or Maillard reaction during heating treatments (Alongi et al., 2019; Jung et al., 2015).

4.2. Fish and fish products

Natural antioxidants derived from apples have gained much interest for their anti-
oxidative characteristics. Thus, they become an important factor in the preservation of
food products (containing long-chain unsaturated fatty acids) to prevent lipid oxidation.
For example, Rupasinghe et al. (2010) applied two different apple peel extracts to protect
fish products from the oxidation. For this purpose, an initial apple peel extract was pre-
pared using 95% ethanol (including primary and secondary metabolites) whereas the
second extract was collected from the first after removing two metabolites (sugars and
organic acids). The total phenolic content of the second extract was higher than the first
one with values equal to 42,025.5 ug/ml and 399.1 ug/ml, respectively. Similarly, the
second extract was more potent compared to the first extract in terms of antioxidant ca-
pacity (while performing FRAP, ORAC, and DPPHe assays). The antioxidant capacity
values for the second extracts were 317 (FRAP assay) and 134 (ORAC assay) times higher
than the first extracts. In addition, lipid oxidation in fish oil was investigated by exposing
it to major precursors to initiate oxidation (2,2'-Azobis(2-amidinopropane) dihydrochlo-
ride (AAPH), heat and UV light). The reason for using such types of precursors is to fa-
cilitate the irreversible and inevitable oxidative degradation of the double bounds located
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within unsaturated fatty acids and produce unstable oxidation products. In this condi-
tion, the inhibition capacity for lipid oxidation of the second extract was comparable with
commercial synthetic antioxidants such as butylated hydroxytoluene (BHT). The induc-
tion time of BHT (24.5 h with 200 pg/ml) and the second apple extract (25.2 h with 400
ug/ml) resulted higher compared to the induction time (13.6 h) of the first extract (20,000
pg/ml). The study proved that phenolic compounds recovered from apples can act as
natural antioxidants depending on their concentration (Dominguez et al., 2019; Rupa-
singhe et al., 2010). Furthermore, the effect of apple peel extract on lipid and protein ox-
idation of rainbow trout samples were evaluated during their storage (4 days at 4° C) by
several researchers. For this purpose, trout fish fillets were minced using a meat blender
equipped with a 3-mm plate (Pars Khazar Co., Iran). Then, 3 replicates were prepared (80
g of each) for mixing 5 different concentrations (10, 20, 30, 50, and 100 mg of gallic acid
equivalent/kg mince) of apple peel extracts. All samples (control and treated) were kept
at 4° C for 96 h and analyzed at a time interval of 0, 24, 48 and 96 h, respectively.

The formation of secondary (thiobarbituric acid-reactive substances; TBARS) lipid
oxidation products were lower in treated trout samples (1.04 mg malonaldehyde (MDA)
equivalent/kg) compared to control samples (3.07 mg malonaldehyde (MDA) equiva-
lent/kg) after 4 days of storage. Similar behavior, i,e lower levels of protein oxidation,
were also observed in samples treated with peel extracts (Bitalebi et al., 2019; Hellwig,
2019). Finally, for the fish product (surimi prepared from grass carp fish) the effect of
Qinguan young apple polyphenols (especially chlorogenic acid, epicatechin and
phlorizin) on lipid oxidation was tested during storage for 7 days at 4° C. For this pur-
pose, 0.05% and 0.10% apple polyphenols extracts were added to the surimi samples. The
results showed that the formation of lipid oxidation products were lower in comparison
to control samples (without antioxidants). The TBARS value was higher (1.3 mg
MDA/kg) in the control sample whereas the sample enriched with apple polyphenols
extract showed a lower value (0.3 mg MDA/kg) (Sun et al., 2017).

4.3. Meat and meat products

Apple polyphenols obtained from apple pomace and peel could play an important
role in inhibiting oxidation (lipid and protein) and retaining the quality of meat and meat
products. For instance, Sun et al. (2010) evaluated the effect of apple polyphenols con-
centration ranging from 300 to 1000 ppm on ham products formulated from pork or beef
meat. The samples were analyzed in terms of sensory analysis, lipid and protein oxida-
tion during a refrigerated storage period of 35 days. The incorporation of apple peel
polyphenols (500 ppm) significantly retained the color of stored pork hams. However,
the addition was ineffective for beef hams. All treated samples did not report lipid oxi-
dation while no significant differences were observed for protein oxidation (Sun et al.,
2010). Another study was performed to detect total phenolic content and free radical
scavenging activity (RSA) on chicken patty and beef jerky prepared by adding 10 % and
20 % of apple pomace. The results showed that beef jerkies with 20% apple pomace had
higher RSA in comparison to control sample (Jung et al., 2015). Similarly, chicken sausage
blended with 3%, 4% and 9% of apple pomace exhibited an increase in antioxidant activ-
ity with higher fiber content and nice color (Yadav et al., 2016).

The lipid and protein oxidation were also analyzed on industrialized meat product
(dry-fried bacon) to observe the effect of apple polyphenol (AP). The TBARS value was
lower in bacon treated with AP (300 mg/ kg) and the value was 0.59 mg MDA /kg whereas
the control sample presented a value of 1.03 mg MDA/kg. This result indicated that the
AP treated bacon sample delayed the lipid oxidation. Similarly, the addition of same
amount of AP exhibited the strongest inhibitory effect against protein oxidation among
all studied plant polyphenols (tea polyphenol and cinnamon polyphenol) that exhibited
less effect on the color of the bacon sample. The protein carbonyl value was 2.30 nmol/mg
protein (as protein carbonyl content is a useful indicator for the determination of protein
oxidation in meat and meat products) whereas the control sample showed high carbonyls
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content value of 3.21 nmol/mg protein (Deng et al., 2022). Furthermore, the effect of apple
pomace was evaluated on boneless mutton meat (both cooked and uncooked) against li-
pid oxidation. For this purpose, mutton meat with 10% fat was added with 1%, 3% and
5% apple pomace powder (APP), respectively to prepare goshtaba. The highest inhibi-
tory effect was found for meat samples (both cooked and uncooked) prepared with 5 %
APP (Rather et al., 2015).

4.4. Functional packaging materials

The demand for functional packaging materials has gained increasing attention as
they are formulated either by adding antioxidants or coating on food packaging materi-
als. The purpose of using functional packaging materials is to reduce food oxidation
(main cause of food spoilage) (Gaikwad et al., 2016). In addition, several research studies
are performed to develop biodegradable packaging materials incorporated with natural
antioxidants for food applications to replace synthetic and non-biodegradable materials
(Lan et al,, 2021; Lin et al., 2022; Sun et al., 2018). Functional packaging materials made
from polyvinyl alcohol (PVA) matrix incorporated with apple pomace powder (from 1
up to 10% w/w) showed higher antioxidant activity when used as packaging material by
preserving soybean oil stored at 23 or 60° C. The antioxidant activity was directly pro-
portional to the concentration of apple powder added to PVA. In addition, lipid oxida-
tion of packaging was also evaluated for the same sample in terms of TBARS value. The
oxidative index reduced with increasing temperature (23-60 °C). In fact, no differences
were observed in TBARS value when samples were stored at 23 °C whereas it was lower
at 60 °C (Gaikwad et al., 2016). Another example of functional packaging material in-
cludes chitosan film formulated with thinned young apple polyphenols (YAP). It has
been reported that chitosan (biopolymer) film with (1 % w/v) YAP exhibited 3 times
higher antioxidant activity compared to control film. The reason for the enhanced anti-
oxidant activity was due to presence of large amount of polyphenols (chlorogenic acid
and phlorizin as major phenolic compounds) in thinned young apple (Sun et al., 2017).
Chitosan film incorporated YAP was applied on freshwater fish (grass carp) fillets to
evaluate the effect of lipid and protein oxidation during cold storage. The wrapping with
chitosan-YAP film of fish fillet allowed the protection of the product from both lipid and
protein oxidation. The results showed that the formation of peroxides was lower in
wrapped fillet in comparison to control one and thus retarded the lipid oxidation process.
Similar results were observed in wrapped fillet for protein oxidation as the formation of
total volatile basic nitrogen was decreased. The inhibitory activity of the film against lipid
and protein oxidation was considered due to the antioxidant properties of thinned young
apple (Sun et al,, 2018). The effect of apple by-products (peel and pomace) polyphenols
incorporated into chitosan (CS) film were also investigated in several studies. For CS
based apple peel polyphenols (1 % w/v) film, enhanced antioxidant and antimicrobial
activities were observed in comparison to the control film. The radical scavenging activ-
ity were nearly increased by 4 folds for both DPPH and ABTS assays and the antimicro-
bial activity against Bacillus cereus, Escherichia coli, Salmonella typhimurium and Staphylo-
coccus aureus was increased by more than 2 folds (Riaz et al., 2018). On the other hand, the
effect of Fuji apple polyphenol as a coating material (apple peel powder and carbox-
ymethylcellulose) was also evaluated in patties prepared from beef during 10 days of
storage in the refrigerator. The use of the active coating was able to protect uncooked beef
patties from lipid oxidation and microbial growth without changing the sensory attrib-
utes (Shin et al., 2017).

Furthermore, CS based with 5%w/v red apple pomace extract (APE) exhibited the
strongest antioxidant properties while CS based film with nanosized TiO: and APE
showed the highest antimicrobial activity among all studied films (CS film; CS-APE film;
CS-TiO: film; CS-TiO2- APE film). The radical scavenging ability of DPPH assay was in-
creased by nearly 4 times and the antimicrobial activity against Escherichia coli and
Staphylococcus aureus was increased by 7 and 8 times, respectively (Lan et al., 2021).
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Finally, the antioxidant activity and lipid oxidation of edible films prepared with
cassava starch, sodium carboxymethyl cellulose (CMC) and apple polyphenol (AP) were
evaluated. Results obtained from DPPH and ABTS radical scavenging activity assays
showed increased antioxidant activity in comparison to control film and a dose de-
pendent response was observed (based on the concentration of AP added in the films) for
antioxidant activity. The results of lipid oxidation assay for chicken meat during storage
at 4 °C for 7 days exhibited lower value for TBARS. the value was 0.092 mg MDA/kg
(which was much lower than the control film with a value of 0.178 mg MDA/kg). The
optimum concentration of AP was 70 mg/mL for this edible film, based on its oxidation
inhibition capacity as well as other physical and mechanical properties (Lin et al., 2022). It
can be concluded that the addition of apple polyphenols in packaging materials (either
natural or synthetic) showed better inhibitory effect against lipid and protein oxidation
and better antioxidant performance. Therefore, packaging material incorporated with
apple polyphenols could be a potential alternative to ensure food safety and shelf-life
extension for highly perishable food items (fish, meat, fruit, and vegetables).

4.5. Other products

The antioxidant properties of other food products such as noodles, vegetable juices,
and yoghurt were also investigated when apple pomace was added. In detail, noodles
were formulated with 10 % and 25 % apple pomace. The incorporation of 10 % apple
pomace powder in samples had positive effect on nutritional properties in terms of die-
tary fiber content, protein content, and antioxidant activity. Also, the sensory attributes
(color, flavor, taste, and texture) were improved without affecting the cooking or texture
properties of noodles. On the other side, noodles produced with 25 % of apple pomace in
the wheat flour were significantly affected in terms of color, flavor, taste, and texture
(Yadav and Gupta, 2015).

Similarly, the study on carrot and tomato juices revealed that both samples enriched
with apple peel extracts showed an increase in the antioxidant capacity and the increased
value was equal to 160 mg gallic acid equivalent (GAE) /L. For this purpose, oxidative
stability of juices enriched with apple peel extracts and commercial antioxidants
(BHT/BHA) was evaluated. The samples treated with apple peel extracts (20 mg/L of
GAE) and commercial antioxidants (25 pM) were stable during their storage while the
control samples reported high lipid hydroperoxides with values above the threshold
(Massini et al., 2016).

Another important potential application of apple extracts is the fortification of yo-
ghurt. The use of apple pomace extracts in yogurt formulation provided a final product
with improved fiber content and antioxidant properties compared to the plain yogurt.
For instance, yoghurt fortified with apple pomace extracts (3.3%) showed an enhance-
ment of the total phenolic content and antioxidant activity. The values were 2 times and 3
times higher respectively in comparison to the control (Fernandes et al., 2019). On the
other hand, the effect of apple peel extract (APE) on probiotic yoghurt was also investi-
gated. In this regard, probiotic yoghurt was made by adding different concentrations of
APE (1%, 2%, 3%, 4% and 5%, respectively). The results exhibited higher total phenolic
content and antioxidant capacity in fortified probiotic yoghurts compared to control
sample. The enhancement of total phenolic content and antioxidant capacity was corre-
lated to the quantity of APPE added to probiotic yoghurts. Therefore, probiotic yoghurt
formulated with 5% of APE showed the highest total phenolic content and inhibition of
the oxidation (expressed in percentage) among all with values equal to 9.52 g GAE/100 g
of DW and 47%, respectively during 21 days of refrigerated storage (Ahmad et al., 2020).
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Table 1. Application of apple polyphenols in food products.
Food products Formulation Apple variety Outcomes References
Incorporation of 5% apple
seed powder: TPC and
TAC increased 1.7 and 1.1
fol
Incorporation of defatted ~ Golden Deli- old g
Bread apple seed powder (5 and  cious, Idared Puri¢ etal
PP 2% %) and éu/rnatovka Incorporation of 20% apple  2020)
’ seed powder: TPC and
TAC increased 2.9 and 2.1
fold
Satisfactory sensory qual-
ity
Roch
Gluten free Addition of apple pomace TPC increased Parrc;cetaal
Baker bread (up to 12.5%) TAC increased 5.8-fold (2015) '
y (ORAC)
TAC increased 4.9-fold Rupa-
Muffins Addition of apple peel Idared and (FRAP) ' singhe et
powder (up to 32%) Northern Spy al. (2008)
Addition of apple pomace
Cookies powder (5, 10, 15, 20 and - TPC increased Usman et
al. (2020)
25%)
Biscuit Addition of apple pomace  Golden Deli- TIP (cjelrrrlszeiiideein(i; iigczg Alongi et
(10 and 20%) cous &Y , ’al. (2019)
respectively)
. Apple peel extracts (from 10 . .
Rainbow trout . . Bitalebi et
fish to 100 mg/kg of fish) - TPC and TAC increased al. (2019)
Fish and fish Surimi Young apple extracts Qinguan H 22: i{czzecgdomda_ Sun et al.
products &app & (2017)
TPC and TAC increased ~ Rupa-
Fish oil Apple /p eE 1 ixft'ricts.lgéloo Northern Spy (ORAC and FRAP); lipid singhe et
He/mE ot s oL oxidation retarded al. (2010)
Apple extract k t al.
Ham pple extracts (300 mg /kg) Lipid oxidation retarded Sun eta
(2010)
Meat and meat Wet apple pomace (10 and Jung et al
products Beef jerkies 20%) - TPC and TAC increased ( 2% 15) ’
Chicken sausages Apple pomace (3, 4 and 9%) - TAC increased Yadav et al.
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Apple polyphenol powder

(2016)

Lipid and protein oxida- Deng et al.

Bacon (300 mg/kg) ) tion retarded (2022)
Apple pomace powder (1, 3 . o Rather et
Mutton and 5%) Lipid oxidation retarded al. (2015)
Polyvinyl alcohol Apple pomace powder (1, 5 TPC and RSA increased; Gaikwad et
matrix and 10%) Lipid oxidation retarded al. (2016)

Young apple polyphenols

Chitosan film (1% w/v)

RSA increased; Lipid and Sun et al.
protein oxidation retarded (2017,

2018);
Edible coating Apple peel powder Fuji ](:;(I;)llncila(l)xtiifrltilnrztgacige: Shin et al.
Functional material ppiepectp J & (2017)
packag'mg ma- ) . . Linetal
terials Edible film Apple polyphenols powder RSA increased; Lipid oxi- (2022)
(from 40 to 80 mg/mL) dation retarded
Juices ..
Apple peel extracts (from 40 . Massini et
(Carrot and to to 800 mg/L) Bramley TAC increased al. (2016)
mato)
Apple pomace extracts Fernandes
Others (3.3%) Royal Gala ~ TPC and TAC increased et al. (2019)

Probiotic yoghurt Apple peel extracts (1- 5%)

Red delicious
Golden
Royal Gala

TPC and antioxidant ca- Ahmad et
pacity increased al. (2020)

TPC: total phenolic compounds; TAC: total antioxidant capacity; ORAC: oxygen radical absorption
capacity; FRAP: ferric reducing antioxidant power; RSA: radical scavenging activity.

5. Conclusions

Apples and apple by-products are rich sources of phenolic compounds. Therefore,
the extraction of phenolic compounds from apples and their application into processed
foods as natural food additives could play an important role in replacing synthetic anti-
oxidants and conventional packaging materials. The high phenolic content of apple and
apple by-products (powder and extracts) facilitates the development of the final products
with increased antioxidant properties without affecting the sensory attributes. In addi-
tion, the proper utilization of apples and apple by-products minimizes the detrimental
effect on the environment and contributes to a positive effect on the economy. However,
when moving to the application, the main drawback found for fortified bakery products
is the undesirable change in color (darker and brownish). On the other hand, the altera-
tion of color in meat products positively influences the sensory panelists. This underlines
the need to perform more studies to investigate the effect of the addition of such ingre-
dient to foods.

Moreover, more investigations are also required regarding safety issues of apple
derived products, especially for apple by-products as they contain measurable levels of
pesticide residues. They can be effectively removed by applying some techniques such as
ozonation and washing (with sodium bicarbonate) prior to processing. Other concerns
regarding safety issues of apple derived products include the release of cyanide glyco-
sides from apple seeds and the accumulation of patulin due to fungal growth. Its maxi-
mum level has been established by the European Food Safety Authority (EFSA) and the
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United States Food and Drug Administration (FDA) equal to 50 ug/kg (of product) for
adults and 10 pg/kg for infants and young children.

These conclusions clearly emphasize the need to take into account several issues for
future application dealing with apples and apples derived by-products.
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