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Abstract: With increasing health awareness worldwide, lactose intolerance has become a major
concern of consumers, creating new market opportunities for low-lactose/lactose-free dairy foods. In
recent years, through innovating processes and technologies, dairy manufacturers have significantly
improved the variety, and functional and sensory qualities of low-lactose and lactose-free dairy
products. Based on this, this paper first covers the pathology and epidemiology of lactose intolerance
and market trends. Then, we focus on current advantages and disadvantages of different lactose
hydrolysis technologies and improvements in these technologies to enhance nutritional value, and
functional, sensory, and quality properties of lactose-free dairy products. We found that more and
more cutting-edge technologies are being applied to the production of lactose-free dairy products,
and that these technologies greatly improve the quality and production efficiency of lactose-free dairy
products. Hopefully, our review can provide a theoretical basis for the marketing expansion and
consumption guidance for low-lactose/lactose-free dairy products.

Keywords: lactose intolerance; dairy product production; lactase; fermentation; membrane
separation; fortification; nutritional value; sensory properties

1. Introduction

There is improving awareness of lactose intolerance in both research and dairy con-
sumers. Generally, lactose intolerance is caused by primary lactose malabsorption. Lactase
activity is highest at birth and declines after weaning. Undigested lactose is metabolized
by intestinal microflora and converted into short-chain fatty acids (acetate, propionate,
butyrate, lactate, and formate) and gases (hydrogen, methane, and carbon dioxide), causing
gastrointestinal discomfort such as diarrhea, bloating and other symptoms. Long-term
avoidance of dairy products due to lactose malabsorption or lactose intolerance may lead to
malnutrition and skeletal disorders. Epidemiological surveys of lactose intolerance showed
that approximately 70% of the world’s population was affected by lactose malabsorption,
with prevalence as high as 95% to 100% in some Asian and African countries [1].

Current managements for lactose-intolerant people are mainly to replace regular dairy
products with low-lactose and lactose-free products [2] and consume dairy products with
exogenous lactase or probiotics. Low-lactose/lactose-free dairy products can reduce the
incidence of gastrointestinal symptoms in lactose-intolerant patients while ensuring the
intake of nutrients in milk. Sharp et al. [3] included 23 previous studies in their systematic
review indicating that lactose-free milk and lactose hydrolyzed milk as substitutes for
whole milk can reduce the risk of deficiencies and provide important nutrients for lactose-
intolerant patients and healthy individuals. In addition, compared with other calcium-rich
foods (such as vegetables and mineral water), low-lactose/lactose-free dairy products are a
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low-cost dietary source of calcium for lactose-intolerant patients [4]. Low-lactose/lactose-
free dairy products are recognized as functional foods in the European Union [5]. An
increasing variety of low-lactose/lactose-free dairy products, including liquid milk, Greek-
style yogurt, kefir, cheese, ice cream and infant formula powder, have a growing appeal
to consumers [6].

The requirements for developing low /lactose-free dairy products are avoiding lactose
sources, ensuring the nutritional value and sensory properties of the product, and control-
ling production costs [7,8]. Generally, lactose content is required to be less than 1 g/100 g
in low-lactose products and less than 10 mg/100 g in lactose-free products. The main ways
to reduce lactose content [9] in dairy products include enzymatic hydrolysis, membrane
separation, and fermentation. With the development of lactose removal technologies, the
main challenge for manufacturers is to prepare low-lactose/lactose-free dairy products
that are consistent with or exceed traditional dairy products in nutrition, flavor, and quality.
Processing technologies and conditions are continuously being innovated, for example,
studies reported characterization strains [10] of high yield and materials of immobilized
lactase [11], coupling membrane, co-fermentation, etc. In this paper, the epidemiology
and pathology of lactose intolerance are briefly introduced. Then, we focus on the market,
processing technology, fortification, and improvement of low-lactose/lactose-free dairy
products, hoping to provide theoretical reference for developing low-lactose/lactose-free
dairy products suitable for lactose-intolerant patients.

2. Lactose Intolerance
2.1. Epidemiology

Lactose intolerance is a widespread worldwide problem. The ability of adults to
digest lactose (lactase persistence) has become an important topic in genetics, medicine,
and evolution. In recent years, the in-depth study of genetic mechanisms of lactase has
provided a new theoretical basis for the epidemiological investigation and prevention of
lactose intolerance. Storhaug, Fosse and Fadnes [1] presented a systematic review and meta-
analysis of lactose intolerance by searching studies from Medline and Embase, including
62,910 participants from 89 countries. The global prevalence of lactose malabsorption
estimated was 68%, and when using genotype data only, the estimate was 74%, whereas
prevalence was 55% using lactose tolerance test data. Lactase gene polymorphisms have
been widely used to predict lactose intolerance [12]. So far, there are 23 SNPs (single-
nucleotide polymorphisms) known to be associated with lactase persistence. The most
well-known and frequent SNP was identified at —13910 kb (rs4988235). LNP (lactase
non-persistent) patients carry a C/C at this site, whereas LP (lactase-persistent) patients
carry eitheraC/Tora T/T.

The distribution of LP genotypes shows significant national and regional differences,
e.g., —13910C/T mostly occurrs in European and American countries. For northern Eu-
ropeans, their endogenous lactase activity is still at a high level with increasing age.
Anguita-Ruiz et al. [13] created an online interactive map of the distribution and fre-
quency of LP genotypes worldwide. The prevalence of lactose intolerance increased from
northern Europe to Africa and the Middle East and reached its highest in Asia. However,
this trend was interrupted in countries with strong cultural admixtures, such as the US and
countries in Europe. Chin et al. [14] reported —13910C/T in different ethnicities in the US.
Only 17.9% of Caucasians were found to have the LNP genotype, while 96.5% and 69.2%
of Asians and African Americans were found to have the LNP genotype, which indicated
that there were great differences among different ethnicities within one country. In Africa
and the Middle East, —13907:C>G (rs41525747), —14009:T>G (rs869051967), —13915:T>G
(rs41380347) and —14010:G>C (rs145946881) were found to be more widespread [15,16].
Priehodova et al. [17] reported that the frequency of the LNP —13910*T variant was only
8.6% in nomadic Arabs, but 84.7% in non-nomads. Although increasing data are becom-
ing available for lactase gene SNPs, studies of some geographical areas are relatively
sparse, including Argentina, Uruguay, Cuba and Libya. Additionally, although Asia has
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a high prevalence of lactose intolerance, many well-known SNPs are difficult to detect,
suggesting that there may be exclusive or new SNPs in this region [18]. For example,
Peng et al. [19] found three new SNPs (—13838G/A, —13906T/A and —13908C/T) were
associated with LNP in the Tibetan population. The creation of a broader database of lactase
gene SNPs and collection of different SNP frequency data will be a direction of future
analysis and research.

2.2. Lactase Gene and Pathology

It is now clear that lactase gene SNPs plays an important role in lactose metabolism
(Figure 1). The MCMS6 gene, which is 14 kb chromosomally upstream of lactase gene,
contains a highly conserved promoter sequence. Some SNPs enhance transcription factors’
binding ability to lactase promoters by binding to them. The molecular mechanism for
these SNPs is to create new binding sites for specific transcription factors, especially
octamer-binding protein 1 (Oct-1). SNPs associated with LP can combine with transcription
factors to promote the start of transcription, while SNPs associated with LNP cannot.
Associated with LP, —13915*G was found to be able to interact with Oct-1 in vitro [20].
Other transcription factors involved in lactase activity regulation include caudal type
homeobox 2 (Cdx-2), hepatocyte nuclear factor 1o« (HNF1-«), and GATA-4, -5, and -6. Jensen
et al. [21] found that the —14010*C variant associated with LP had greater binding affinity
to Oct-1 than —14010*G. However, due to the stability of DNA sequences, transcriptional
mechanisms cannot explain the programmatic decrease in lactase activity with age. The
latest studies put forward that epigenetic mechanisms (mainly DNA methylation) could
also be involved with LNP. Leseva et al. [22] found that a differential DNA methylation
in the lactase gene through epigenome sequencing, which was closely related to activity
of lactase and —13910C /T, was associated with the —13910C >T genotype. Moreover, the
methylation level of this position combined with gene testing can predict lactase activity
more accurately than the hydrogen breath test. LNP haplotypes containing the C(—13910)
allele accumulated modified cytosines that silenced the regulatory elements in MCM6
and lactase gene, whereas the LP haplotype containing the T(—13910) allele displayed
age-related modification changes that maintained lactase activity [23].

CDX-2
GATA

s_ 7 Qi WP Wi P e 0™, o Q’g;ﬁp.,:u‘i.,(.l..xﬂ‘:-——q:‘*‘j_.w. e

Mcys B i il N X
> il \ o cDx-2
CGCTAAGTITACCA _AAGATAATGGTAGCTCCCG TG GGC G'A CGGTGG. GATA
-14,010bp -13.915bp —13,910bp-13.907bp -22.018bp —

Intron 13 Intron 9

butyrate propionate

SCFAs

Figure 1. Mechanism of LP and LNP. LP: lactose persistence; LNP: lactose non-persistence; SNPs:
single nucleotide polymorphisms; OCT—1: recombinant octamer binding transcription factor 1;
PDX—1: pancreatic and duodenal homeobox 1; HNF—1o: hepatocyte nuclear factor 1 homeobox
alpha; GATA factors were named after the consensus DNA-binding sequence (A/T)GATA(A/G),
which is recognized by the zinc-finger domains common to all family members; CDX—2: caudal
type homeobox 2; MCM6: minichromosome maintenance complex component 6; SCFAs: short-chain
fatty acids.
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Lactase genotypes of hosts are known to influence the gut microbiome, and the influ-
ence seems to be modulated by lactose intake [24]. It is reckoned that small amounts of
lactase are synthesized by the intestinal flora over a long period of genetic evolution in
order to alleviate clinical symptoms of lactose intolerance. Among the colonic microbiota,
association of lactase gene SNPs and the Bifidobacterium genus is widely identified [25].
Kurilshikov et al. [26] conducted a large-scale association analysis to identify host factors
influencing human gut microbiome composition, and found the lactase gene locus reached
study-wide significance and showed an age-dependent association with Bifidobacterium
abundance. Goodrich et al. [27] reported that the association existed between Bifidobac-
terium and the lactase gene locus, and the direction of the genetic association showed
lactase non-persisters harbored higher levels of Bifidobacterium. In addition, the latest study
reported [28] that adults with lactose-tolerant genotype (GG) had higher milk intake, but
lower Bifidobacteria compared to lactose-intolerant adults (AA/AG). There was a significant
interaction between milk intake and LCT variant on Bifidobacterium, with a positive associa-
tion between milk intake, and Bifidobacterium was observed only in lactose-intolerant but
not in tolerant people.

Generally, lactose intolerance is considered to be a risk factor for reduced milk/calcium
intake. According to a survey conducted by Cargill, 61 percent of US consumers avoided
dairy products due to lactose intolerance or allergy to milk protein [29]. Obermayer-
Pietsch et al. [30] detected lactase genotypes in 258 postmenopausal women and found
that individuals with CC (LNP variant) had significantly lower milk calcium intake and
decreased hip and lumbar spine bone density. However, recent studies have reassessed the
association of lactase genotypes, dairy intake and bone health, and concluded that lactase
gene SNPs had a weaker connection with bone health than anticipation. One study reported
that LP and LNP genotypes were weak predictors of dairy intake [14]. Considering the
geographical variation of lactase gene SNPs, Joslin et al. [31] evaluated the association of
LNP and the heredity of numerous diseases in European populations, and found little
evidence between LNP and reduction of bone mineral density. Hilliard et al. [32] explored
the relationship between LNP and bone health in Africans, and the incidence of hip fracture
and less consumption of animal protein was less correlated with LNP. Tolonen et al. [33]
selected 882 Finnish women and 669 Finnish men as research objects. A slight difference
in trabecular densities at the distal sites of radius and tibia was found in men between
different lactase genotypes. Men with the T/T genotype were about 3% higher than those
with T/C and C/C. No difference was found in women. More studies are needed to
evaluate the association between lactose intolerance and bone health.

3. Lactose-Free Dairy Product Market

Lactose-intolerant consumers need nutritional products that they can utilize. It is
known that 25% of consumers in India are motivated to buy or have started to buy lactose-
free drinks. The lactose-free dairy products market in Vietnam is also booming, and relevant
surveys showed that consumers preferred dairy products that are easy to digest [34]. The
large-scale consumption of dairy products in China has just begun in the last 20 years,
during which the concept of lactose intolerance has gradually become familiar to consumers.
Up to 86.7 percent of Chinese adults are lactose-intolerant, which partly explains why
China has the world’s largest market for plant-based protein beverages [35]. According to
Szabo et al. [5], target group analysis in Hungary showed that currently two-thirds of
lactose-sensitive consumers regularly consumed lactose-free products, most of which are
female, lactose-intolerant, highly educated and aged under 30 years. Notably, lactose-free
products are usually attractive to consumers with digestive problems because the products
are always declared as easily digestible.

Lactose-free dairy products have become the fastest-growing part of the dairy industry.
The compound annual growth rate of global lactose-free dairy products from 2017 to 2022
was about 7% and accounted for 80% of the total lactose-free products (sales of about
8.8 billion US dollars) [29]. In the US market, lactose-free milk accounted for 4.0% of the
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total liquid milk sold annually, and sales increased by 12% in 2017 [36]. Over the past five
years, the range of lactose-free dairy products has continued to diversify, among which
milk and yogurt were the most common lactose-free dairy products, while lactose-free
butter, cheese and flavored milk are also on the rise. Swiader et al. [37] analyzed the market
of lactose-free dairy products in Poland and categorized 75 lactose-free dairy products,
including milk, yogurt, cream, quark, cheese and infant formula.

Figure 2 shows representative lactose-free dairy brands of some countries. Finns
have relatively high lactose intolerance prevalence in Europe, at 17 percent, leading to
earlier popularity of lactose-free products. Valio, Finland'’s largest food and dairy company,
was the world’s first lactose-free dairy company, launching its first lactose-free milk in
2001. Lactalis of France was the world’s biggest cheese producer, and its products are
low in lactose, often combined with low fat. Finland’s Arla Foods owned more than
30 brands, including the well-known Lactofree. Fairlife of America has launched a series
of lactose-free ultrafiltered milk products, including shakes and recovery drinks, which
are high in calcium and protein and have a strong position in the fast-growing lactose-
free dairy market. As early as 2010, China produced only 300,000 t of lactose-free milk,
accounting for 1% of liquid milk. In the past five years, while encouraging and guiding
lactose-intolerant consumers to make reasonable choices, Chinese dairy enterprises have
also increased production of lactose-free products. For example, Monmilk Xinyangdao was
certified by the Lactose Intolerance Global Network (LIGN) in 2017, becoming China’s first
lactose-free dairy brand certified by the international organization. These efforts are all
leading lactose-free products to become more mainstream, standardized, and healthier.

nce

Lactalis DANONE ACTIVIA Yoplait

Sanyuan Monmilk Yeale
Figure 2. Representative lactose-free dairy brands of some countries.

4. Production of Lactose-Free Dairy Products

The development of lactose-free and low-lactose dairy products made it possible for
lactose-intolerant people to utilize the rich nutrients in milk, which is one of the effective
ways to improve lactose malabsorption and lactase intolerance. Currently, there are three
processes commonly used to reduce lactose content: enzymatic hydrolysis of lactose,
membrane filtration, and fermentation. Studies have tried to combine several of above
processes. Lactose-free milk can be further processed into lactose-free /low-lactose yogurt,
cheese, milk powder, ice cream and other dairy products [29] (Figure 3). Many studies
have confirmed that most consumers diagnosed with lactose intolerance can tolerate up



Foods 2023, 12, 2553

to 10 g/day lactose and have no observable adverse reactions to 2 g/day lactose. Table 1
lists several regulations that mention lactose threshold. Although there are no common
standards on allowable lactose threshold, in most countries, lactose content of low-lactose
and lactose-free products are within 1 g/100 g and 10 mg/100 g, respectively.

Table 1. Regulations regarding lactose threshold in different countries have been issued by

several authorities.

Threshold Country/Region Authorities References
<1000 mg/L lactose as lactose-free European countries EFSA (European Food Safety Authority), 2010 -
<5000 mg/L lactose as lactose-free China EFSA (European Food Safety Authority), 2010, [38]

. FSSAI (Food Safety and Standards Authority
<10,000 mg/L as low-lactose India of India), 2019 [39]
. FSSR (Food Safety and Standards
<100 mg/L as lactose-free India Regulation), 2019 -
0.1% (w/w) as lactose-free Italy Italian Health Ministry [40]
Hydrolysis
Separation
L AEpE Diluted milk Lactose
Milk t
M Electrodialysis Nanofiltration
Therrnj;z_gli\o\n (155 65 °C)
Milk storage 24?;;;'@ \\\“‘ \ T
Pasteurize 20s 75 °C UHT Ultrafiltration

Protein and fat

Packl:;gc Packlage Mineral
Storage 2—3lweeks 4°C Storage 3—61m011ths Milk
. 4 ¥ T

[ LF milk J

LF LF LF LF ice-
yogurt cheese powder cream

Figure 3. Production of lactose-free dairy products. LF: lactose-free.

4.1. Separation of Lactose

Among methods of separating lactose, the most well-known and widely used are
methods of membrane separation, including ultrafiltration, nanofiltration, reverse osmo-
sis, and electrodialysis. In different fields of the dairy industry, membranes are applied
to shelf life extension of milk, whey processing, cheese industry, milk protein process-
ing, fractionation of milk fat and desalting or demineralization [41]. The key problem
in the removal of lactose from milk is the separation of proteins and lactose, and the
broad particle size distribution of proteins in milk reduces the separation efficiency of
proteins and lactose [42]. Protein and fat are blocked, while lactose and small molecules
are allowed to pass through in ultrafiltration and nanofiltration. Polymer ultrafiltration
membranes are usually used in industrial practice because of their ease of preparation and
cost-effectiveness. By screening and comparing, Sanchez-Moya et al. [43] found GR60PP
(a polysulfone ultrafiltration membrane) to be the most efficient membrane, as 90% of the
lactose was separated and 100% protein was recovered. This indicated that significant
adsorptive fouling and pore blocking were the main causes of high rejection of lactose. Re-
searchers focused on reducing membrane fouling mainly caused by protein. Attempts were
made to achieve high permeation flux and high separation efficiency through ultrasound
assistance, optimization of operating conditions, and development of cleaned membranes.
Use of ultrasound under optimal power was demonstrated to be able to reduce the fouling
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by 32% [44]. Sofuwani, Aslina, and Mazlina [45] found the lowest lactose rejection (77.71%)
was achieved when adapting 5 kDa cross-flow hollow fiber ultrafiltration membrane and
operation parameters of 0.55 bar trans-membrane pressure and 0.74 L. min—! feed flow
rate. Graphene oxide membrane allowed lactose to diffuse through the nanochannel and
exhibit higher lactose permeation flux (2.87 kg m~2 day ') than commercial nanofiltration
(0.57 kg m~2 day~!) and ultrafiltration (1.61 kg m~2 day~!). In addition, the fouling
layers on graphene oxide membrane were porous, facilitating higher permeation flux and
water flux recovery. Graphene oxide membrane is very promising for lactose separation of
lactose-free milk [46].

Generally, ultrafiltration membranes have low permeability and high protein rejection,
whereas microfiltration membranes have higher permeability, but higher protein losses [19].
Another common practice in dairy processing is called diafiltration, during which water
is added to the concentrates to increase the flux and continue the separation. The trade-
off between permeability and selectivity reduces the separation efficiency of proteins
and lactose [20]. A microfiltration membrane with smaller pores may be a good choice.
Qi et al. [42] selected ceramic microfiltration membranes with high permeation flux and
high rejection performance and prepared low-lactose milk with a lactose concentration
of less than 5 g/L. The molecular weights of mineral and lactose are very close, so it is
difficult to separate them by a single membrane. Coupling membranes are superior, as
large molecules such as proteins and fats are first retained using ultrafiltration. Minerals
are intercepted by electrodialysis and lactose is recovered by nanofiltration. For example,
Zhang et al. [47] obtained low-lactose milk powder with lactose concentration of less than
0.2% and recovered high-purity lactose powder (95.7% lactose content) as a byproduct.
Further, membrane separation can be combined with hydrolysis and enzymatic membrane
bioreactor function by optimizing GOS production [48].

Several studies explored methods to separate lactose by chromatography and freeze
concentration. For example, lactose-free milk produced by Valio Ltd. (Helsinki, Finland)
employed chromatography, membrane separation and enzymatic hydrolysis. Freeze con-
centration is a widely accepted technology and is able to preserve thermosensitive food
with high nutritional value. In this process, the temperature of food liquid decreases
below its freezing point, and the concentration of liquid is reached by removing water
in the form of ice crystals. A new type of lactose-free dairy product was developed by
combining progressive freeze concentration with vacuum-assisted block freeze concentra-
tion, because carbohydrates accumulated more during progressive freeze concentration,
while in block freeze concentration, protein is more likely to enter concentrated liquid [49].
Batista et al. [50] aimed to develop a new system for lactose removal through bioaffinity
chromatography. In the research, brosimin, a lactose-binding lectin, was first extracted
from Brosimum gaudichaudii and immobilized onto polyaniline. The system removed 47%
of lactose from skim bovine milk.

4.2. Enzymatic Hydrolysis of Lactose

The process of lactose hydrolysis does minimal damage to the nutritional components
in milk and is highly specific. Two processes, batch and aseptic, are used in producing
lactose-free milk. In the batch process, neutral lactase is added to milk under slow stirring
until lactose is fully hydrolyzed, after which the milk is pasteurized, homogenized, and
packaged. The batch process lacks pasteurization during the hydrolysis phase, and enzyme
dosage is relatively high because the reaction occurs at low temperatures to prevent micro-
bial spoilage [29]. Research on cold-active 3-galactosidase has improved this defect. In the
aseptic process, milk is first sterilized using the UHT procedure, after which sterile lactase
is injected into the milk just before packaging. Although the lactase dosage decreases
compared to the batch process, the aseptic process requires special equipment, and process
control is absent since the hydrolysis reaction continues after packaging.
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4.2.1. Microorganism Source of Lactase

The most plentiful resource of 3-galactosidase (also known as lactase) are microor-
ganisms, which have advantages of a short production cycle and high production yield.
Research has been conducted on the optimization of reaction conditions, purification
and characterization of 3-galactosidase. Commercially available 3-galactosidase mainly
includes Aspergillus oryzae, Aspergillus niger, Escherichia coli, Kluyveromyces lactis and
Kluyveromyces fragilis [51]. -galactosidases from microorganisms have different enzymatic
characteristics and structure. For example, Kluyveromyces lactis, the most reported microor-
ganism in the literature, showed high hydrolytic performance that was relevant with an
exclusive insertion in loop 420-443 of its catalytic site, which enhanced affinity of lactase to
lactose [52].

Isolation and characterization of 3-galactosidase that fulfill the demands of production
of low-lactose dairy products remains a hot topic. Genetic engineering technology was
used to express the lactase with good enzymatic characteristics in heterologous expression
(E. coli, Lactococcus and Pichia pastoris, et al.). As presented in Table 2, studies showed that
the production of recombinant 3-galactosidase of different microbial sources increased.
Generally, commercial (3-galactosidases feature the high lactose affinity (Kys) and low
product inhibition (Kj) by galactose, which is adverse for hydrolysis reaction. Engineering
technology is used to get satisfactory lactose affinity (Kys) and product inhibition (Ky) [53].
The optimal pH and temperature of commercial 3-galactosidases are 7.0 and 35 to 40 °C,
which are susceptible to result in the contamination of milk. Thermostable and cold-
adapted 3-galactosidases had significant advantages in processing, such as higher substrate
solubility and reaction rate, as well as lower probability of microbial contamination [54].
Furthermore, lysis of cells and extraction of intracellular lactase increased the costs of
production. Ren et al. [55] used the twin-arginine (Tat) signal peptide PhoD to direct the
secretion of the 3-galactosidase, which is a new pathway to improve the secretion amount
of lactase. It provided a new way to improve lactase production.

Galactose oligosaccharides (GOSs) can be applied as prebiotics in a variety of dairy
products. The global prebiotics market size exceeded US$ 2.90 billion in 2015, with an
expected growth of about 12.7% and a profit of about $10.55 billion by 2025 [56]. Trans-
glycosylation is another property of 3-galactosidase. GOSs are synthesized during this
process, which reduces concentration of lactose and increases the value of low-lactose milk.
In conclusion, the characteristics of lactase are important for the enzymatic production of
lactose-free dairy products. The dairy industry aims to produce standard lactose-free milk
with low cost and high added value.

Table 2. Studies on strain producing lactase of high activity.

Enzyme Source Process Advantages References

Recombinant 3-galactosidase was a
cold-adapted variant and hydrolyzed
86% lactose of milk after 24 h at 10 °C. [57]
The enzyme is
NaCl-tolerate.
This enzyme is thermostable. At 70 °C,
it retained 76% and 42% activity after 30 [58]
and 120 min.
The purified enzyme was highly stable

Alteromonas sp. ML117.
Alteromonas [-galactosidases were heterologously
sp.-ML117 expressed in E. coli and the
recombinant lactase was purified.

Picrophilus torridus The enzyme was purified 110-fold

Strains resistant to DSM 16176 and determined.
low /high temperature
and acid environment

Anoxybacillus . and retained at 71% of the original

sp.AH1 The enzyme was purified 10.2-fold. activity at 60 °C and 53% at 70 °C [59]
within 120 min.
Extracellular 3-galactosidase was The enzyme 1s highly ste}ble Wh.e.n
. . e . . exposed to simulated gastric conditions
Aspergillus niger purified to homogeneity using a P ) o .
. L . . in vitro. It retained 68% of original [60]
van Tiegh combination of gel filtration,

activity. Activity of capsule is some

ion-exchange, chromatography. 3.5-fold more than commercial enzyme.
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Table 2. Cont.

Enzyme Source Process Advantages References
B-galactosidase gene found in This enzyme had a Km of 3.7 mM. It
Bifidobacterium A . 8 ) exhibited low product inhibition by
. Bifidobacterium adolescentis and was . . : [61]
adolescentis . . galactose with a Ki of 116 mM and high
expressed in E. coli. for o
Strains with lactose ) ) » tolerance for glucose.
affinity and reduction Four amino acid positions (Tyr96, [-galactosidase Y364F (Tyr364 mutant)
of product inhibition Asnld0, Glul42, and Tyr364) were had a galactose inhibition constant (Kj)
Aspergillus candidus selected for mutation based on their C . 1 [62]
L . of 282 mM, which is 15.7-fold greater
molecular bindings with galactose .
o . than that of the wild-type enzyme.
using site-directed mutagenesis.
Two B-galactosidase genes were
isolated from a novel (-gal 2 had a high trans-glycosylation
Klebsiella oxytoca [-galactosidase-producing Klebsiella  capacity. Adding 3-gal 2 in lactose with [63]
ZJUH1705 oxytoca ZJUH1705. Two the ratio of 2.5 U/g, a high GOS yield of
{-galactosidase genes were cloned, 45.5%was obtained.
expressed in E. coli and purified.
A novel -glucosidase, BglD1 was BglD1 hydrolyzed 88.5% lactose and
Bacillus sp. D1 screened and cloned from the produced 3.3 g/L GOS when using milk
B IDI; ' deep-sea bacterium. a mutant as the substrate. The GOS yield of its [64]
8 BglD1:E224T was generated based on mutant was 11.5% higher than that
Strains with the semi-rational design. of BglD1.
high The recombinant 3-galactosidase
transgalactqsylahon Paenibacillus {-galactosidase gene was cloned, e>.<h.1b1ted hl.gh trans.-glycosylatlon
capacity b .. . . e activity. Maximum yield of GOS was [65]
arengoltzii expressed in E. coli and purified. A :
47.9% at a lactose concentration
of 350 g/L.
Alteromonas sp. {-galactosidase gene was cloned, 90.6% N f the.,- la.c tose was hydrolyzed at
. . 40 °C within 15 min. GOS yield [66]
ANT48 expressed in E. coli. o
reached 30.9%.
Site-directed mutation strategy was ~ The GOS yields increased to 5.8 and 8.3
Streptococcus attempted to genetically modify g/L adding BgaQ or BgaQ-8012.
P [-galactosidase (the enzyme and its Addition of the 3-galactosidases [67]

thermophilus

mutant were named
BagQ and BgaQ-8012 respectively)

reduced lactose content by 49.3% and
54.4% respectively in yogurt.

4.2.2. Immobilized Lactase

Immobilization is widely applied in production of lactose-free products because of
operational stability, reusability and easy recovery of 3-galactosidase in continuous process.
Absence of the enzyme in the final product increases its stability. Retained activity of
(-galactosidase after recyclable use is critical when deciding whether the immobilized
enzyme is suitable for manufacturing. The performance of lactase is greatly influenced
by the sources and purity of the enzyme, as well as the type of immobilization method
and support materials used. Immobilization methods include adsorption, covalent bind-
ing, cross-linking, encapsulation and entrapment. Support materials significantly affect
properties (thermal resistance, chemical resistance, mechanical properties and biocompati-
bility) of immobilized enzymes [68] (Table 3). Classic support materials for (3-galactosidase
immobilization include alginate, chitosan, silica, resin and so on. New materials are con-
tinuing to develop and the particle size of these materials are generally at the nanoscale,
which provides large surface-volume ratio, high surface reaction activity and high cat-
alytic efficiency. Nanomaterials mainly applied to the immobilization of 3-galactosidase
are carbon nanotubes, silicon dioxide nanoparticles, nanodiamonds, silver nanoparticles
and zinc oxide nanoparticles [69]. Furthermore, new materials (such as graphene oxide,
mesoporous and electrospinning material) are abundant, with a lot of functional groups.
For example, many carboxylic (COOH), hydroxyl (-OH) exist in the surface of graphene
oxide, which facilitates enzyme-matrix interactions and make it easy for 3-galactosidase
to be modified [70]. The future direction of development and application lies in reducing
costs, sustaining activity of immobilized enzymes, and synthesis of new support materials.
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Table 3. Application of immobilized lactase in preparation of low-lactose milk.

Activity of Enzyme and

Method Support Material Ability of Hydrolysis Other Advantages References
The activity of immobilized enzyme
decreased after 20 times of Storage stability and activity of
Covalent binding Eupergit CM repeated use, and reached 8 nzvm. };n . Y [71]
99.3% after 15 days of storage. Lactose was ehzyme mcrease.
completely hydrolyzed within 4 h.
Cross-linking and Modified arabic After 3 cycles,. activity of 1mn(1)ob1hzed Improve the efﬁqency of
. [-D-galactosidase was 52.79% of the lactose hydrolysis and [72]
adsorption gum-based hydrogel o
initial enzyme. lower costs.
. Fe-chelated The immobilized lactaseolost .29.' 2 o aftgr 7 0 The optimum temperature of
Adsorption ) days and preserved 64.9% of initial activity . . . [73]
cryogel disk immobilized lactase increase.
after 25-runs.
M Lactase retained approximately 90% of Enzyme is hard to deform and
esoporous - L . . . .
. e ST initial activity and achieved full conversion ~ demonstrates high operational
Covalent binding silica/titania with a . . L [74]
. . of lactose even after 15 cycles in stability for application
chitosan coating -
batch system. and manufacturing.
Bacterial cellulose [-galactosidase retained 80% activity after B-ga'llactoadas.e showed higher
Entrapment stability to various range of pH [75]
nano crystal 12 cycles of use.
and temperature.
Gluconic acid [-galactosidase was able to be recovered Obvious improvement in
Covalent binding easily and retained 89% activity after 6 lactose hydrolysis was [76]
coated fullerenes .
repeated uses. observed at high temperature.
Halloysite nanotubes . o Enzyme was more
Entrapmer}t and cellulose En.zyme retained 76% thermostable at 55 °C than the [77]
and adsorption activity after 12 cycles.
nanocrystals free enzyme.
Stability was significantly
o Modified gold [-galactosidase exhibited greater enhanced at wider temperature,
Covalent binding nanoparticles operational activity after 6 reuses. pH and higher 78]

galactose concentrations.

4.3. Fermentation

Fermentation hydrolyzes 20-30% of the lactose of milk, and protein and fat into pep-
tides, amino acids, fatty acids, which makes it easy for human to digest and absorb nutrients.
Traditional yogurt is fermented by Lactobacillus bulgaricus and Streptococcus thermophilus.
The lactose content of the fermented milk decreased and ranged between 4.6% and 3.7%.
Moreover, the yogurt strains produce few 3-galactolactases, which further hydrolyze lac-
tose. A systematic review by Savaiano et al. [79] concluded that there was a positive
correlation between yogurt consumption, improved lactose digestion and improved lactose
tolerance symptoms. Greek-style yogurt has become popular in the United States since
its first appearance in 2007 and gained 50% market share of yogurt quickly. Greek-style
yogurt is made on the basis of yogurt after concentration, centrifugation, isolation of whey
or supplementation of protein to achieve the thick and creamy texture [80]. Greek-style
yogurt has always been claimed to have high protein (8-12%), low lactose (reduced by
half) and low fat. Kefir is another common fermented dairy product. Lactic acid bacteria
and yeast in kefir constitutes a complex symbiotic relationship, which is responsible for
alcohol and lactic acid fermentation, respectively, giving the product unique flavor [81] and
producing functional substances (bioactive peptides, cellular polysaccharides and amino
acids, etc.) [82]. The lactose content of kefir is 3.1 g/100 g, and its unique microorganism
helps to relieve lactose intolerance by regulating and maintaining the balance of intestinal
flora [83]. Cheese is a natural low-lactose dairy product. Most lactose will be excreted with
whey during the processing and preparation of cheese. For hard and semihard cheese, the
remaining lactose continues to be converted into lactic acid during the cheese ripening
process, making them natural lactose-free products. Panseri et al. [84] detected carbohy-
drates in lactose-free dairy products, and the concentration of lactose in PDO hard cheese
was below 0.0001 mg/kg. There are a wide variety of low-lactose/lactose-free cheeses
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available on the market for lactose-intolerant consumers. The lactose content of Asiago
PDO, Gorgonzola PDO, Emmentaler PDO, Pecorino Toscano PDO, Piave PDO, Stelvio
PDO, and Montasio PDO ranges from 10 mg/kg to 100-1000 mg/kg [40]. The lactose
content of Grana Padano PDO, Parmigiano Reggiano PDO, and Pecorino Romano PDO is
less than 10 mg/kg.

The lactose content of traditional fermented dairy products still does not meet the
needs of lactose-intolerant people. Lactase can be added to further hydrolyze lactose
before (pre-hydrolysis) or during (co-hydrolysis) fermentation. These two hydrolysis
methods will affect the fermentation characteristics of yogurt to some extent. Generally,
lactose is hydrolyzed into glucose and galactose by lactase, and lactic acid bacteria can
directly utilize glucose to produce lactic acid, thus shortening the fermentation time. In
the meantime, lactic acid bacteria produce more exopolysaccharides and possibly result in
higher viscosity. During storage, a large number of flavor substances such as acetaldehyde
and 2,3-butanedione were synthesized at higher levels in low-lactose yogurt than in regular
yogurt. For example, Yamamoto et al. [85] found that, compared with unhydrolyzed
milk, Lactobacillus bulgaricus, extracellular polysaccharide synthesis and viscosity of pre-
hydrolyzed milk significantly increased, which may be related to the decrease in dissolved
oxygen and the increase in formic acid concentration caused by utilization of glucose.
Martins et al. [86] found that the processing time of yogurt co-fermented with Bifidobacterium
animalis, Lactobacillus acidophilus and typical microorganisms of yogurt and co-hydrolyzed
reduced from 4.55 h to 3.68 h. Lactose conversion increased from 15.2% to 97.9%.

Pre-hydrolysis to control the lactose content in the final product relatively easily. For
example, Raza et al. [87] produced low-lactose cheese containing prebiotics (lactose content
0.8 g/100 g) by converting lactose into galacto-oligosaccharide by adding exogenous
lactase. The appearance and overall acceptability of this product are similar to control
cheese. Rutkowska et al. [88] added commercial lactase to pre-hydrolyze for 24 h and
then added fermentation culture to produce lactose-free kefir. The results showed that the
lactose content of the product was as low as 0.1 g/100 g and contained double the ketones
(especially 3-hydroxy-2-butanone and 2,3-butanedione), which probably contributed to the
high intensity of creamy aroma. Lactose-free kefir is sweeter in taste than traditional kefir
and is favored by elderly consumers. The content of lactose in co-hydrolyzed yogurt cannot
meet the demand for lactose-free products. Most commercial neutral lactases are completely
inactivated when pH is <5.5, and the acidity of yogurt reaches this threshold after 2-3 h
of fermentation, which can be solved by adding excess lactase or acidic lactase. However,
compared with pre-hydrolysis, co-hydrolysis protects the activity of the fermentation
strains and preserves the flavor of fermented milk. Some bacteria may not adapt to the
change in the main carbon source from lactose to glucose and the increase in osmotic
pressure of milk after rapid hydrolysis of lactose during pre-hydrolysis, which inhibits
the activity of lactic acid bacteria to a certain extent. Popescu et al. [89] compared the
effects of unhydrolyzed, pre-hydrolyzed and co-hydrolyzed on sensory characteristics of
yogurt, and the results showed that the co-hydrolyzed yogurt had the best flavor, which
was speculated to be related to the production of more aromatic compounds. Ibrahim
et al. [90] evaluated the effects of pre-hydrolysis and co-hydrolysis on the sensory and
physicochemical properties of fermented camel milk, and the results showed that the
number of bacteria of both the two were higher than unhydrolyzed milk. The decreasing
speed of pH and increase in apparent viscosity of hydrolyzed milk was significant, and the
co-hydrolyzed camel milk had the best sensory scores. In addition, starter culture highly
affected the fermentation characteristics of dairy products. Schmidt et al. [91] researched
the changes in the rheological properties of yogurt under pre-hydrolysis and co-hydrolysis
conditions, and the results showed that the apparent viscosity of yogurt was affected more
by the starter strains than by the hydrolysis method.
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5. Detection and Determination of Lactose

Traditionally, detection of lactose in dairy products is carried out using different
methods, such as gravimetry, polarimetry, enzymatic methods and high-performance
liquid chromatography (HPLC). These methods have been proven to perform well in the
un-hydrolyzed milk system. However, when it comes to low-lactose/lactose-free dairy
products, they suffer from various drawbacks [39]. The formation of other saccharides
during hydrolysis and such low concentration of lactose hinder lactose determination in
lactose-free dairy products. There is also a requirement for methods with high sensitivity
and precision. Currently available methods are basically improved by enzymatic methods
and chromatography. Enzymatic kits and biosensors are based on enzymatic reactions and
are used frequently at the commercial level because they are fast and easy to use. Mangan
et al. [92] described a novel enzymatic low-lactose determination method, which is based
on an optimized glucose removal pre-treatment step followed by a sequential enzymatic
assay. Sensitivity was improved through the extension of the typical glucose detection
biochemical pathway to amplify the signal response. The limit of detection (LOD) and limit
of quantification (LOQ) of this method are 0.13 mg/100 g and 0.44 mg/100 g, respectively.

Chromatography includes a wide range of improved and coupled methods, such
as gas chromatography (GC) [93], ultrahigh-performance chromatography coupled with
tandem mass spectrometry (UHPLC-MS/MS) [94], high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD), high-performance
thin-layer chromatography coupled with a fluorescence detector (HPTLC-FLD) [95] and
so on. Among all the methods, HPAEC-PAD shows the highest accuracy and specificity
without any interference from other disaccharides. Monti et al. [96] reported the obtained
LOD and LOQ values were, respectively, 0.25 and 0.41 mg/100 g for lactose, 0.14 and
0.27 mg/100 g for galactose, and 0.16 and 0.26 mg/100 g for glucose in Grana Padano PDO
cheese. However, it is quite expensive and therefore not used widely.

Other methods include nuclear magnetic resonance (NMR) [97], capillary zone elec-
trophoresis [98] and depression in freezing point [99]. These methods are applied for the
determination of lactose in milk, but still very limited in lactose-free dairy products.

6. Fortification of Lactose-Free Dairy Products
6.1. Function

More and more clinical studies report that probiotics can assist in relieving lactose
intolerance [100-102]. Although the specific mechanism is not clear, it is generally be-
lieved that changes in microbial flora composition by probiotics and enhancement of
immune function are the basis of their effects [103]. Fermented milk is one of the most
ideal matrices in the culture of probiotics. Lactobacillus (including Lactobacillus acidophilus,
Lactobacillus rhamnosus, Lactobacillus casei, etc.), Bifidobacterium and Saccharomyces and other
probiotics are often used in the production and preparation of fermented milk. A systematic
review by Oak et al. [104] evaluated the efficacy of eight probiotics in the treatment of
lactose intolerance, and the results showed that although the efficacy of different strains
in improving intestinal digestion was different, probiotics were generally positively corre-
lated with the alleviation of lactose intolerance. A randomized, double-blind, crossover
study by Vitellio et al. [105] showed that formulations of Bifidobacterium longum BB536,
Lactobacillus rhamnosus HNOO1, and vitamin B6 together significantly improved bloating
and constipation in lactose-intolerant patients. Compared with placebo, probiotics drove
the enrichment of bacteria involved in lactose digestion in the gut and also produced a few
lactases to promote the hydrolysis of lactose in the human body.

Prebiotics are also functionally beneficial for gut health. However, compared with pro-
biotics, there are few studies on improving lactose intolerance using prebiotics alone [106].
At present, only RP-G28 (a galacto-oligosaccharide of more than 95% purity) has been
reported. Savaiano et al. [107] reported RP-G28 or placebo was administered to 85 patients
with lactose intolerance for 35 days and RP-G28 subjects were six times more likely to claim
lactose tolerance post-treatment. Similarly, a randomized, double-blind, placebo-controlled
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clinical trial by Chey et al. [108] also found that 30 days of treatment with RP-G28 reduced
abdominal pain by 50% in lactose-intolerant patients, which was six times more effective
than placebo. Presumably, selective utilization of prebiotics by host microorganisms in-
creased the survival of probiotics in the gastrointestinal tract. That is why more studies
are focusing on the combination of probiotics and prebiotics. Commonly used prebiotics
include galacto-oligosaccharide, fructooligosaccharide (FOS), inulin, etc. For example,
Pereira et al. [109] used Lactobacillus acidophilus LA-5, Bifidobacterium lactis Bb-12 and inulin
to produce fermented milk with lactose below 0.1%, and this product had a high sensory
score and probiotic activity. Table 4 lists some studies of lactose-free fermented dairy prod-
ucts supplemented with probiotics/prebiotics. The focus of these articles was ensuring the
viability of probiotics in the products (more than 10° CFU/g at least) to promote lactose

digestion and absorption.

Table 4. Lactose-free fermented dairy product supplemented with probiotics/prebiotics.

Product

Study

Conclusion

References

Low-lactose fermented
goat milk

Development of low-lactose fermented goat milks
with Bifidobacterium animalis ssp. lactis Bb-12 and
evaluate the effect of prior lactose hydrolysis on
the viability of Bifidobacterium animalis ssp
lactis Bb-12.

The lactose hydrolysis of milk resulted a higher
hardness in probiotic fermented goat milk.
Moreover, the lactose-free probiotic fermented
milk had a more distinct sweet taste than the
control one and was characterized by a less
sour flavor.

[110]

Lactose-free
functional yogurt

Physicochemical, rheological, and microbiological
properties of lactose-free functional yogurt
supplemented with FOS.

Lactose hydrolysis and FOS supplementation
increased acidification rate during fermentation
of yogurts. FOS helped to improve syneresis.

[111]

Concentrated
lactose-free yogurt

Effect of encapsulated Bifidobacterium Bb-12 on
the lactose-free yogurt.

Viability of Bifidobacterium Bb-12 was found for all
spray-dried powders produced with lactose-free
skim milk powder, lactose-free skim milk powder
and inulin, and lactose-free skim milk powder
and oligofructose to be higher than recommended
to exert health benefits.

[112]

Lactose-free
Greek-style yogurt

Evaluation of potential of lactose-free Greek-style
yogurt as probiotic matrix.

Three different microcapsule formulations were
produced using gum arabic, inulin and
maltodextrin as wall materials. All formulations
showed encapsulation yield above 96% and good
probiotic viability (>8 log cfu/g) throughout
30 days of storage (4 °C).

[113]

Probiotic Edam cheese

Influence of Bifidobacterium bifidum on cheese.

Lactose in control as well as in experimental
cheeses (107 viable cell) was depleted within
15 days. The free fatty acids increased from 2.23%
and 2.31% on 0-day to 2.78% and 2.83% after
3 months, in control and probiotic cheeses,
respectively.

[114]

Lactose-free fermented
dairy beverages

Influence of co-cultures of Streptococcus
thermophilus and probiotic lactobacilli on quality
and antioxidant capacity parameters of
lactose-free fermented dairy beverages containing
Syzygium cumini (L.) skeels pulp.

Viability of bacteria are above 7 log CFU/g and
total phenolic content around 40 mg GAE/100 g.
The dairy beverages are good options for
functional foods due to its nutritional value,
viability of probiotic lactobacilli, phenolic content,
and antioxidant capacity, also serving
lactose-intolerant people.

[115]

6.2. Nutrition

Milk is a good source of calcium, vitamin B2, vitamin A, and vitamin D. Consumption
of 250 mL milk provides 26-40%, 23-52%, 10-24% and about 5% of mineral and vitamins
US RDA (recommended dietary allowance) recommendations, respectively. However,
lactose-intolerant people often avoid eating dairy products. It is also difficult for them to
effectively utilize the rich minerals, vitamins and other nutrients in milk, thus resulting in
osteoporosis and other adverse health consequences. Although human clinical trials cannot
confirm the effect of lactose on enhancing calcium bioavailability [116], there are numerous
animal studies supporting lactose as an enhancer of calcium absorption. Lactose-free
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products should be fortified to contain at least 20% more calcium than the recommended
calcium intake. Lactose-free dairy products should differ from skim dairy products only in
lactose content, and can basically meet the nutritional needs of lactose-intolerant patients
and other consumers. Within the limits of standard regulations, lactose-free products
can be fortified with additional nutrients to satisfy the specific physiological needs of
lactose-intolerant individuals. In the US and Canada, milk is mandatorily fortified and
is an important source of vitamin D. Vitamin D food fortification policy, started in 2003,
recommends that all liquid dairy products, lactose-free milk-, soy-, and cereal-based drinks
are to be fortified at a concentration of 0.5 ug/100 g. Jaaskelainen et al. [117] analyzed the
health survey data of 6134 and 4051 Finnish adults from 2000 and 2011, and found that the
average serum 25-hydroxyvitamin D (S-25(OH)D) concentration increased from 48 nmol/L
to 65 nmol/L. This increase is mainly explained by food fortification, especially of fluid
milk products.

In addition, many lactose-intolerant consumers turn to plant-based alternatives after
finding it hard to digest dairy products. Many plant-based beverages have even higher
levels of fortified calcium than dairy products. A review compared nutrient density in
milk and 17 plant-based beverages, with milk containing 120 mg/100 mL calcium and
fortified plant-based beverages containing 42-197 mg/100 mL calcium [118]. However,
the bioavailability of calcium supplements in plant-based beverages was inferior to that
in cow’s milk, where the absorption of calcium triphosphate was only 75% of calcium in
milk. According to Heaney et al. [119], calcium precipitates can also occur in plant-based
beverages. The average calcium content of calcium-fortified soy drinks after shaking is
only 59% of what is claimed on the label, while the average calcium content of unshaken
soy drinks is only 31%.

Apart from direct addition of calcium, phosphorus, and vitamin D, there are other
ways to increase the nutritional value of lactose-free dairy products. For example,
Dantas et al. [120] increased the carbohydrate and protein content of lactose-free
milk by 2.95 and 3.00 times, respectively, through a freezing concentration process.
da Silva et al. [121] replaced milk powder with lactose-free whey protein concentrate,
which increased the protein and calcium content of Greek yogurt while improving the
rheological and sensory properties of the product.

7. Improvement in Sensory Properties and Quality of Lactose-Free Dairy Products

Since consumers are easily driven by the senses, lactose-free dairy products manufac-
turers attached great importance to sensory properties. Lactose-free dairy products similar
to skim milk are believed to be more popular. However, commercially available lactose-free
milk typically utilizes lactase to hydrolyze lactose into galactose and glucose, so it tends
to taste sweeter than regular milk. Commercial lactase can also have proteolytic activity
that releases peptides and free amino acids generating nonenzymic browning and “off”
flavors during the shelf life. The extent of proteolysis and product deterioration identified
depended on the lactase preparation used and its purity [122]. However, research on the
influence of microbial sources on proteolytic activity is very limited. Nielsen et al. [123]
compared five commercial lactase preparations from different companies and of different
purity. Among them, lactase preparations with the lowest purification gave rise to the
highest degree of proteolysis and aggregation. Thus, lactose-free milk was more susceptible
to Maillard reaction, and storage increased hexosylation up to elevenfold in lactose-free
UHT milk [124]. Lactose-free milk is also often described as having a cooked and eggy
flavor. A recent study also showed that the volatile sulfur compounds that create eggy
flavor in milk result from Maillard reactions between reducing sugars (lactose) and cysteine
and methionine amino acids [125]. When lactose-free milk is produced by a batch process,
the lactase and its proteolytic activity disappear after heat treatment. In contrast, under
an aseptic process, lactase remain active throughout the shelf life, which could damage
the quality of the product during storage. Tossavainen O et al. [126] found that both batch
and aseptic processes resulted in proteolytic hydrolysis compared to UHT milk without
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lactose hydrolysis. However, when the storage temperature was below 5 °C, the proteolytic
activity was inhibited. Therefore, the use of commercial lactase preparations with high
purity and strict control of storage temperature can ensure the quality of lactose-free milk
during the shelf life.

It is generally believed that fermentation can not only improve the flavor of products
but also increase functional substances or the content of nutrients in products [127]. The
sensory evaluation of many lactose-free yogurts is better than that of unhydrolyzed yogurt.
On one hand, this may be because lactic acid bacteria can directly use glucose to produce
more aromatic compounds, alcohols, esters, aldehydes, ketones and other flavor substances.
On the other hand, more exopolysaccharides are produced and increase the apparent
viscosity and improve dehydration characteristics. In addition, some additives can also
improve the quality of lactose-free fermented products. For example, Moreira et al. [128]
prepared a low-lactose yogurt with added fiber (Ceratonia siliqua L.) with content of
1.16-1.44 g/100 g, which had good acceptability. Synthesis of GOS using lactase with
high trans-glycosylation activity is another common method to increase the added value
and improve the flavor of dairy products. For example, Raza et al. [87] produced prebiotic-
enriched cheese using lactase from Kluveromyces lactis. Lactose content decreased to 56.25%.
The prebiotic cheese has a similar appearance and overall acceptability, as does the control
cheese, except for taste and texture, which were improved by trans-glycosylation.

Hydrolyzed milk can further produce lactose-free milk powder, but there are still
many problems in the production of lactose-free milk powder. Lactose-free milk powder
is more hygroscopic, which is related to the fact that there are more molecules in the
amorphous state (glucose and galactose) during drying. Shrestha et al. [129] showed that
spray-drying of skim milk with hydrolyzed lactose resulted in very low cyclone recovery of
25% and a large amount of powder remained stuck inside the spray dryer. Torres et al. [130]
found that with the increase in lactose hydrolysis rate, adhesion to the drying chamber also
increased, due to higher levels of particle agglomeration. In addition, due to the increase of
reducing sugar in hydrolyzed milk powder, nonenzymatic browning in high-temperature
processing occurs easily, resulting in increased Maillard reaction products and odor. For
example, Queiroz et al. [131] found that lactose hydrolysis of goat’s milk resulted in greater
darkening and increased free fat content. Naranjo et al. [132] researched the kinetics of
Maillard reaction in lactose-hydrolyzed milk powder and found that hydrolyzed milk
powder was prone to protein deterioration, mainly because galactose reacted faster with
lysine than lactose in dairy products. At the same time, temperature is the most important
factor. Lower temperatures can reduce the deterioration of nutrients during storage.

In the production of lactose-free ice cream, since the solubility of lactose at room
temperature is only 20% of that of sucrose, there are difficulties, including crystallization of
a-lactose during freezing and formation of sandy texture. Another problem in lactose-free
ice cream production is the low sweetness of lactose, which is about 20% of sucrose. Mem-
brane was combined with enzymatic method to solve the problem of the high sweetness of
lactose-free milk [133]. Furthermore, when preparing lactose-free ice cream, the addition of
lactase can be used as a sugar-reduction method, because hydrolysis of 70% of the lactose in
milk increased the sweetness of milk or yogurt to the same degree as adding 2% sugar [134].
For example, Abbasi et al. [135] showed that with the increase in lactose hydrolysis, the
apparent viscosity increased and freezing point decreased, and the sensory properties
of ice cream hydrolyzed with 75% lactose were similar to those of ice cream with 25%
sugar reduction.

8. Conclusions

With the awakening of consumer health awareness, lactose-intolerant people tend to
choose healthier and safer lactose-free dairy products. Dairy enterprises and manufacturers
have improved processes and technologies, using immobilized enzymes, genetic engineer-
ing, membrane filtration, and fermentation to remove lactose. Different methods have
their own advantages and disadvantages. The right choices and combination of several
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methods can improve sensory properties, decrease the cost of production, and increase the
nutritional value and functional effect under the premise of low lactose content. Research
in the future will focus on the improvement in production and development of lactose-free
dairy products of high quality, so as to provide more choices for lactose-intolerant patients.
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Abstract: In this study, goat milk blends (1.5% fat) fortified with 0%, 0.25%, and 0.50% oat (3-glucan
were coded as YC, Y1, and Y2 and MFYC, MFY1, and MFY2. Microfluidization was applied at
103.4 MPa pressure in a 100 pm-process chamber at one stage for MFYC, MFY1, and MFY2 prior to
yogurt making. Phase separation occurred due to the casein-3-glucan interaction observed at the
oat -glucan ratio (>0.25%) but was more distinct at 0.50%. Microfluidization solved the textural
instability at all ratios of -glucan; a creamy and less cohesive structure was maintained in all
yogurt samples. Among the samples, Y2 and MFY2 were the least viscous (p < 0.05), and syneresis
was the highest and the lowest for Y2 and MFY1, respectively (p < 0.01). Lightness (L*) decreased,
and yellowness (b*) and greenness (a¥) increased with oat 3-glucan concentration (p < 0.01) and
MFYC. MFY1 and MFY2 were brighter and less green (p < 0.05). Microfluidization enhanced sensory
attributes and oat 3-glucan suppressed the goaty and salty taste, but the cereal taste became more
obvious with the increase in the oat 3-glucan ratio. Y1 and MFY1 were generally acceptable, and
Y2 was less (p < 0.01). A liquid-like structure was observed in Y2 and this affected the sensorial
perception in Y2.

Keywords: oat beta-glucan; dietary fiber; goat milk yogurt; high-pressure homogenization; phase
separation; thermodynamic incompatibility

1. Introduction

Goat milk is popular due to its dietetic superiorities, especially for children, older
people, and lactating women having digestive difficulties mainly associated with x-casein
and (-lactoglobulin protein fractions [1,2]. Goat milk contains fewer allergenic proteins
(asl-casein) and fat globules with smaller diameters that help in terms of easy diges-
tion. Milk proteins with different qualities and at different quantities result in different
physicochemical properties in goat milk than in cow milk [1-3]. Textural defects, such
as a weak texture, a loose gel structure [4-7], and low viscosity and consistency [8,9], are
encountered in yogurt [10,11] due to low or deficient asl-casein levels [1]. Sensorially,
goat milk has a unique goaty and salty taste/flavor [12]. The goaty flavor is related to
the octanoic acid present in goat milk in higher amounts and generally diminishes its
acceptance by consumers.

Fermented dairy products are fortified with dietary fibers for their physiological
functionality, prebiotic effect, structural development, and improvement of sensory proper-
ties [13-17]. In goat milk yogurt, textural improvement and masking the goaty and salty
taste/flavor through fortification are the first possible applications employed for quality en-
hancement. 3-glucans are water-soluble fibers in cereals with many physiological benefits,
such as reductions in blood lipid and blood sugar levels, lowering cholesterol, delaying
gastric emptying, supplying immune enhancement, and acting on therapeutic effects for
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coronary heart diseases [13,14,18-20]. According to the American Food and Drug Adminis-
tration (FDA), the positive effects of 3-glucan on health can occur when 0.75 g is consumed
per serving [21] and the daily intake of 3-glucan recommended by the FDA is 3 g [19,22].
Technologically, 3-glucans are also functional depending on their molecular weight (Mw),
source of origin, extraction method, and degree of purification [23,24]. Oats are the most
important known sources of natural (3-glucan; with a content of 3-7% [19,25,26]. Oat
-glucan is a chemically linear polysaccharide of (1 — 3), (1 — 4)-3-D- that encourages the
growth and activity of the colonic bacterial population by behaving like a prebiotic [27]. In
addition, 3-glucans are used as fat replacers in non-fat and low-fat dairy products for their
water binding, thickening, gelling, emulsification, and prebiotic properties [19,28-30].

The use of 3-glucans in dairy formulations has some limitations because of the phase
separation reaction of milk proteins (mainly casein) and 3-glucan, known as thermody-
namic incompatibility [22,28-31]. This interaction between casein and 3-glucan creates
two phases, hindering the physical stability of yogurt and dairy beverages, forming a
polysaccharide-rich upper phase and a protein-rich lower phase. The molecular weight
of B-glucan preparations and the concentration used are the key factors determining the
intensity of phase separation [29] and the use of lower molecular weight 3-glucans, as well
as within the critical f-glucan concentrations, are recommended solutions. Thermody-
namic incompatibility is encountered in the aqueous phase of protein and polysaccharide
components due to electrostatic repulsive forces. The high-pressure homogenization (HPH)
technique attained an approved effect on emulsion stabilization [32]. Microfluidization, a
HPH technique, is promising in terms of yogurt texture and is more effective than conven-
tional homogenization [33-35]. HPH causes structural changes in casein micelles that affect
the interaction of casein with other constituents and a reduction in the molecular weight
of polysaccharides, which is effective for the rheological behavior of polysaccharides in
an aqueous system [32]. It provides stable, good-quality viscosity and a creamy structure,
especially in low-fat yogurts [33-35].

Based on these, in this study, oat 3-glucan and reduced fat goat milk were coupled
together for the production of physiologically fortified and sensorially improved goat
milk yogurt production, and the effect of the microfluidization technique on some quality
characteristics of the final product was also observed. The goaty flavor limits goat milk
yogurt consumption. Studies have revealed that sensory improvement is achieved in goat
milk yogurt by mixing goat milk and cow milk [36], and also through the use of fruit
juices, B-cyclodextrins, etc. As a result, in this study, the oat 3-glucan was used in different
ratios for sensory improvement of goat milk yogurt. In the literature, only one study
used oat flour in goat milk yogurt production, observing the textural and organoleptic
characteristics [37]. The 3-glucan ratios used for yogurt in the literature are as follows:
0.1,0.2,0,3, 0.4, and 0.5% [22], 0.25, 0.50, and 1.0% [19], 0.5, 1.0, 1.5, and 2% [38], 0.1, 0.2,
and 0.5 [31], 0.2-0.8% [23], 0.5, 1.0, 1.5., 2.0, and 2.5% [39], and 0.1%, 0.2%, 0.3%, 0.4%,
and 0.5% [20]. Among these studies, Brennan and Tudorica, in 2008 [39], found that a
0.5% B-glucan ratio was enough for serum retention; Raikos et al., in 2018 [23], observed
an adverse flavor at 0.8% 3-glucan; Qu et al., in 2021 [20], declared that yogurt samples
were sensorially acceptable at up to oat 3-glucan ratios of 0.5% and the texture of yogurt
samples was not significantly different up to or equal to 0.4%. Additionally, Vasiljevic
et al., in 2007 [28], determined that 0.24% and below was inhibitory for phase separation,
while other researchers found the threshold for (3-glucan concentrations (%, w/w) phase
separation was <0.25% [31], <0.20 [30], and <0.5% [40]. Considering these results and
the preliminary experiments carried out; samples with oat (3-glucan ratios of more than
0.50% were found to be sensorially unacceptable due to the intense cereal taste and their
distinct phase separation. As a result, in the study, the correct oat 3-glucan ratios were
determined to be 0%, 0.25%, and 0.50%, regarding the sensorial and textural attributes. To
the best of our knowledge, in the literature, no other study explored oat 3-glucan use in
goat milk yogurt and utilized microfluidization for textural improvement in that system.
Oat -glucan-casein interactions are limited in terms of using 3-glucans in dairy systems
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due to thermodynamic incompatibility. From a technological point of view, the results
are promising for providing valuable information for developing new-generation dairy
systems with 3-glucan fortification and providing a new solution with microfluidization
for thermodynamic incompatibility reactions faced in 3-glucan-casein interactions.

2. Materials and Methods
2.1. Materials

Raw goat milk was freshly obtained from a dairy farmer in Yeni Pecenek Village of
Ankara, Turkey. Skim goat milk powder was supplied by Enka Dairy and Food Products
Industry and Commerce Ltd., Co., (Konya, Turkey) and used for the enrichment of the
non-fat dry matter content of raw milk. The oat 3-glucan product used in the fortification of
goat milk yogurt samples with dietary fiber was purchased from the producer (PromOat®,
Tate & Lyle, Kimstad, Sweden AB). The general characteristics of raw goat milk, skim goat
milk powder, and the oat 3-glucan product used in yogurt production are presented in
Table 1.

Table 1. General characteristics of raw goat milk, skim goat milk powder, and oat 3-glucan.

Component (%) Raw Goat Milk 2 Skl;loggii%/hlk Oat 3-glucan €
Total solid 14.26 4+ 0.83 96.61 96.97
Fat 5.13 +0.56 0.50 0.75
Total protein 4.51 4+ 0.30 -d 4.25
Ash 0.78 £ 0.06 8.79 2.09
pH 6.67 +0.03 6.66 -d
Titratable acidity, % LA 8.37 + 0.62 0.11 -d
B—glucan -€ -€ 35.00

2 Values are means = standard error of parameters (n = 3). °¢ Data supplied by the manufacturer. ¢ Not
determined. ¢ Not included.

2.2. Preparation of Milk Blends

Raw goat milk was initially standardized in terms of fat (1.5%) and non-fat solid (16%)
for getting physically good quality goat milk yogurt. In the standardization of non-fat solid
content, skim goat milk powder (Table 1) was added to approximately 60 °C heated raw
goat milk. Milk blends (4000 mL each) were prepared by incorporating different levels of
oat 3-glucan (0.25% and 0.50% w/v, on a milk basis), except for control samples. Prepared
milk blends were mixed with a laboratory-type Ultra Turax blender (IKA RW 20, Staufen,
Germany) at 13,500 rpm for 5 min concerning complete dispersion of the components.
Yogurt samples were produced with non-microfluidized and microfluidized milk blends
according to the procedure described in the following section. Samples were coded as YC,
Y1, and Y2 for non-microfluidized and MFYC, MFY1, and MFY2 for microfluidized yogurt
samples (Table 2).

2.3. Microfluidization Process and Yogurt Making

Microfluidization was carried out by Microfluidizer (M-110Y, Microfluidics, Westwood,
MA, USA) at 103.4 MPa pressure by passing the milk blends of MFYC, MFY1, and MFY2
through the 100 um process chamber at one stage. Following this, microfluidized milk
blends were processed into yogurt. Non-microfluidized samples (YC, Y1, Y2) were directly
processed into yogurt. Yogurt production was carried out starting with heat treatment at
90 °C for 10 min and cooling to 43—45 °C for inoculation with mixed lyophilized commercial
starter cultures of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus
(Y401, Maysa Food Industry and Commerce Ltd. Co., Istanbul, Turkey) at a ratio of 0.4 g/L
for each 4 L-batch. After inoculation, all samples were filled in sterile plastic containers of
100 mL volume and incubated at 43 + 1 °C until the pH value reached 4.6 £ 0.1. At the end
of the incubation period, yogurt samples were left to cool for 10 min at room temperature
and then stored in refrigerated conditions (4 £ 1 °C). Yogurt samples were analyzed in
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their physical, chemical, microbiological, textural and sensory properties every seven days
of the 21-day storage period.

Table 2. Details on milk blends for yogurt samples.

Details for Milk Blends
Oat 3 Glucan Ratio Microfluidization
Sample Code ! (%, wlv, on Milk Base) (MF)

0 0.25 0.50

YC v - - -

Y1 - v - -

Y2 - - v -

MFEYC v - - v

MFY1 - v - v

MFY2 - - v v

I Sample codes denote: YC: non-microfluidized control yogurt (0% oat -glucan ratio), Y1: non-microfluidized
yogurt with 0.25% oat (3-glucan ratio, Y2: non-microfluidized yogurt with 0.50% oat (3-glucan ratio, MFYC:
microfluidized control yogurt (0% oat 3-glucan ratio), MFY1: microfluidized yogurt with 0.25% oat 3-glucan
ratio, MFY2: microfluidized yogurt with 0.50% oat 3-glucan ratio.

2.4. Proximate Composition of Raw Goat Milk

Raw goat milk was analyzed in basic compositional properties, pH, and titratable
acidity as Lactic Acid (LA %). Total dry matter (%) and fat (%) and titratable acidity in
Lactic Acid (LA %) by the method [41], ash (%) content was determined by [42]. The
pH of raw goat milk was measured by a digital pH meter (Mettler Toledo Seven2Go S2;
Schwerzenbach, Switzerland). Kjeldahl method, was used in determining the total protein
content of yogurt samples [43]. In analysis, samples were initially digested (Btichi K435,
Flawil, Switzerland) and distilled (Biichi 323, Flawil, Switzerland). Total nitrogen (%) was
converted to Total Protein (TP %) by multiplying with a factor of 6.38.

2.5. Proximate Composition and Physico-Chemical Properties of Yogurt Samples

Yogurt samples were analyzed in total dry matter (%), fat (%), and ash (%) content
on the 1st, 7th, 14th, and 21st days of storage according to the methods of [42], Gerber
method [41,44,45], respectively. Yogurt samples were diluted with distilled water in a 1:1
ratio, and pH values were measured digitally by a pH meter (Mettler Toledo Seven2Go
S2; Schwerzenbach, Switzerland). Titratable acidity values of the yogurt samples were
determined and expressed as lactic acid (LA %) [45].

2.6. Oat-B-Glucan Content

The (-glucan content of oat-p-glucan fortified yogurt samples was determined by
using an enzymatic kit (Megazyme International Ireland Ltd., Co., Wicklow, Ireland)
following the Megazyme method and analysis procedure provided by the company [46].
The amount of 3-glucan was calculated according to Equation (1). In the enzymatic reaction,
the repeated glucose units in the 3-glucan structure were broken down into D-glucose by
the action of the enzyme (-glucosidase. The absorbance value of the D-glucose released at
the end of the lysis reaction was measured at 510 nm wavelength by spectrophotometer
(PerkinElmer Lambda 25 UV /Vis Spectrometer, Republic of Singapore). The (-glucan
content of yogurt samples was analyzed on the 1st and 21st days of storage. The values
obtained for the samples were expressed in g/100 mL (Equation (1)).

B — glucan (%OmL) — AA x F x D x 0.0027 )
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ANA = Absorbance ,epction — Absorbance blank
F =100(ug D — glucose) + (Absorbance 100,4D - glucose)

D = Dilution rate prior to p — glucosidase enzyme incubation

2.7. Color Analysis

Color attributes of yogurt samples were evaluated according to CIELAB color space
with the coordinates of L*, a*, and b* denoting lightness/darkness, redness/greenness, and
yellowness/blueness, respectively (Konica Minolta CR 410, Sensing Inc., Osaka, Japan).
In the coordinates, L* = 100 indicated lightness, and L* = 0 indicated darkness of the
sample, (+) a* values indicated redness and (—) a* values indicated greenness and (+) b*
values indicated yellowness, and (—) b* values indicated blueness of the sample. After
calibrating the instrument with a standard white plate, the instrument measurements were
done by putting yogurt samples in a quartz container. The measurements were performed
in triplicate.

Color differences among the samples were given by using calculated indices as the total
color difference (AE), Chroma (C*), Hue Angle (h*), Whiteness Index (WI) and Yellowness
Index (YI). In the calculation of these indices the Equations (2)-(6) were used by considering
the measured CIE color parameters (L*, a* and b*) of the yogurt samples [47]. The Ly*, ap*
and by* values were measured values for control samples (YC and MFYC) and considered
as the references for calculation of AE of non-microfluidized and microfluidized yogurt
samples separately (data not given).

AE = V/Aa*2 + Ab*2 + AL?2 )
C* = \/ax? + bx> 3)
h* =tan! (=) 4)
a
WI =100 — /(100 - L) + a2 + b2 5)
Vi 1421;81617 ©

2.8. Evaluation of Yogurt Gel Properties
2.8.1. Syneresis

Robitaille et al. (2009) [48], determined the syneresis of yogurt samples. Twenty-five
grams of yogurt samples were centrifuged for 10 min at 2200 rpm and 4 °C by centrifuge
(Sigma 3-18K, Osterode am Harz, Germany). At the end of centrifugation, the supernatant
(serum) separated at the top of the tubes was weighed, and syneresis (%) was calculated
according to Equation (7).

Syneresis (%) = (weight of supernatant < weight of yogurt) x 100 (7)

2.8.2. Textural Analysis

Back-extrusion method was used in the characterization of yogurt samples’ texture.
In the measurements, the texture analyzer (TA. XT Plus, Stable Micro Systems, Surrey, UK)
with the equipment of a 5-kg load cell and 35-mm back extrusion disk was used. All samples
were analyzed in original containers compatible with the method and equipment. The test
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conditions were adjusted as: 1.5 mm/s probe test speed and 20 mm for probe penetration
distance. Sample temperature is a critical parameter in texture analysis, so samples were
removed from the refrigerator (4 &= 1 °C) immediately before the measurement. Quaternary
measurements were performed for each sample in the 1st, 7th, 14th, and 21st days of storage.
The derived texture attributes from the force-time curve obtained by the back-extrusion
method were firmness, consistency, cohesiveness, and index of viscosity.

2.9. Culture Viability of Yogurt Bacteria

The growth of yogurt bacteria (Streptococcus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus) in oat 3-glucan fortified goat milk yogurt was evaluated during the
storage period according to procedures expressed in International Dairy Federation Stan-
dard [42,43]. For enumeration of Lactobacillus delbrueckii subsp. bulgaricus MRS agar
medium was used, and incubation was carried out in anaerobic conditions with jars at
37 °C for 72 h for Streptococcus thermophilus in M17 agar medium was used. Petri plates
were incubated at 37 °C for 48 h aerobically. Yogurt samples were also observed for yeast
and mold in PDA (Potato dextrose agar) agar medium at 25 °C for 72-120 h of incubation.
Before pouring into the plates, the PDA medium was initially acidified by sterile tartaric
acid (10%), 1 mL for each 100 mL PDA agar medium. Plates with 30-300 colonies were
recorded, and bacterial counts were evaluated as log CFU x g~!. Duplicate examinations
were done for all yogurt samples.

2.10. Sensory Analysis

Sensory evaluation was conducted with 7-experienced panelists who regularly con-
sumed dairy products in the Department of Dairy Technology, Ankara, Turkey. A scoring
guide was prepared with some additional modifications related to criteria encountered
in goat milk yogurt and oat-beta glucan (Table 3) [49,50]. In Table 3, panelists were asked
to evaluate the yogurt samples over 5 points in terms of color and appearance, structure
and texture attributes, degree of liking, and in terms of odor and flavor 10-point rating
scale was used. In the evaluation, approximately 50 mL of randomly-coded yogurt sample
(in 3-digit numbers) was presented to the panelists with a glass of drinking water in their
original containers.

Table 3. Scoring guide for sensory evaluation of yogurt samples.

Quality Criteria Possible Defects in Goat Milk Yogurt
Non-uniform color
Color and appearance Free whey
The score ranges from 1-5 points Unnatural color
5: defines no defect Shrinkage

Surface growth of bacteria

Too thin or too firm

Creamy
Structure and texture attributes Drinkable
The score ranges from 1-5 points Syneresis
5: defines no defect Lumpy
Granular
Ropy

27



Foods 2023, 12, 3457

Table 3. Cont.

Quality Criteria Possible Defects in Goat Milk Yogurt

Lack of yogurt taste and aroma
Cooked flavor
Creamy
Cereal flavor
Flavor and Odor Goaty flavor and odor
The score ranges from 1-10 points Fermented
10: defines no defect Sour
Salty
Sweet
Yeasty /Fruity
Foreign

2.11. Statistical Analysis

The study was organized by considering the three different levels of oat (3-glucan
ratio (0%, 0.25% and 0.50%), four different levels of storage time (1, 7, 14 and 21 days)
and two different levels of microfluidization conditions (either non-microfluidized or
microfluidized) as factors in oat 3-glucan fortified reduced fat goat milk yogurt production.
This experiment, conducted using the repeated measurement ANOVA technique with oat
-glucan and storage time factors, was replicated in non-microfluidized and microfluidized
conditions. The experiment is a repeated-trial conducted using the factorial design with
the repeated measurement analysis of variance (ANOVA) method. Statistical analysis of
the data was performed using Minitab statistical software (version 16.0, Minitab Inc., State
College, PA, USA) and multiple comparisons were made by Duncan test at significance
levels of p < 0.05 and/or p < 0.01.

3. Results and Discussion

The proximate composition, physicochemical, textural, and microbiological properties
of non-microfluidized (YC, Y1, Y2) and microfluidized (MFYC, MFY1, MFY2) oat 3-glucan
fortified goat milk yogurt samples in the storage days (1st, 7th, 14th and 21st) were dis-
cussed in the whole manuscript by covering the individual effect of oat 3-glucan use and
its concentration, the individual effect of using microfluidization and the individual effect
of storage time on yogurt sample characteristics, and also the effect of interactions of these
factors in statistical significance level (p < 0.01 and p < 0.05) as given in Table 4. For this
reason, the results of the parameters for yogurt samples were grouped by factor issues as
given in Table 4 and discussed in the relevant sections.

Fat (%) content of yogurt samples was determined as 1.60% and remained un-changed
during 21 days of storage. In the manufacture raw goat’s milk was initially standardized to
1.5% fat but fat content of oat 3-glucan also contributed to the fat content of the yoghurt
samples (Table 1).
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3.1. Oat B-glucan Content and Effect of Oat-B Glucan Concentration on Some Characteristics of
Yogurt Samples

In the inclusion of oat B-glucan, the oat (3-glucan with 35% (-glucan were used
(Table 1). The amounts incorporated to yogurt samples in ratios of 0.25% and 0.50% were
calculated as 0.09 g and 0.18, respectively. However, according to Table 5, yogurt with oat
-glucan 0.25% and oat 3-glucan 0.50% contained (3-glucan in amounts of 0.05 £ 0.0190
and 0.11 + 0.0030. These values were lower than inclusion amounts so some amount of
B-glucan might have been consumed during fermentation since no change was observed
from day 1 to day 21 (data not given). In literature, some researchers declared the utilization
of 3-glucan by probiotic bacteria and yogurt bacteria resulting in a loss of 3-glucan that
may weaken the product’s functional properties. So, Gee et al. (2007) [51] and Snart et al.
(2005) [52], suggested that the addition of 3-glucan should be done after fermentation.
Some studies show that selected probiotics and strains of yogurt bacteria can benefit from
-glucan [53]. However, it is not completely clear whether the strains digest 3-glucan or
whether it has mediating effects for culture growth [28]. Vasiljevic et al. (2007) [28] also
concluded that it was unclear whether yogurt starter cultures and probiotics can utilize
-glucan as a prebiotic. However, it was evident that their growth and viability were
enhanced. In the studies, no adverse effect of 3-glucan use on yogurt bacteria growth rate
was declared by researchers [51,54]. Researchers stated that the addition of 3-glucan did
not affect the growth of yogurt bacteria [28,55-57].

Table 5. The individual effect of oat 3-glucan concentration in some characteristics of both non-
microfluidized and microfluidized goat milk yogurt samples.

X+6s,1
Parameter
Control Oat 3-Glucan 0.25% Oat B-Glucan 0.50%
Dry matter (%) 15.91 4 0.1100 B*+ 16.21 4 0.1290 A** 16.44 4+ 0.1300 A**
LA (%) 1.51 + 0.0155 B+ 1.56 + 0.0127 A* 1.49 + 0.0170 B~
pH 4.29 + 0.0196 AB* 4.25 £ 0.0181 B* 4.33 £ 0.0180 A*
Oat B-glucan content (g/100 mL) 2 - 0.05 4 0.0190 B+ 0.11 4 0.0030 A**
Index of viscosity (N x s) 1.13 4 0.0668 A* 1.17 4 0.0460 A* 0.70 4 0.0442 B*

1 Data are the means + SE (n = 24) of parameters for both goat milk yogurt samples (non-microfluidized and
microfluidized) with the same oat 3-glucan content during the 21-day storage period; ? The values are the means
=+ SE (n = 12) of oat 3-glucan content of both non-microfluidized and microfluidized goat milk yogurt samples on
days of 1 and 21. Control: Means of both non-microfluidized and microfluidized control yogurts (YC and MFYC).
Oat B-glucan 0.25%: Means of both non-microfluidized and microfluidized yogurts with 0.25% oat 3-glucan ratio
(Y1 and MFY1), Oat 3-glucan 0.50%: Means of both non-microfluidized and microfluidized yogurt with 0.50% oat
[-glucan ratio (Y2 and MFY2), different capital letters in the same row indicate significant difference (** p < 0.01, *
p <0.05).

According to Table 5, oat 3-glucan use and its concentration had a significant effect
on dry matter (p < 0.01) and similarly on LA %, pH, and index of viscosity values of all
samples (p < 0.05). Similarly declared as; the dry matter content of oat 3-glucan fortified
yogurt samples increased relevant to the amount of oat (3-glucan used in the samples [19].
The dry matter content of yogurt samples fortified with 0.25% oat (3-glucan and 0.50% oat
B-glucan (both non-microfluidized and microfluidized) were significantly higher than that
of control yogurts (p < 0.01) but not found significantly different among yogurt samples
fortified with 0.25% oat 3-glucan and 0.50% oat (3-glucan.

Oat B-glucan use, and its concentration created a significant difference in LA % and
pH of all samples (p < 0.05). Among the samples, oat 3-glucan fortified yogurt with 0.25%
concentration was significantly different from control and 0.50% oat 3-glucan fortified
samples in terms of LA % and again significantly different than 0.50% oat (3-glucan fortified
samples for pH (Table 5). Sahan et al. (2008) [19] found that using 3-glucan composite did
not significantly change non-fat yogurt samples’ pH and titratable acidity.

The index of viscosity measures the sample’s resistance to flow off through the disk
during instrumental texture analysis (back extrusion method) [33]. An oat (3-glucan ratio-
dependent variation was observed for the index of viscosity of yogurt samples. The
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index of viscosity of yoghurt samples increased when the increase in oat 3-glucan ratio
was at the level of 0.25%, but a significant decrease was observed at the level of 0.50%
(p < 0.05) (Table 5). From Table 5, for 0.25% oat -glucan fortified goat milk yogurt
samples an insignificant increase was observed in index of viscosity when compared with
control yogurts. In dairy systems with 3-glucans above the critical 3-glucan level, the
casein-p-glucan interaction causes a 2-layer structure resulting in drinkable, low-viscosity
yogurts [28,58]. If the emulsion is unstable, the components compromising the system will
separate [59]. Stability, viscosity, and water holding capacity are yogurt quality parameters,
which are enhanced by homogenization enabling uniform spreading of milk components
and ingredients. High-pressure homogenization by microfluidization supplies stable
emulsions [33], as it was in our samples (Figure 1).

a Non-Microfluidized

b Microfluidized

Figure 1. The visual appearance of non-Microfluidized (a) and Microfluidized (b) oat 3-glucan
fortified goat milk yogurt samples. YC: non-microfluidized control yogurt (0% oat (3-glucan ratio),
Y1: non-microfluidized yogurt with 0.25% oat 3-glucan ratio, Y2: non-microfluidized yogurt with
0.50% oat -glucan ratio, MFYC: microfluidized control yogurt (0% oat 3-glucan ratio), MFY1:
microfluidized yogurt with 0.25% oat 3-glucan ratio, MFY2: microfluidized yogurt with 0.50% oat
[-glucan ratio.

3.2. Impact of Microfluidization and Oat-B Glucan Concentration on Color Attributes, Syneresis,
and General Acceptability of Yogurt Samples

Color parameters (L*, a*, and b*) and syneresis (%) of goat-milk yogurt samples were
significantly affected by the interaction of oat 3-glucan and the microfluidization inter-
action and given in Table 6. Non-microfluidized samples differed in L* and b* (p < 0.01).
Among the microfluidized samples, goat-milk yogurt with oat (3-glucan 0.50% ratio was sig-
nificantly different from the others in terms of L* value (less bright) (p < 0.01). Lightness de-
creased, and oppositely yellowness increased (higher b* values) in both non-microfluidized
and non-microfluidized samples with increasing amounts of oat 3-glucan. As the concen-
tration of oat 3-glucan increases b* value increases and the L* value decreases due to the
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slightly yellowish color of the oat (3-glucan product used. Microfluidized control yogurt
was significantly different in b* than microfluidized goat-milk yogurt with oat -glucan
0.50% ratio (p < 0.01). In non-microfluidized samples, the intense mass accumulation and
serum separation occurred due to an increase in B-glucan concentration, which might
decrease L* values and increase yellowness (b*). In oat-based fermented products, control
yogurts were whiter than samples with oat 3-glucan [60]. Similar results were observed in
probiotic yogurts with oat-based and barley-based 3-glucan [61]. Including oat (3-glucan
up to 0.3% had no significant effect on yogurt samples’ lightness (L*). However, a darker
color was formed with lower L* values by increasing the concentration of oat 3-glucan
from 0.3% to 0.5% [22].

Table 6. Color attributes, syneresis (%), and general acceptability of oat 3-glucan fortified goat milk
yogurt samples depend on microfluidization and oat (3-glucan concentration.

X+S,1!
Parameter Yogurt Sample
Non-Microfluidized Microfluidized

Control 69.63 = 0.3980 Ab** 70.30 + 0.0832 Aa#+

L* Oat B-glucan 0.25% 68.76 4 0.3830 Bb** 70.08 4 0.0989 Aa**
Oat B-glucan 0.50% 67.26 4 0.3590 Cax+ 69.46 + 0.1540 Bax

Control —2.12 4+ 0.1050 Aa* —2.08 = 0.0814 Aax

a* Oat B-glucan 0.25% —2.23 4+ 0.1720 Aa* —2.00 4 0.0551 A2*
Oat B-glucan 0.50% —2.70 4 0.1160 Bb* —2.15 £ 0.0786 A2

Control 7.90 + 0.3750 Cax* 8.31 =+ 0.0889 Bax+

b* Oat B-glucan 0.25% 8.52 + 0.4060 Bax+ 8.53 + 0.0535 ABaxx

Oat (3-glucan 0.50%

9.26 + 0.3300 Aax*

8.80 + 0.0484 Ab**

Control

12.53 =+ (0.434 Basx

12.81 + 0.969 Aaxx

Syneresis (%) Oat B-glucan 0.25% 21.88 = 0.853 Aax+ 10.34 + 0.785 Ab**
Oat B-glucan 0.50% 24.59 + 2.280 Aaxx 15.08 4 1.400 Abx*
Control 3.62 4 0.125 Aax+ 3.27 £ 0.163 Aax+

General acceptability

Oat B-glucan 0.25%
Oat (3-glucan 0.50%

3.71 + (.132 Aaxx
1.80 = 0.210 Bb#*

3.83 + (.122 Aaxx
3.49 + 0.168 Aaxx

1 Data are the means + SE (n = 12) of parameters for oat 3-glucan fortified goat milk yogurt samples during a
21-day storage period; Control: Means of goat-milk yogurt with 0% oat f-glucan ratio either non-microfluidized
or microfluidized, Oat (-glucan 0.25%: Goat-milk yogurt fortified with 0.25% oat -glucan ratio either non-
microfluidized or microfluidized, Oat 3-glucan 0.50%: Goat-milk yogurt fortified with 0.50% oat 3-glucan ratio
either non-microfluidized or microfluidized, different capital letters in the same column indicate significant
difference (* p < 0.05, ** p < 0.01), different lower case letters in the same row indicate significant difference
(* p <0.05,** p <0.01).

The negative a* values indicated that all goat milk yogurt samples (with or without oat
-glucan) were in green color space, and non-microfluidized samples were more greenish
than microfluidized ones with higher (—) a* values. As the concentration of oat 3-glucan
increased, higher a* values were obtained in the negative area. No significant difference
was found among microfluidized samples, but in non-microfluidized samples, goat-milk
yogurt fortified with 0.50% oat 3-glucan ratio was significantly different and more greenish
than control and goat-milk yogurt with 0.25% oat 3-glucan ratio (p < 0.05).

The interaction of oat 3-glucan concentration and microfluidization treatment indi-
cated that the lightness (L*) of the samples increased (p < 0.01), but a* (greenness) decreased
with microfluidization (p < 0.05). The increase in lightness among non-microfluidized
and microfluidized yogurt groups can be explained by whey protein denaturation and
its association with casein micelle induced by pressures of 100-200 MPa applied during
homogenization. However, higher pressures (300 MPa) reduce lightness [62]. Similar to
our results (Table 6), an increase in lightness was associated with microfluidization applica-
tion at different pressures for Cheddar cheese [63]. Oppositely, Gervilla et al. (2001) [64],
declared that a decrease in L* was caused by the dispersion of casein micelles into smaller
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pieces resulting from high pressures applied and milk becoming transparent. Microflu-
idization significantly changed L* (p < 0.01) but not for a* and b* for control yogurts. The
b* (yellowness) value increased with microfluidization in control yogurt. In goat-milk
yogurt fortified with 0.25% oat (3-glucan ratio, L* differed statistically (p < 0.01) among non-
microfluidized and microfluidized samples. Additionally, the difference was not significant
for L* but was significant for a* (p < 0.05) and b* (p < 0.01) among non-microfluidized and
microfluidized yogurt samples with 0.5% oat 3-glucan (Table 6). Microfluidized samples
were less green (a*) than non-microfluidized ones. Lower b* values were measured for only
microfluidized goat-milk yogurt fortified with 0.50% oat -glucan ratio primarily related
to homogenization supplied by microfluidization.

According to Table 6, using oat 3-glucan in varying amounts and microfluidiza-
tion treatment created a significant difference in the syneresis of samples (p < 0.01). In
non-microfluidized samples, syneresis values increased gradually with oat 3-glucan con-
centration and were higher than the control sample. Like ours, syneresis increased at
3-glucan levels higher than 0.3% [54]. However, no linear relationship between the amount
of B-glucan composite and the syneresis and this time oppositely, syneresis decreased in
yogurt samples with 3-glucan composite addition [19]. The difference was significant
with non-microfluidized control and non-microfluidized oat 3-glucan fortified samples
(p < 0.01) but insignificant among samples with 0.25% and 0.50% oat (3-glucan ratio. For
microfluidized samples, syneresis values were lower than non-microfluidized couples with
similar oat 3-glucan content (Table 6). In microfluidized samples, the highest syneresis
values were obtained in yogurt samples with 0.5% oat 3-glucan ratio, and the lowest was
in yogurt samples with 0.25% oat 3-glucan ratio, probably due to the more homogeneous
distribution of oat 3-glucan in the system and the improved water-holding capacity of oat
B-glucan (dietary fiber) by microfluidization. However, this behavior did not continue
parallel with the increase in oat 3-glucan concentration. Although insignificant, higher
syneresis was observed for microfluidized yogurt with a 0.50% oat 3-glucan ratio (Table 6).
According to Lazaridou and Biliaderis (2007) [58], this was due to phase separation due
to the interaction between oat 3-glucan and casein above a critical concentration level
and the thermodynamic incompatibility between these two molecules. Oat and barley
-glucan addition resulted in higher syneresis values obtained in yogurts compared to the
control sample and recommended using a (3-glucan concentration not higher than 0.4% [28].
At levels up to 0.3% of 3-glucan addition, a significant increase in hardness values was
observed in yogurt gels with the increase in concentration, and this was found concerning
decreased water in the gel structure due to increased syneresis [22].

Oat 3-glucan concentration and microfluidization interaction created no significant
difference in terms of syneresis among both non-microfluidized and microfluidized control
yogurts (p > 0.05). However, they were significant (p < 0.01) among oat 3-glucan fortified
non-microfluidized and microfluidized groups (Table 6). In general, in the samples, synere-
sis (%) decreased by microfluidization (Table 6). The denaturation degree of serum proteins
is effective on water holding capacity and the syneresis values of yogurt samples as the
denaturation degree of serum proteins increases water holding capacity increases and
meaning that syneresis decreases [65,66]. In addition, high-pressure technology causes the
casein micelles to break into smaller fragments, dissolution of colloidal calcium phosphate,
and denaturation of serum proteins [67,68]. Yogurt texture is improved with increased
amounts of reacting denatured serum proteins and the increased number of fat globules
and casein micelles [33].

The difference in syneresis of yogurt samples with similar oat 3-glucan ratio was
correlated with the effect of microfluidization on the functionality of dietary fibers and
the increased denaturation ratio of serum proteins. Chen et al., 2013 [69] found that
microfluidization treatment increased the solubility of insoluble dietary fibers (peach and
oat) by changing the structures of the regions acting on water binding and improving their
water-holding capacity. Similarly, Ronkart et al. (2010) [70] stated that microfluidization
decreases the particle size of inulin in inulin-water systems independent of the inulin
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concentration, and the more porous structure is formed by microfluidization and water
holding capacity is increased. In our samples (Table 6), the joint effect of microfluidization
on denaturation of serum proteins and oat beta-glucan functionality could result in lower
syneresis values in microfluidized oat (3-glucan fortified yogurt samples (p < 0.01).

In sensorial evaluation, the interaction of oat 3-glucan concentration and microflu-
idization effect was found statistically significant in the general acceptability scores of the
samples (p < 0.01). Non-microfluidized control (YC) and oat (3-glucan fortified yogurt
with a ratio of 0.25% (Y1) did not differ in terms of general acceptability, but Y2 differed
significantly from YC and Y1 (p < 0.01). Y1 got the highest score and was followed by YC
and Y2 orderly. Increasing oat 3-glucan brings many obstacles, especially in dairy systems,
due to the interaction of casein and p3-glucan. Textural defects are considered significant
determinants in yogurt quality, dominating the other favorable properties. As a result, the
definite result of using 0.50% oat (3-glucan in non-microfluidized samples had an adverse
effect on the total quality of goat milk yogurt samples. In microfluidized samples, no
significant difference was observed in the general acceptability scores of samples (MFYC,
MFY1, and MFY2) (Table 6). MFY1 got the highest score and was followed by MFY2 and
MFYC orderly. Fortification concentration of oat 3-glucan was found to be statistically
significant among the non-microfluidized sample (Y2) and microfluidized sample (MFY2)
(p <0.01).

3.3. Derived Color Indices of non-Microfluidized and Microfluidized Oat B-Glucan Fortified Goat
Milk Yogurt Samples during Storage Period

In Table 7, the results of calculated color indices obtained by the Equations (2)—(6) were
given. AE values were derived by measured values as L*, a* and b* (Equation (2)). The AE,
indicates the color difference among samples and their controls. The degree of the difference
was analytically scaled as very distinct difference when AE > 3, distinct difference when
1.5 < AE < 3 and a small difference when AE < 1.5 [47]. From Table 7, in non-microfluidized
samples a small difference was observed between YC and Y1 in all storage days with AE
values smaller than 1.5. At ratios of oat 3-glucan 0.50%, samples a distinct difference was
observed on days of 1st, 7th and 14th (Table 7). In case of microfluidized samples, all
samples (MFY1 and MFY2) were had small difference than MFYC. These results can be
explained by more homogeneous structure maintained by microfluidization and also more
successful dispersion of oat 3-glucan and milk constituents in microfluidized samples.

Higher Chroma values meaning that the higher the color in quantity and more intense
the color sensed by human eye [47]. The Chroma values increased gradually with oat
-glucan ratio in non-microfluidized and microfluidized yogurt samples but lower values
observed for the former. The Chroma values of microfluidized samples increased gradually
with oat (3-glucan ratio but were nearly constant over time for MFY1 and MFY2. Practically
a steady increase was observed for YC, Y1 and Y2 during storage period (Table 7).

Hue angle, defines the qualitative measure of color comparing a certain color with
grey color as reference at the same lightness. Angles of 0° and/or 360° defines red hue, 90°,
180°, and 270° defines yellow, green and blue hues in order [47]. The hue angle values of all
oat 3-glucan fortified samples were in yellow/green color region but mostly yellow with
angles very close to 90°. The hue angle of non-microfluidized samples were higher but
with a very small margin than microfluidized samples. The hue angles of microfluidized
samples were very close to each other presented nearly a constant trend in storage period
(Table 7).
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Whiteness index, indicates the degree of whiteness of a product in general [47]. The
highest whiteness index values were observed for microfluidized samples. Among the
samples YC and MFYC got highest whiteness index values. Inclusion of oat 3-glucan
resulted in a gradual decrease but with nearly 2 units among Y1 and Y2 (more than MFY1
and MFY2) possibly related to effect of homogeneous distribution of oat 3-glucan by
microfluidization (Table 7).

Yellowness index, changes by processing, exposure to light and chemicals and explains
the degree of yellowness [47]. A gradual increase was observed in yellowness index
values of non-microfluidized samples with nearly 2 units. Similar trend was observed
in microfluidized samples but this time with small increments. Yellowness increased
was initially thought to be associated with oat 3-glucan inclusion and its ratio first, but
microfluidized samples also presented a homogeneity in values in general that were lower
than Y1 and Y2 (Table 7).

3.4. Effect of Microfluidization and Storage Time on Some Physico-Chemical, Proximate
Composition, and Textural Characteristics of Yogurt Samples

The interaction of microfluidization and storage time was found significant in terms
of dry matter, lactic acid, ash, and a* (p < 0.01) and for pH, L*, syneresis, and cohesiveness
(p < 0.05) (Table 8). Non-microfluidized samples did not differ significantly in dry matter
and ash in all storage time (p > 0.05), but non-microfluidized samples were different
from microfluidized samples in terms of dry matter and ash (means £ SE) on all storage
days (p < 0.01). In non-microfluidized and microfluidized samples, pH was significantly
changed during the storage period, with no change on day 7 and day 14 (Table 8). However,
among the groups (non-microfluidized and microfluidized), the pH changes on the 7th,
14th, and 21st days was significant (p < 0.05). In the samples on the 1st day, means =+ SE
of titratable acidity and pH values of non-microfluidized samples were lower than (less
acidic) microfluidized ones. A gradual increase was observed in LA % of all yogurt samples,
and from day 1 to day 21, these changes were 0.18 and 0.06 units for non-microfluidized
and microfluidized samples, respectively (Table 8). During storage, yogurt samples’ pH
values gradually decreased [71,72]. According to Table 8, the pH drop in the samples was
more pronounced between 1st and 7th days of storage and similar to results obtained
it was associated with the high rate of lactose consumption and higher production of
lactic acid and galactose in these days [73]. Prebiotics in apple pomace powder nourished
lactic acid bacteria and acted in additional lactic acid production [72]; similar can be
concluded for oat 3-glucan fortified yogurt samples. High-pressure homogenization has
an inhibitory effect on the growth of yogurt bacteria and Lactobacillus delbrueckii subsp.
bulgaricus and stimulate the Streptococcus thermophilus [34]. The exposure of microfluidized
milk blends to an additional treatment in which a slight temperature increase occurred
during microfluidization could be responsible for this difference. The initial pH of both
groups of yogurt samples ranged from 4.3—4.41, similar to Herrero and Requena (2006) [74],
which ranged from 4.31-4.48. The activity of yogurt starter cultures L. delbrueckii subsp.
bulgaricus and Streptococcus thermophilus continues during refrigerated conditions, and
acidity increases [75]. The post-acidification reaction of yogurt starter cultures is responsible
for the pH drop during the storage period [76-78] and related to (3-galactosidase activity
that is active at 0-5 °C is very closely linked to the drop of pH values lower than 4.2.
At this stage survival degree of lactic acid bacteria is adversely affected, and syneresis
is observed [75]. From Table 8, the pH values of all samples were higher than this limit
indicating over-acidification.
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Table 8. Some physicochemical, proximate composition, and textural characteristics of goat milk

yogurt samples depend on microfluidization and storage time.

Sample
Parameter Storage Period (day) X+8,1
Non-Microfluidized Microfluidized
1 16.73 + 0.0923 Aax* 15.58 =+ 0.1620 Bb*
A Ab s
Dry matter (%) 7 16.62 & 0.1160 Aa** 15.92 + 0.2050 N *
14 16.63 £ 0.1010 Aax* 15.60 + 0.1300 Bb**
21 16.66 + 0.1300 Aax* 15.75 + 0.1630 ABbx=x
1 1.41 + 0.0266 Ca*= 1.46 + 0.0125 Baxx
L 7 1.53 + 0.0250 Bax+ 1.53 + 0.0090 Aax*
Lactic Acid (%
actic Acid (%) 14 1.56 + 0.0195 ABax 1.54 + 0.0096 Aax*
21 1.59 + 0.0175 Aax+ 1.52 + 0.0277 Abx*
1 441 + 0.0186 Aa* 4.37 + 0.0247 Aax
7 4.33 4 0.0287 Bax 421 £ 0.0147 BCb+
pPH BC Bb
14 429 + 0.0166 BCax 4.24 + 0.0250 Bb+
21 4.26 + 0.0173 Ca* 4.19 + 0.0187 Cb*
1 1.40 + 0.0104 Aax* 1.09 = 0.0482 Bbx»x
o 7 1.39 = 0.0105 Aax= 1.25 + 0.0080 Ab*+
Ash (%) A Ab
14 1.40 =+ 0.0047 Aaxx 1.28 + 0.0044 Abx*
21 1.40 + 0.0074 Aax+ 1.28 =+ 0.0062 Ab=+
1 67.34 =+ 0.7740 Bb* 69.99 -+ 0.1940 Aa*
L 7 68.93 =+ 0.4020 Ab* 69.93 + 0.2400 Aax
14 68.64 + 0.3660 Ab* 69.95 + 0.1650 Aax
21 69.29 + 0.3320 Aax 69.91 + 0.1210 Aax
1 —2.14 + 0.1170 Aax* —2.08 & 0.0901 Aax+
. 7 —2.21 4 0.1310 Aaxx —2.07 + 0.0751 Aaxx
14 —2.22 +0.1190 Aax* —2.08 £ 0.0836 Aa*x
21 —2.84 4 (0.2100 Bb** —2.08 £ 0.1010 Aa**
1 18.30 4 2.390 Bax 12.50 4 1.460 ABb*
B Bb
Syneresis (%) 7 18.43 + 2.050 Aa* 11.58 + 1.320 Bb=
14 22.77 4+ 2.970 Aax 12.23 + 1.090 ABb*
21 19.16 + 2.040 Bax 14.66 + 1.600 Ab*
1 0.68 + 0.0456 Bax 0.68 £ 0.0727 Aax
. 0.72 + 0.039 Aax 0.68 & 0.0746 Ab*
Cohesiveness (N) A A
14 0.72 + 0.0452 Aax 0.70 + 0.0739 Aax
21 0.73 + 0.0347 Aax 0.67 + 0.0721 Ab=

! Data are the means = SE (n = 9) of all non-microfluidized goat milk yogurt samples (YC, Y1, Y2) and microfluidized
(MFYC, MFY1, MFY2) goat milk yogurt samples for the parameters in storage days of 1, 7, 14 and 21, different
capital letters in the same column indicate significant difference (* p < 0.05, ** p < 0.01), different lowercase letters
in the same row indicate significant difference (* p < 0.05, ** p < 0.01).

The L* values increased in non-microfluidized samples, and the first day’s L* values
differed significantly from the other storage days (p < 0.05) (Table 8). L* of microfluidized
samples remained almost constant (p > 0.05), possibly due to supplied homogeneity and
stability in the samples. Both non-microfluidized and microfluidized samples got negative
a* values throughout the storage period, indicating they exist in green color space. The
a* values increased greenness and became more intense from day 1 to day 21 in non-
microfluidized samples, with a significant increase on the 21st day. Non-microfluidized
samples were more greenish than microfluidized ones and significant only on the 21st day
(p < 0.01). In microfluidized samples, similar to L*, 2* remained nearly constant during
storage (p > 0.05) (Table 8).
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According to microfluidization and storage time interaction, the syneresis of non-
microfluidized samples was higher than microfluidized samples on all storage days
(p < 0.05). Microfluidization showed superiority in preventing syneresis in oat 3-glucan
fortified goat milk yogurt systems (Table 8). Syneresis is a textural defect considered a
problem in set-type yogurt. It is especially possible in non-fat, low-fat, and low-dry matter
yogurt systems [79]. Casein content is known to be more effective on syneresis than serum
proteins. In the samples, casein-3-glucan interaction supported syneresis and presented
a significant two-layered structure in increasing 3-glucan concentrations. However, all
yogurt samples got similar fat content but different dry matter content due to oat f—glucan
fortification (Table 5). This time microfluidization created a difference among yogurt sam-
ples. Syneresis decreased by microfluidization and increased by storage time, related to
increased acidity (Table 8). Microfluidization served uniform distribution of oat 3-glucan
and enhanced water holding capacity of oat 3-glucan that resulted in lower syneresis
(Table 8). The researchers observed a decrease in syneresis in yogurt during storage [80,81].
Syneresis decreased by storage, especially in cow’s milk yogurt samples with (3-glucan
composite [19]. However, the reverse was valid for the samples and can be explained by
decreased pH values (Table 8).

In non-microfluidized samples, cohesiveness increased from day 1 to day 21 and was
statistically significant on the first day than the other days (p < 0.05). In microfluidized
samples, cohesiveness remained nearly the same during storage (p > 0.05). A significant
difference was observed between the non-microfluidized and microfluidized samples
on the 7th and 21st day (Table 8). In the back-extrusion method on a force-time graph,
cohesiveness is the maximum negative force, and it determines the resistance of the samples
to the moving disk going away from the sample [33]. As the strength of the internal
bonds increases, internal stickiness increases [82]. Microfluidization maintains a more
homogeneous and creamy texture, but this is not related to the fat content; it defines the
smoothness of the product [83]. In low-fat yogurts, microfluidization improves the texture
in that creamy, softness, enhanced density, and viscosity in mouthfeel are supplied [35].
Lower cohesiveness values in microfluidized yogurt samples can depend on the increased
smoothness and creaminess (Table 8). Opposite to ours, firmness, elasticity, adhesiveness,
and gumminess of milk gels can be enhanced, but cohesiveness can be diminished by (3-
glucan with specific molecular characteristics [84]. Cohesiveness values of microfluidized
yogurts with 0.50% oat (3-glucan were higher than non-microfluidized candidates due to the
homogeneous structure formed by microfluidization since in non-microfluidized samples
with 0.50% oat -glucan concentration a distinct phase separation was observed due to
thermodynamic incompatibility of casein and oat 3-glucan. Although further research is
required, high-pressure homogenization mainly causes differences in gel microstructure
rather than texture in yogurt samples [85].

3.5. Effect of Storage Time on Color, Microbiology, and Texture Attributes of Yogurt Samples

Storage time effect was found significant on the parameters for all non-microfluidized
and microfluidized goat milk yogurt samples and given in Table 9. The b* value of the
samples differed significantly on the first day of storage (p < 0.05) and increased gradually
up to day 14 with no significant change in the following days of storage (p > 0.05). Similarly,
b* values of apple fiber-added strained yogurts increased significantly during the 21-day
storage period [13].
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Table 9. The individual effect of storage time on b* value, the viability of yogurt bacteria, and some
texture characteristics of goat milk yogurt samples.

Parameter Storage Time (Day) X+68,1

1 7.96 + 0.3960 B*

” 7 8.75 & 0.1180 A+

14 8.80 + 0.1280 A*

21 8.70 & 0.1030 A*

1 1.43 + 0.147 B#*
. 7 1.50 + 0.151 ABx*

F

irmness (N) 14 1.51 + 0.161 A%

21 1.53 £ 0.159 A**

1 14.45 + 1.68 B+

A

Consistency (N xs) 4 14.96 £1.72 A*
14 15.12 + 1.73 A*

21 15.15 &+ 1.76 A*

1 9.93 + 0.209 B
. 7 10.98 + 0.369 A**

S. th hilus (log CFU

ermophilus (log CEU/g) 14 10.23 4 0.276 B+
21 10.13 + 0.293 B+

1 8.62 4 (.183 A+

Lb. delbrueckii subsp. 7 8.08 & 0.127 B+
bulgaricus (log CFU/g) 14 7.36 +0.142 C*+
21 6.85 & 0.217 D#+

! Data are the means + SE (n = 18) of both non-microfluidized and microfluidized goat milk yogurt samples for
the parameters in storage days of 1,7, 14, and 21, different capital letters in the same column indicate a significant
difference (* p < 0.05, ** p < 0.01).

Firmness values changed significantly on the 1st and 14th, and 21st days of storage
(p < 0.01) and increased from day 1 to day 21. In dietary fiber-added strained yogurt
samples, firmness increased with storage time. It was explained by the increased water-
holding capacity of milk proteins and dietary fibers during storage [13]. Similar to firmness
values, the consistency of yogurt samples increased slightly during the storage period,
and it was significantly different on the 1st day of storage than in the remaining periods
(p < 0.05) (Table 9). Consistency is a measure of the thickness of samples [33]. Protein
rearrangement occurred during storage, increasing firmness and consistency [71].

The viability of the yogurt starter culture presented a storage time-dependent trend
with statistical significance (p < 0.01). The health benefits of yogurt can be observed
when the live bacteria level is 10510 CFU/g [65]. According to Table 9, Streptococcus
thermophilus increased in number of colonies until day 7 significantly (p < 0.01), but no
significant difference was observed on the 14th day and 21st day compared to the 1st
day. Table 9 shows a slight decrease in colonies from day 7 to 21. Lb. delbrueckii subsp.
bulgaricus showed a gradual decrease in the number of colonies during storage (p < 0.01)
(Table 9). The inhibitory effect of high-pressure homogenization on the growth of yogurt
bacteria was determined by Lanciotti et al. (2004) [34]. Consistent with the results of Gee
et al. (2007) [51] and Valerie (2009) [54], Lanciotti et al. (2004) [34] declared that high-
pressure homogenization stimulates the growth of S. thermophilus than Lb. delbrueckii subsp.
bulgaricus independent of the applied pressure values. Similarly, during the cold storage
of yogurt, the number of L. delbrueckii subsp. bulgaricus colonies decreased over time; a
more pronounced decrease was observed in high-pressure processed milk used in yogurt
production (at 200 MPa pressure (30 °C or 40 °C), and this situation was found in relation
with the accumulation of pyruvate having a toxic effect on the starter bacteria [86].
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3.6. Sensory Evaluation

The sensory evaluation results of non-microfluidized (YC, Y1, and Y2) and microflu-
idized (MFYC, MFY1, and MFY2) oat 3-glucan fortified goat milk yogurt samples were
shown in Figure 2 for the storage period of 21 days. In terms of color/appearance (top left),
among the non-microfluidized group YC (control) and Y1 got very close scores (almost
5 points) except Y2 during the 1st, 7th, and 14th days of storage. On day 21, YC was
evaluated with the highest and Y2 with the lowest score. In sensory evaluation, no change
was pronounced in the color/appearance of the control sample during the storage period.
According to panelists” verbal definitions, the control sample (YC) was whiter in color
than the others, and yellowness increased in the order of Y1 and Y2 depending on the oat
[-glucan concentration.

6 = b - O1st day E7thday B1l4thday B21stday
B1stday BE7thday W1lithday B21stday

Score
Score

YC Y1 Y2 MFYC MFY1 MFY2 YC Y1 Y2 MFYC MFY1 MFY2
Goat-milk Yogurt Samples Goat-milk Yogurt Samples
9 . Ellst day B 7th day B14th day B21st day 5 -
8 4
7 -
6
g5 .
c
w4
3 e
2 I
1 -
U -
Y1 Y2 MEYC MFY1 MFY2 YC ) MEYC MFEY1 MFEY?
Goat-milk Yogurt Samples Goat-milk Yogurt Samples

Figure 2. Scores of sensory parameters (Color/appearance (top left), body/texture (top right),
taste/flavor (bottom left), general acceptability (bottom right) for non-microfluidized and microflu-
idized oat -glucan fortified goat milk yogurt samples (values are the means of the treatments),
(n = 3). YC: non-microfluidized control yogurt (0% oat 3-glucan ratio), Y1: non-microfluidized yogurt
with 0.25% oat -glucan ratio, Y2: non-microfluidized yogurt with 0.50% oat 3-glucan ratio, MFYC:
microfluidized control yogurt (0% oat 3-glucan ratio), MFY1: microfluidized yogurt with 0.25% oat
-glucan ratio, MFY2: microfluidized yogurt with 0.50% oat (3-glucan ratio.

No apparent texture defect was detected in Y1, and very little serum accumulation
on the surface of the yogurt was observed. Y2 was the least favored sample on all storage
days regarding all sensory parameters (Figure 2). From the 1st day of storage, a definite
phase separation (a two-layered structure) was observed in Y2. The serum separation and
viscosity of yogurt are essential in its sensorial acceptability [87]. Syneresis increased in
yogurts above the 0.3% p-glucan level (critical 3-glucan level), and the color darkened
compared to the control sample [22]. Y1 had a lower amount of oat 3-glucan than the
reported critical concentration, so the phase separation was not so apparent. However, in
Y2, a very distinct two-layered structure was observed (Figure 1).
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In general, microfluidized samples were superior to non-microfluidized samples with
more homogeneous scores (Figure 2, top left). Microfluidization treatment improved
the samples both texturally and also in color/appearance properties (Figure 2). The
microfluidized samples MFYC, MFY1, and MFY2 were improved in color and appearance
by homogenization effect acting on increased lightness (L*). In particular, the two-layered
phase separation problem occurred due to increasing oat 3-glucan concentration was
avoided entirely by microfluidization (Figure 1). In terms of color/appearance, MFY2 was
evaluated with higher scores than Y2 in all days of storage (Figure 2).

YC and Y1 got higher scores in texture among non-microfluidized samples, and Y2
was the least liked sample in terms of texture (Figure 2). YC got a typical yogurt gel
structure but was slightly weak due to goat milk characteristics. Goat’s milk is similar
to cow’s milk in total dry matter, protein, fat, and lactose levels [3,81]. However, casein
micelles differ significantly in structure, composition, and size, leading to differences in
physicochemical properties [81]. Goat milk contains higher levels of non-protein nitrogen
and mineral substances and a higher proportion of small-diameter fat globules [3,81].
Qualitative and quantitative differences exist in proteins, especially asl-casein [1]. Fat
content and fat globule size affect the gel firmness. Goat milk yogurts are characterized by
soft consistency, low viscosity, low firmness, weak gel structure, and syneresis susceptibility
when compared with cow’s milk [5-9,88]. In non-microfluidized samples, the panelists
reported phase separation defects becoming intense with increasing concentrations of oat
B-glucan (Figure 1). By the way;, this resulted in lower scores in Y2 (Figure 2, top right). Y1
exhibited an excellent mouth feel, a non-granular but lumpy texture with a pudding-like
structure. According to sensorial texture, Y1 was not thin as YC; besides that, firmer
than YC. Panelists reported a significant phase separation in Y2 due to thermodynamic
incompatibility between milk proteins and (3-glucan. Excessive serum separation, weak
gel structure, granular texture, drinkable consistency, and an untypical gel structure far
from yogurt texture are some verbal definitions of defects observed for Y2 during storage
(Table 3). Similar to that, researchers determined significant syneresis in yogurt samples
with 0.50% oat 3-glucan product, so they gathered lower texture scores [28].

In general, microfluidization improved the textural properties of all samples, also
measured instrumentally. However, as expected MFYC sample was thinner in structure
than MFY1 and MFY2 related to goat milk’s weak textural characteristics. A creamy
structure was observed in MFYC, MFY1 and MFY2. This creaminess created lower firmness
values in MFYC than in YC (data not given). The creamy texture was regarded as a
positive consequence of microfluidization on texture. In a study conducted by Brennan and
Tudorica (2008) [39], it was revealed that the creamy texture of the samples containing 0.5%
and 1.5% f-glucan increased with microfluidization. Similarly, in high-pressure applied
samples, the creamy structure became dominant [35,83,89]. Microfluidized oat 3-glucan
fortified goat milk yogurt samples got higher scores than the control of this group, and
MFY1 was evaluated with the highest and identical scores during storage days (Figure 2).
Increasing concentrations of oat (3-glucan created a structure different than yogurt gel and
defined as pudding-like structure and besides that phase separation defect was entirely
prevented by microfluidization. However, in microfluidized samples, firmness decreased
in the order of MFY1, MFY2, and MFYC (data not given). MFY2 samples were firmer than
MFYC due to the joint effect of water-holding capacity oat 3-glucan as a dietary fiber and
microfluidization.

Regarding taste/flavor, yogurt samples were evaluated over 10 points. Among the
non-microfluidized samples, Y1 was the most liked sample with constant scores on the 1st,
7th, and 14th days, and Y2 was the least liked on almost all days. In non-microfluidized oat
3-glucan fortified samples, it was advised to consume after stirring due to phase separation
defect, especially in Y2, since the two-layered structure affected the taste perception. In
oat -glucan dairy systems, a two-layered structure is formed due to thermodynamic
incompatibility, with the upper phase being polysaccharide-rich and the lower phase being
protein-rich [28]. A goaty and salty taste was generally pronounced in YC due to goat milk
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origin. Goat’s milk is characterized by a unique goaty and salty taste/flavor [12] and in the
samples of Y1 and Y2, cereal flavor suppressed the salty and goaty taste and the typical
yogurt flavor. Typical yogurt flavor and acidity were detected mainly in YC. Grain flavor
dominated with increasing concentrations of oat 3-glucan.

Like other sensory attributes, the taste/flavor of oat 3-glucan fortified goat milk yogurt
samples were improved by microfluidization. A noticeable improvement in taste and flavor
was maintained in the 0.50% oat 3-glucan fortified sample (MFY2). Taste/flavor scores
indicated fluctuation during shelf life; the highest scores were obtained for MFYC on the 1st
day, for MFY2 on the 14th day, and MFY2 on the 7th day (Figure 2). Oat fiber use in plain
yogurt improved texture but decreased flavor attributes in plain yogurt [90] According to a
study, in the samples with 0.5% and 1.5% [3-glucan, a creamy texture and a soft feeling were
maintained on the palate with no election among the samples [39]. The use of 3-glucan
hydrocolloidal composite in ratios of 0.25% or 0.50% in non-fat yogurts was satisfying,
and these were evaluated with scores close to the control that was the most preferred
sample [19]. As previously discussed in the related section, in terms of general acceptability,
Y2 was the most significantly different sample in the non-microfluidized group and also
in its microfluidized couple (p < 0.01) (Table 6). To sum up, since the microfluidization
process improved the overall quality of the samples and eliminated the physical defects
that occurred in the yogurt sample due to oat 3-glucan existence, it is possible to say that
the general acceptability of microfluidized oat 3-glucan fortified samples was higher than
their non-microfluidized candidates.

4. Conclusions

The study was designed to observe the compatibility of oat 3-glucan and goat milk
in yogurt system and together with observing the effect of microfluidization treatment
in this system. Oat (3-glucan fortification can suppress goaty and salty taste of goat milk
yogurt so could increase the acceptability depending on the inclusion ratio. Sensorial
and textural improvement can be maintained by microfluidization in goat milk yogurt
samples independent on oat (3-glucan ratio but oat 3-glucan ratio could be determinative
on sensorial and textural properties of non-microfluidized yogurt samples. It could be
concluded that microfluidization can be successfully used in oat 3-glucan fortified dairy
systems for preventing phase separation occurred due to thermodynamic incompatibility
reaction between casein and oat 3-glucan.
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Abstract: The development of functional foods in the dairy sector represents a flourishing field of
technological research. In this study, an Italian fresh cheese as “giuncata” was enriched with inulin, a
dietary fiber, with the aim of developing a product with improved nutritional properties in terms of
prebiotic action on intestinal microbiota. An inulin concentration of ~4% w/w was determined in
the fresh cheese after the fortification process, enabling the claim of being a “source of dietary fiber”
(inulin > 3 g/100 g) according to the European regulation. The addition of inulin has no effect on the
pH of cheese and does not relevantly influence its color as well as the total fat content (fat reduction
~0.61%) in comparison to the control. Mechanical properties of the cheese were also not markedly
affected as evidenced from rheological and tensile testing analyses. Indeed, the incorporation of
inulin in “giuncata” only exerts a slight “softening effect” resulting in a slightly lower consistency and
mechanical resistance in comparison to the control. Overall, this study demonstrates the feasibility
of producing a fiber-enriched dairy functional food from a large consumed fresh and soft cheese
as “giuncata”.

Keywords: inulin; prebiotic; fresh cheese; functional food; derivatization; UV spectroscopy; water
content; rheology; physicochemical characteristics

1. Introduction

Inulin is a polysaccharide composed of D-fructose molecules, usually ending with a
glucose residue, and occurs as a storage carbohydrate in many plants [1]. For example, it is
found in onions (1-5% of fresh weight), garlic (4-12%), bananas (0.2%), and chicory roots
(15-20%) [2]. The inulin contained in chicory has a degree of polymerization (DP) of 3 to
60 monosaccharide units, on average about 10; the product of partial enzymatic hydrolysis
is oligofructose (OF), which has a DP of 2 to 8 (averagely 4) [3]. This indigestible soluble
dietary fiber is now used in an increasing number of foods, including dairy and bakery
products, beverages, cereals and granola bars, low-fat spreads, ice cream, and packaged
products [4]. Its wide use in the food industry is based on its nutritional and technological
properties. As regards the nutritional properties, the prebiotic properties of inulin are
important since this fructan can induce a specific change in the composition of the colonic
microbiota with beneficial effects on the human host [5]. This increase in beneficial bacteria
is found in people of all ages and is associated with several positive physiological effects.
These include improved intestinal habits, increased calcium absorption with positive effects
on bone health, a reduction in serum lipids with relevance to heart health, a positive effect
on satiety with potentially positive consequences for weight management, and a significant
effect of increasing resistance to infection and stimulating the immune system [6]. In
addition, the technological use of inulin is based on its properties as a sugar substitute
(especially in combination with high-intensity sweeteners) [7], as a fat substitute [8], and
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as a texture modifier [9,10]. Lourencetti et al. conducted experiments with cookies. The
partial replacement of fat with inulin in the production of cookies resulted in a decrease
in the percentage of total fats in the final product, but also the consistency/texture of
the final enrichment product did not change with this substitution [11]. Therefore, the
inulin ingredient can be considered as a fat replacer, which is efficient and feasible for
the formulation of cookies with good technological and nutraceutical properties. Instead,
Mansouripour et al. [12] developed a formulation and produced an acceptable prebiotic
ketchup using inulin and GOSs (galactooligosaccharides). For fat replacement in low-fat
dairy products, inulin seems to be particularly suitable as it can contribute to a better
mouthfeel [13]. Instead, some studies have shown that the addition of long-chain inulin to
low-fat yogurt improves its creaminess. Others have shown that this effect also occurs in
low-fat cheese [14-18]. When inulin is added to foods at low concentrations, the rheological
properties and sensory quality of the product are not greatly affected due to the neutral or
slightly sweet taste, and the effects on the viscosity of this ingredient are limited. However,
to obtain nutrition and health claims, inulin must be added in amounts greater than
3 g per 100 g or 100 mL [19,20], and a level of 3-8 g per serving should be added to
ensure its prebiotic effect. The physicochemical properties of inulin are related to the
degree of polymerization [21,22]. The short-chain fraction, oligofructose, is much more
soluble and sweeter than native and long-chain inulin and may contribute to improved
mouthfeel because its properties are closely related to those of other sugars [23]. Long-chain
inulin is less soluble and more viscous than the native product and may act as a texture
modifier. Other physicochemical properties influenced by DP include melting transition
temperature, the ability to form gels and resulting gel strength, and interaction with other
food ingredients such as starch or hydrocolloids [24]. These properties are also important
for technical applications of inulin, especially for its ability to modify and improve texture.
In the context of the current increase in obesity, there is a strong demand in the food
industry for low-calorie, good-tasting foods. Reducing the fat (or sugar) content of a food
is, therefore, an important starting point for product development. However, eliminating
or reducing fat in foods not only changes the composition and structure, but also the
interactions between the different components, resulting in clearly perceptible changes [23].
Highly valued and frequently consumed dairy products can be optimal food matrixes for
inulin fortification, due to their impact on the diet of many consumers. Giuncata cheese
is an Italian dairy product made from cow’s, sheep’s or goat’s milk. It is a soft and fresh
cheese with a texture similar to that of “ricotta” cheese and a higher moisture content that
makes it tender. The traditional process for making giuncata cheese is to curdle the milk
with rennet or a natural coagulant, and then the curd is collected and placed in molds made
of juniper leaves (“giunco” in Italian language), which give the cheese its name. In addition,
the juniper leaf molds also give the cheese its unique appearance and flavor. Nowadays
for the production of giuncata, firstly pasteurized raw milk is heated and kept at 37 °C.
After the addition of salt and rennet, the resulting curd is cut by the cheese maker to help
separate the cheese from the whey. The curd is then collected in perforated baskets to allow
the whey to drain. This yields the final cheese curd, which can be formed into cylindrical
or cuboid shapes using special molds. After molding, the finished cheese is kept in cold
water (10 °C) for 2 h before being packaged and stored [25,26].

In the present study, it was chosen to add inulin to the milk, before adding the rennet,
to obtain a homogeneous system. The addition of the fiber was quick before the curd forms.
As a fresh cheese, giuncata has a soft and creamy consistency, which makes it ideal for
spreading, mixing into dishes, or using as a filling for various culinary preparations. For all
these interesting reasons, this cheese was chosen for the first time for the development and
validation of the inulin fortification design. Therefore, the present study aims to develop
an inulin-fortified giuncata and assess whether it can be claimed as a “source of dietary
fiber”, without altering its physicochemical and mechanical properties. To our knowledge,
this cheese type has never been considered in studies of fortification with inulin, despite its
high consumption.
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2. Materials and Methods
2.1. Chemicals and Reagents

The inulin powder (INULIN 90%, 90% of fibers content), obtained from the chicory root
(Cichorium intybus) was purchased from ACEF (Fiorezuola d’Arda, Italy). The analytical
standard for resorcinol (purity > 99%, C¢HgO,, molecular weight 110.11 g/mol CAS
No. 108-46-3) and the Carrez clarification kit were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The extract from the liquid rennet concentrates was produced by Caglificio
Clerici spa (Cadorago, Italy). The fresh pasteurized milk was purchased from the company
TreValli Cooperlat (Jesi, Italy).

2.2. Fortified Giuncata Cheese Manufacturing

As mentioned before in this case, it was chosen to add inulin to the milk, before adding
the rennet, in order to obtain a homogeneous system. The addition of inulin was quick and
easy before the curd forms. In addition, it does not require the use of machinery other than
that used in traditional production, and the subsequent stirring results in a homogeneous
product. However, this method did not provide homogeneity of inulin distribution and
recoveries in the cheese after coagulation.

To investigate the inulin recoveries in giuncata cheese and to develop a new functional
cheese, the giuncata production process was replicated in the laboratory, in triplicate: first,
500 g of fresh pasteurized milk was weighed, and then the milk was heated to 37 °C
in a water bath under constant monitoring with a thermometer. After that, 6 g of salt
(1.2 g/100 g of milk), inulin, and finally 0.5 g of rennet were added. After stirring, it took
about 30 to 40 min for the milk to curdle properly, and then the resulting gelatinous mass
was broken to facilitate the draining of the whey. The drainer used had holes in both the
bottom and sides to ensure optimal drainage. After waiting 5 to 10 min to allow the whey
to settle, the curd was placed in cheese molds, which gives the giuncata its shape but at
the same time allows the whey to settle further (Figure 1). Finally, we cooled the obtained
rushes in water at 10 °C for 2 h. Different enrichment experiments were carried out at two
concentrations of inulin: 10 g/500 mL and 15 g/500 mL.

Figure 1. (A) Heated fresh milk to 37 °C in a water bath under constant monitoring with a thermome-
ter, and then salt and rennet were added. (B) Coagulation. (C) Whey removal and separation of whey
and curds.

2.3. Inulin Extraction Procedure

Several extraction tests were preliminarily performed on cheese samples (2 g) fortified
with 100 mg of the ingredient starting from the method of [26] to optimize the procedure.
Two grams of cheese were weighed and placed in a 100 mL flask, and afterwards 50 mL
of boiling water was poured over the sample in the flask. Then, the sample was kept at
85 °C for 10 min, under constant stirring with a magnetic stirrer. Next, the sample was
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allowed to cool down (20 min) at room temperature and Carrez reagents were added: 5 mL
of Carrez reagent I (aqueous solution of K4Fe (CN)g x 3H,0, 15 g/100 mL) and 5 mL of
Carrez reagent II (aqueous solution of Zn (CH3COO), x 2H,0, 30 g/100 mL) (Figure S1).

These solutions were used to precipitate the proteins, whose presence interferes with
inulin quantification. Finally, the sample was moved to a 50 mL tube, vortexed for 4 min,
and then centrifuged at room temperature for 15 min at 5000 rpm. Subsequently, the
supernatant was filtered over a 100 mL flask with filter paper and made up to 100 mL with
distilled water.

2.4. Derivatization and Spectrophotometric Method for Inulin Quantification

The derivatization procedure was firstly performed using 1 mL of standard solution
(1 mg/mL inulin solution in distilled water) for the validation of the method. To this
solution, 5 mL of a resorcinol reagent (1 mg/mL in EtOH) and 10 mL of a 30% v/v HCl
were added. Subsequently, the samples were then brought to 20 mL through the addition
of distilled water, under agitation. Finally, after being covered with foil, they were left in
the water bath at 80 °C for 30 min. A temperature of 80 °C was required for the reaction
between resorcinol and inulin and the subsequent staining of the sample. Finally, after being
cooled down, they were analyzed through a spectrophotometer (Agilent Technologies,
Woburn, MA, USA) using 480 nm as the wavelength of quantification.

The spectrophotometric method was based on the formation of a colored compound
by the interaction of inulin with resorcinol in an acidic environment, as described in the
well-known Seliwanoff test for ketoses [27] (Figure 2).

CH,OH CH,0OH
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Fructose from inulin (colourless) Coloured compound (red)

Figure 2. Mechanism of the Seliwanoff test for ketoses. The spectrophotometric method was based on the
formation of a colored compound by the interaction of inulin with resorcinol in an acidic environment.

This derivatization reaction is specific for ketoses, and the presence of aldoses does not
interfere with inulin analysis. The developed method was validated by studying the linear-
ity, repeatability, detection limits, and quantification of inulin. The repeatability (Table S1)
of the analytical method was determined by monitoring the variations in instrumental
response (relative standard deviation—RSD %) after analysis of a standard sample (5 ppm)
three times in a row on the same day (intraday repeatability) and on three consecutive
days (interday repeatability) [28]. The intraday RSD % was 0.2%, while the interday RSD %
was 0.7%, confirming very low instrumental variation and repeatability of the analytical
method. Subsequently, the developed analytical method was performed to determine
inulin concentration in fortified giuncata. A total of 5 mL of the cheese extract containing
inulin was diluted up to 50 mL with distilled water and analyzed by UV spectroscopy after
derivatization as described above.

2.5. Characterization of Inulin-Fortified Giuncata Cheese
2.5.1. Physical-Chemical Composition

A digital pH meter (Mettler Toledo, Columbus, UK) was used to determine pH,
while a chroma Meter CR—400 (Konica Minolta®, Tokyo, Japan) was used to determine
color. The measurement was performed according to the L*a*b* system of the Commission
International de I’Eclairage (CIE). In this way, the instrument calculates three parameters
simultaneously for each measurement: Brightness (L*); Green to Red component (a*); Blue
to Yellow component (b*). By convention, the L* component ranges from 0 (zero brightness,
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black) to 100 (maximum brightness, a specific white chosen as reference and calibrator).
The a* and b* components can take any value except in the cases L* = 100 and L* = 0, where
they can only be 0. Positive values of a* indicate a color tending to red, and negative values
indicate a color tending to green. Positive values of b* indicate a yellow color, and negative
values indicate a blue color.

The fats were extracted according to two methodologies: continuous single-phase
extraction and biphasic solvent extraction (Folch extraction). According to the first method,
fats extractions were performed using 250 mL of n-hexane as solvent [29]. Extractions were
performed using a finely ground 50 g sample of the cheese matrix, which was lyophilized,
for one night, and extracted with the selected solvent (n-hexane) in a Soxhlet apparatus
(Universal Extractor—Buchi, Mod. E-800, Uster, Switzerland) for 2 h. Then, the extracts
were evaporated, and the solvent was removed with rotavapor. At the same time, according
to the Folch extraction, 90 mL of chloroform-methanol 2:1 (v/v) was added to 5 g of ground
cheese in a 250 mL beaker and the mixture was extracted with stirring (Ultra-Turrax, IKA,
Darmstadt, Germany) for 2 min and then transferred to a separating funnel by washing the
beaker walls with a total of 10 mL of solvent mixture [30]. A total of 20 mL of saturated
aqueous sodium chloride solution was added; the two phases of the system were shaken,
and the organic phase was collected and dried over anhydrous sodium sulphate. Finally,
the extracts were evaporated under vacuum and then dried and weighed.

2.5.2. Viscoelastic Properties

Oscillatory measurements (stress sweep test and frequency sweep test) were per-
formed using a rotational rheometer (Kinexus Lab+, Malvern, UK), equipped with a 20 mm
plate—plate geometry. For the stress sweep test, rheological moduli (elastic modulus G’ and
viscous modulus G”’) were recorded at the frequency of 1 Hz in the range of applied stress
from 0.1 Pa to 100 Pa at 25 °C. For the frequency sweep test, G’ and G” were recorded at the
applied stress of 1 Pa and in the range of frequencies 0.1-10 Hz. The gap was set at 3 mm.
Analyses were performed after one day from the preparation of the cheese in triplicate.

2.5.3. Texture Analysis

Texture analysis on the cheese was carried out using a tensile tester apparatus (5543,
Instron, Pianezza, Italy), equipped with a 20 mm diameter cylindrical flat probe. The test
speed was 1.0 mm s~ !, and the depth of penetration was half of the height of the cheese
(20 mm). Force/displacement curves were recorded and the parameters “maximum force”
(Fmax, N) corresponding to the hardness of the cheese, positive area (N, mm) corresponding
to the stiffness of the cheese, negative maximum force (negative Frax, N), and negative area
(N, mm) corresponding to the adhesiveness of the cheese were calculated [31]. Analyses
were performed at room temperature after one day from the preparation of the cheese in at
least six repetitions.

2.5.4. Thermo Gravimetric (TGA) and Differential Thermal (DTA) Analyses

The weight (%) and heat flow (mW) variations over temperature for the cheese samples
were recorded in a nitrogen environment using a simultaneous thermal analyzer STA 6000
(Perkin Elmer Inc., Waltham, MA, USA) at a heating rate of 10 °C/min from 35 °C to 400 °C.
The weight loss of samples was determined using the software STA 6000 data analysis
(Perkin Elmer Inc., Waltham, MA, USA) using Delta-Y function. Analyses were performed
after one day from the preparation of the cheese in triplicate.

2.5.5. Total Water Content

The total water content (%) of the cheese was determined using a moisture analyzer
(HES53, Mettler Toledo). A total of 0.7 g of the cheese was heated at 120 °C in an automatic
mode until no weight variation was recorded by the instrument. The weight loss of the
samples after applying the thermal program was considered as the water content (%) of
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the samples. Analyses were performed after one day after the preparation of the cheese
in triplicate.

2.6. Statistical Analysis

All the analyses were performed at least in triplicate (n > 3) and data are presented
as mean £ standard deviation. Statistical comparisons between control giuncata and
inulin-enriched giuncata cheese were performed using Student’s t-test and p < 0.05 was
considered statistically significant.

3. Results
3.1. Fortified Giuncata Manufactoring

On average, 122-137 g of the cheese was obtained from 500 g of milk, with a yield of
21-24.4%, depending on the amount of inulin added to the milk. Table 1 gives an overview
of the inulin content in the cheese at different levels of enrichment (10 and 15 g/500 mL). To
confirm the concentration of this ingredient in giuncata cheese, extraction, derivatization,
and spectrophotometric analysis were performed according to the methods described
previously. The highest inulin contents in giuncata were obtained at a degree of enrichment
of 15 g/500 mL of milk (4 g/100 g of the cheese), and the difference with the enrichment
of 10 g/500 mL was found to be statistically significant (Table 1). Nutrition and health
claims state that a food is a “source of dietary fiber” if the product contains at least 3 g of
dietary fiber /100 g [19,20]; therefore, it can be assumed that all enrichment levels tested
satisfied this claim. According to this, 15 g/500 mL was chosen as the enrichment inulin
concentration in the milk for further studies.

Table 1. Concentrations of inulin in giuncata cheese at different fortification levels (10 g or 15 g of

inulin added to milk).
Inulin Added to Milk Milk Produced Cheese Concentration of Inulin
(g) (g (g (g/100 g)
10 500 1371 £12.0°2 3.6t032
15 500 122.6 £ 45P 40401°

ab Values with different uppercase letters are significantly different (p < 0.05).

3.2. Inulin Fortification and Extraction Procedure

An efficient extraction method was developed to study inulin levels in the fortified
cheese (Figure S2). Considering the complexity of the fortified food matrix (giuncata),
which is rich in protein (11% w/w) and fat (15% w/w), it was necessary to study a selective
extraction method for inulin with high recoveries [32].

Among all the preliminary screened procedures, the highest recoveries of inulin from
the cheese after derivatization were obtained with the optimized method of [27] performed
with some modifications as reported previously (Section 2.3) (Figure S2). This extraction
method (Figure 52) achieved recoveries of 79.8 £ 2.8%. The high extraction temperature
(85 °C) improved the solubility of inulin in water, thus promoting the extraction.

3.3. Study of Giuncata Enrichment
3.3.1. Physical-Chemical Composition

The enriched giuncata samples (Giuncata IN) (Table 2) were analyzed to study the
effects of enrichment on pH, color, and fat content compared to the non-fortified cheese
as the control (Giuncata CTR). It was found that the addition of inulin has no effect on
the pH of giuncata cheese. Therefore, the measured pH was not significantly different
(pH 6.6 vs. pH 6.5) between the Giuncata IN and Giuncata CTR cheeses, as previously
reported by [33]. The color of a food product is an important purchase criterion for the
consumer. The data regarding color showed that the addition of inulin has no significant
effect on the cheese color. However, Giuncata IN cheese tends to show higher brightness
(L*: 95.6 + 0.6) than Giuncata CTR cheese (L*: 93.9 + 0.2) and a stronger tendency toward
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blue in functionalized cheese (b*: 7.5 + 0.6) than in the control, which tends more toward
yellow (b*: 7.8 & 0.7). This positive trend could be explained by the white color of the
inulin component. In fact, the white color and less tendency to the yellow color of fresh
cheese is perceived by consumers as a quality parameter [17]. Therefore, the enrichment
with inulin has a little effect on the color of the cheese but tends to increase the typical
white color of giuncata (Figure 3).

Table 2. Comparison of the chemical-physical characteristics (pH, Color, Fats percentage) between
functionalized (Giuncata IN) and conventional (Giuncata CTR) cheese.

Giuncata IN Giuncata CTR
pH 6.6+0.02 6.5+0.02
Color
T 95.6 +0.62 939 +0.2°
- at —2.0+032 —-1.8+022
- b 75+062 78407
Fats (Soxhlet extraction) 11.72 +0.6% 2 12.28 +0.7%°
Fats (Folch extraction) 1191+ 0.2% 2 12.524 0.3%P

ab Values with different uppercase letters are significantly different (p < 0.05).

Figure 3. Visual appearance of the cheese Giuncata, produced in the laboratory. Left normal (CTR),
right fortified with inulin (IN).

The fats were also extracted from Giuncata IN and Giuncata CTR cheeses in order
to study the effects of enrichment with inulin on the fat content of fresh cheese and to
compare the results (Table 2). Thus, we applied two conventional methods (Folch and
Soxhlet extraction), with the combination of different solvents, in order to improve the
extraction yield and obtain a more reliable fat profile. The fat content obtained from Soxhlet
extraction was 11.72 + 0.6% and 12.28 + 0.7% for the Giuncata IN and Giuncata CTR,
respectively. The percentage reduction in fat content by Soxhlet was 0.56% (from 12.28%
to 11.72%). In the case of Folch extraction, the yields obtained were 11.91 £ 0.2% for the
enriched cheese and 12.52 &+ 0.3% for the control cheese. The percentage decrease in yield
with Folch was 0.61% (from 12.52% to 11.91%). The decrease in lipid content was similar
between the two methodologies and these results confirmed the minimal effect of inulin on
lipid content, at least for the prepared giuncata cheese.

3.3.2. Viscoelastic Properties of Giuncata Cheese

The viscoelastic properties of giuncata cheese were assessed by measuring the rheo-
logical moduli (G’ and G”) as a function of the applied stress (stress sweep test) and the
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applied frequency (frequency sweep test). The stress sweep test (Figure 4A) showed the
variation of G’ modulus over the applied stress that can be considered as a measure for
the consistency of a semi-solid material as giuncata cheese. Specifically, the measured
G’ values were almost constant, indicating that the cheese does not destructure over the
experimental conditions of applied stress. Moreover, the obtained G’ values were similar
between the giuncata control (Giuncata CTR) and inulin-fortified giuncata (Giuncata IN)
around 5000-6000 Pa with mean values only slightly lower for Giuncata IN than Giuncata
CTR. The frequency sweep test (Figure 4B) highlighted the solid-like behavior of both
giuncata cheese, since the G’ values were higher than the G” values over all the applied
frequencies. Indeed, when G’ > G” the material shows a prevalence of the elastic prop-
erties over the viscous ones. Even more, according to the frequency sweep test, it can be
noticed that both G’ and G” moduli are slightly higher for Giuncata CTR than Giuncata
IN, confirming the not marked effect of the incorporation of inulin in both the consistency
and viscoelastic properties of giuncata cheese. Moreover, both cheeses show a dependency
of both moduli over the applied frequency (i.e., the values of both moduli increase over
frequency) denoting them as “weak” solid-like samples. This behavior over frequencies has
been explained through a not complete relaxation of the network structure of the cheese
over the frequency increase [34], and it has been observed for other soft cheese such as
mozzarella [35] and others [36,37].
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Figure 4. (A) Variation of G’ modulus over the applied stress (stress sweep test) and (B) variation
of G’ and G” moduli over applied frequency (frequency sweep test) for control giuncata cheese
(Giuncata CTR) and inulin-fortified giuncata (Giuncata IN) measured at 25 °C.

3.3.3. Texture Analysis

The mechanical properties of giuncata cheese can be further investigated using texture
analysis. Figure 5 shows the displacement vs. force plots obtained from the compression
analysis of Giuncata CTR and Giuncata IN both during the penetration of the probe inside
the cheese and its release up. For all samples, the maximum force was recorded at the
highest penetration (20 mm) of the probe inside the cheese (set as the half distance of the
height of the cheese). The increase in the registered force is not linear, but it shows two
main slopes. Specifically, a sharper increase in the force was registered in the first 2 mm
of compression, related to the elasticity of the material. At any displacement value, the
registered force for Giuncata IN was lower than for Giuncata CTR, confirming that as for
the consistency (measured by rheology), the mechanical resistance to compression is also
affected by the incorporation of inulin into the cheese. These results are comparable to
others reported in the literature in which inulin was incorporated into the cheese with the
aim to act as a “fat replacer” [33,38]. The softening effects exerted on the cheese by the
incorporation of inulin have been supposed to be related to the higher moisture content in
relation to the protein content and to the increase in filler volume [39].
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Figure 5. Displacement (mm) vs. force (N) for control giuncata cheese (Giuncata CTR) and inulin-fortified
giuncata (Giuncata IN) registered during the penetration of 20 mm flat probe at room temperature.

The effect of inulin fortification emerges also by considering the calculated texture
parameters as compressive force (N), stiffness (N mm) and adhesiveness, which are reported
in Table 3.

Table 3. Textural parameter obtained from compression analysis of control giuncata cheese (Giuncata
CTR) and inulin-fortified giuncata (Giuncata IN): Positive Fmax “Compressive Force” (N), Negative
Fmax (N), Positive area “Stiffness” (N mm), and Negative area “Adhesiveness” (N mm).

Positive Fpax Negative Positive Area Negative Area
“Compressive Fmax “Stiffness” “Adhesiveness”
Force” (N) N) (N mm) (N mm)
Giuncata CTR 1.055 +0.291 2 0.384 +0.083 @ 10.03 +-3.242 3.88 +1.432
Giuncata IN 0.611 £ 0.127" 0.296 £ 0.041 b 6.57 +1.10b 3.39 & 0.46 2

ab Values with different uppercase letters are significantly different (p < 0.05).

All these parameters showed a decrease in their value after the incorporation of inulin,
for which the statistical comparison was significant for the compressive force (p = 0.0065)
and stiffness (p = 0.0327) but not for adhesiveness (p = 0.4428). Compression force, also
referred as firmness, is the force required to obtain a certain deformation and it can be
partially related to cheese chewiness. The obtained results suggest that the incorporation
of inulin at the investigated concentrations can affect the chewability of giuncata cheese,
despite the fact that this parameter is much more relevant for “hard cheese” with respect
to “soft cheese” as giuncata. The positive area or stiffness is related to the area under the
force vs. displacement plots, and it is a measure of the resistance to the penetration of the
probe inside the cheese, having a similar meaning in terms of texture properties as the
compression force. Adhesiveness, instead, is related to the work necessary to detach the
material, such as cheese, from the testing probe. Being the values among the two tested
giuncata, it can be supposed that the two cheeses have a similar sliceability.

3.3.4. Water Content and Thermal Analysis

The water content was firstly determined by using a thermobalance and turned out
to be 63.98 + 1.82% for Giuncata CTR and 69.16 £ 0.39% for Giuncata IN, underlining
that the presence of inulin increases the amount of water in the cheese. These results were
confirmed by TGA analysis, showing a decrease in the sample weight for both samples
between 64 and 72% (specifically, 64.76 £ 0.37% for Giuncata CTR and 71.61 £ 0.99% for
Giuncata IN), related to the loss of water before 150 °C. The TGA technique was also able to
discriminate between bound water and free water in the cheese since two or three slopes in
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Weight (%)

the weight (%) trace can be recognized (Figure 6), one of them below 100 °C related to free
water and the second and third one between 100 °C and 150 °C related to bound water [40].
This is also confirmed by the derivative of the weight signal, showing two or three minima
at the temperatures at which the loss of free and bounded water is faster. The slight
differences observed between the control and the samples could be attributed to a different
kinetics of the water release from the cheese matrix [41]. This analysis also underlines
that, as for the other soft cheese, the amount of free water in giuncata is much higher than
the amount of bound water, being in the range of 68-72% with respect to the total water
content. The endothermic transitions, evidenced from the heat flow signals (DTA analysis),
having maxima corresponding to the minima in the derivate weight signals, confirm the
release and evaporation of water from giuncata cheese occurring at temperatures at which
the sample weight decreases. The degradation of the residual components of both giuncata
cheese occurs at temperatures above 300 °C, at which the weight (%) decreases down
to 10%.
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Figure 6. Weight (%), its derivative and heat flow (mW) vs. temperature plots for control giun-
cata cheese (Giuncata CTR) (A) and inulin-fortified giuncata (Giuncata IN) (B) as obtained from
thermogravimetric analysis (TGA).

4. Conclusions

This study led to the development of a new functional Italian “giuncata” cheese
enriched with inulin. The fortification process achieved an inulin concentration of ~4%
w/w in the fresh cheese, thereby claiming this dairy food product as a “source of dietary
fiber” (inulin > 3 g/100 g according to European regulations on food). The addition
of inulin determined some changes in the physical-chemical and mechanical properties,
without altering the general appearance of the cheese. Only a little effect on the color,
which becomes lighter, and a slight fat reduction have been observed in the inulin-fortified
cheese with the respect to the control. A slightly “softening effect” was exerted by the
incorporation of inulin in giuncata, as observed from rheological and mechanical analyses
on cheese. Overall, these results demonstrate the feasibility of producing giuncata cheese
as a functional dairy product, having possible benefits on human health such as the
modulation of the composition of colonic microbiota, thanks to the prebiotic effect of inulin.
Therefore, the results of this study can be supportive for an industrial scale-up in the
production of functional cheese.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods12183499 /s1, Figure S1: (A) Sample of enriched cheese
and Carrez reagents before clarification. (B) Extraction of inulin after clarification with Carrez
reagents; Figure S2: Inulin extraction procedure from giuncata cheese; Table S1: Repeatability of the
analytical method.
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Abstract: Kefir is a fermented dairy product claimed to confer many health-promoting effects, but
its acidic taste is not appealing to some consumers. Therefore, the aim of this study was to enhance
the functional and sensorial quality attributes of kefir through fortification with encapsulated black-
berry juice (EBJ). The blackberry juice was successfully encapsulated via freeze-drying using lentil
protein isolate (LPI) as the carrier. The encapsulated blackberry juice showed good physicochemical,
functional, and morphological properties, as well as microbiological safety for use as a food additive.
The kefir was fortified with EBJ in concentrations of 1, 2.5, 5, and 7.5% (w/w), stored for up to
28 days under refrigeration, and periodically evaluated. Parameters such as the viscosity, titrable
acidity, and pH indicate that the kefir fortification did not affect its stability during storage. EB]
significantly increased the antioxidant properties of the kefir, depending on the fortification level.
Additionally, all the fortified samples provided more anthocyanins than the daily recommended
intake. Microbiological profiling demonstrated that good laboratory practice and hygiene were
implemented during the experiments. Finally, the panelists showed that higher EB] concentrations in
the kefir resulted in greater overall acceptability, indicating that this encapsulate has the potential to
be a substitute synthetic color additive in the dairy industry.

Keywords: blackberry; lentil protein isolate; encapsulation; freeze-drying; kefir fortification; storage
stability

1. Introduction

In developing countries, with rapid urbanization, less availability of time, and more
concerns about a healthier diet, consumers are relying on adopting new instant food habits.
The new lifestyles have driven the food industry to develop new functional foods and
beverages with added health benefits. Antioxidants in fruit juices have become increasingly
popular because of their potential health benefits and ability to combat oxidative stress and
free radicals, as advertised by their manufacturers [1]. Nowadays, juices made from berries
and red fruits represent frequent consumer choices due to their high purported nutritive
value and high contents of bioactive compounds [2].

The application of bioactive compounds in the creation of functional food has some
challenges, as bioactivity depends on preserving the stability and bioavailability of the
active ingredients. Color and flavor are also very important quality parameters that are
driving forces of consumers’ acceptance of food. In the present study, blackberries were
selected as a source of polyphenolic antioxidants, mostly anthocyanins, due to their diverse
health benefits, appealing color, and pleasant flavor. During the processing and storage
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periods, natural polyphenolics can be negatively affected, as they are easily degradable
during processing and storage because of their sensitivity to heat, light, oxygen, and
pH [3,4]. Nowadays, one of the emerging trends is their incorporation into food products in
encapsulated form. For this purpose, the selection of carriers/wall materials for bioactive
compounds is of major importance [5].

Proteins are unique carriers that can efficiently encapsulate bioactive compounds and
enable their protection against harsh storage, processing, and gastrointestinal tract (GIT)
conditions. Among different plant-based proteins that can be used as encapsulation agents,
lentil protein is an excellent choice because of its superior emulsifying properties, low cost,
good nutritional value, and low allergen risk [6]. Numerous studies report the encapsu-
lation of different bioactive substances with the usage of lentil proteins. Chang et al. [7]
developed lentil protein isolate (LPI)-based microcapsules to encapsulate canola oil with
an entrapment efficiency of 88%. Native and heated lentil proteins were effective encapsu-
lation agents for the encapsulation of flaxseed oil [8]. Quiroz et al. [9] demonstrated the
ability of lentil proteins to encapsulate annatto extract with encapsulation efficiencies of
69%, where the protein structure and amino acid content were the relevant factors to obtain
a high encapsulation capability.

Due to the customer desire for food products that promote good health, kefir con-
sumption has continuously grown. Kefir is a dairy product made from kefir grains that
contains a specific combination of bacteria and yeast. It is made by mixing milk with a
culture known as “kefir grains,” which results in a creamy consistency, sour flavor, and
minimal effervescence [10]. In general, the microbial composition of kefir varies depending
on the type and composition of the milk, the culture medium, the temperature, and the
fermentation period, as well as the storage conditions. The most common bacteria in
kefir are Lactobacillus, Lactococcus, Streptococcus, and Leuconostoc, while the most common
yeasts are Saccharomyces, Kluyveromyces, and Candida [11]. To achieve high-quality kefir,
it is essential to maintain a balanced and diverse community of microorganisms, as they
work in symbiosis to ferment milk and produce the desired characteristics. Any deviation
from this process or contamination by unwanted pathogenic microorganisms can lead to
off-flavors, spoilage, or health risks. Therefore, maintaining aseptic conditions during the
fermentation process is crucial to prevent contamination by undesirable bacteria, fungi,
and/or yeasts. Furthermore, keeping the right balance between the LAB and yeast pop-
ulations is challenging, as the overgrowth of one group can alter the flavor and texture
of the final product. It is important to emphasize that kefir is a perishable product, and
maintaining its quality during storage can be challenging. Probiotic microorganisms may
lose viability over time. Moreover, monitoring and maintaining the proper pH throughout
the fermentation and storage processes are essential to ensure the microbiological quality
of the kefir. To ensure good microbiological quality in kefir production and storage, it
is important to use proper sanitation practices, control the fermentation conditions, and
consider packaging methods that minimize exposure to oxygen and contaminants [12].

Kefir consumption has been linked with an increase in the number of gut health-
beneficial bacteria and yeasts; thus, it can prevent digestion problems. In addition, kefir’s
anti-bacterial, anti-fungal, and anti-cancer properties have been approved in some re-
search [13]. Despite all these health advantages, kefir’s acidic flavor does not win over
many people, especially young people. To increase kefir consumption among youths,
kefir is made with a variety of fruit sauces (strawberry, forest fruit, honey-banana, and
mixed fruit) and flavors [14]. To provide attractive color, various anthocyanin-rich fruit
and vegetable juices (black mulberry [15], pomegranate [16], strawberry [17], and black
carrot [18]) are added to kefir at various concentrations.

Studies on fortified kefirs with encapsulated phytochemicals and natural colorants
are limited. Therefore, the main purpose of this research was to develop fortified kefir
with encapsulated blackberry juice (EB]). Four different levels of EBJ (1, 2.5, 5, and 7.5%
(w/w) were added to the kefir formulation after fermentation. During the storage period
of 28 days at 4 °C, analyses of the quality parameters, such as the color, rheology, titrable
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acidity, pH value, total polyphenol content, total anthocyanin content, microbiological
profiling, and sensorial properties, were performed to confirm that a quality product was
obtained. The current study was designed to (i) advance the scientific knowledge of the use
of LPI for the encapsulation of phytochemicals such as polyphenols and anthocyanins from
blackberry juice, (ii) evaluate the effect of fortification on the kefir physicochemical and
sensorial properties, and (iii) establish the level of added ingredients based on consumer
acceptance. This approach may be useful to dairy producers in the strategy of widening
their product range considering that the interest in and consumption of functional food
is increasing.

2. Material and Methods
2.1. Chemicals

Folin—Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH?®), 2,2’-azinobis
3-ethylbenzothiazoline-6-sulphonic acid (ABTS®*), Trolox, and trichloroacetic acid were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Methanol, ferric chloride was
obtained from J.T. Baker (Deventer, Holland). Methanol and acetic acid were obtained
from JT Baker (Deventer, Holland). Manganese (IV) oxide was obtained from Alfa Aesar
(Karlsruhe, Germany). Other chemicals and solvents used were of the highest analytical
grade. Ultrapure water was produced using an Elix_3 Millipore water purification system
coupled to a Milli-Q module (model Advantagel0) (Millipore, Molsheim, France).

2.2. Plant Material

Berries were washed and the juice was extracted with a laboratory juicer (model
JC400E, Gorenje, Velenje, Slovenia). Green lentils (Lens culinaris) were purchased locally,
ground in an electric mill, and sieved through an 18-mesh sieve. The lentil flour was stored
in a sealed plastic bag at 4 °C until use.

2.3. Protein Extraction

Protein isolates were obtained from green lentil flour via alkaline extraction followed
by isoelectric precipitation and freeze-drying. Lentil flour was mixed with distilled water
in a 1:10 (w/v) mixing ratio, and the pH was adjusted to 9 with 0.1 M NaOH solution.
The alkaline extraction lasted 1 h at 25 °C with constant stirring (400 rpm) on a magnetic
stirrer (RH basic, IKA, Staufen, Germany). After extraction, solids were removed via
centrifugation (9000 x g for 10 min at 4 °C, Sorvall RC-5B, DuPont Instruments, Boston,
MA, USA). The supernatant was subjected to isoelectric precipitation by adjusting the
pH to 4.2 using 0.1 M HCI. Centrifugation was repeated under the same conditions in
order to collect the precipitated protein. Precipitate was redissolved in distilled water and
freeze-dried at —40 °C for 24 h (Alpha 2—4 LSCbasic, Martin Christ, Osterode am Harz,
Germany).

2.4. Blackberry Juice Encapsulation with Lentil Proteins

The freeze-drying encapsulation process, which is described by Cakaravec et al. [19],
implied the following steps: The carrier LPI was dispersed in blackberry juice in a core—
carrier ratio of 1:20 w/v and homogenized with an Ultra-Turrax homogenizer at 11,000
rpm for 5 min, followed by shaking on a laboratory shaker at 400 rpm for 15 min. The
prepared formulation was kept overnight at —20 °C in a freezer, and then freeze-dried
(Christ Alpha 2—4 LSC, Martin Christ, Osterode am Harz, Germany) at —45 °C for 48 h
to ensure complete drying. The freeze-dried encapsulate was stored at —20 °C pending
further use.

2.5. Characterization of Lentil Protein Isolate (LPI) and Encapsulated Blackberry Juice (EB])
2.5.1. Physicochemical and Color Properties

The water activity, or a, value, was determined via a LabSwift-aw meter (Novasina,
Lachen, Switzerland) at 25 °C. The moisture content was determined using the air oven
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method at 105 °C, until a constant weight was obtained. For hygroscopic moisture analysis,
about 2 g of encapsulates were placed at 25 °C in an airtight plastic container filled with
NaCl-saturated solution (75.29% RH). The hygroscopic moisture was measured after one
week, and the result is expressed as grams of moisture per 100 g of dry solids (g/100 g).
Solubilities of the LPI and EBJ were determined in distilled water at pH 9 according to
Perovi¢ et al. [20]. The water-holding capacity (WHC) and oil-holding capacity (OHC)
of the LPI and EB] were determined according to Tan et al. [21]. The WHC and OHC
are presented as grams of water or oil held by 1 g of sample. To define the encapsulate
flow properties, the bulk density (Db), tapped density (Dt), compressibility ratio (CR),
and Hausner ratio (HR) were determined according to éeregelj et al. [22]. Further, the
classification of the encapsulate flowability and cohesiveness was made as outlined by
Jinapong et al. [23]. The measurements of the color properties were taken with a Minolta
reflectance colorimeter (Minolta ChromaMeter CR-300, Minolta, Osaka, Japan) considering
the CIELab color system (L*, a*, and b*). Chroma (C*) was calculated manually via the
equation /(a? + b?).

2.5.2. Morphological Properties

The morphological properties of the lentil protein isolate and encapsulate were as-
sessed via a HITACHI TM 3030 scanning electron microscope (Hitachi, Chiyoda, Tokyo) at
a custom magnification.

2.5.3. Phytochemical Content and Antioxidant Properties

For the determination of the total polyphenol content (TPC), 100 mg of LPI and EBJ
were mixed with 2 mL ethanol, acetic acid, and water (50:8:42) on vortex for one minute,
and then centrifuged at 4000 rpm for three minutes. The liquid part was collected and
filtered through a 0.45 um filter. The TPC was determined spectrophotometrically via the
Folin—Ciocalteu method adopted to microscale [24]. Results are expressed as milligrams of
gallic acid equivalents per 100 g (mg GAE/100 g).

For the determination of the total anthocyanin content (TAC,) the same extraction
procedure as for the total polyphenol content was used. The TAC was determined spec-
trophotometrically according to the pH differential method described by Lee et al. [25].
Results are expressed as milligrams of cyanidin-3-glycoside per 100 g (mg CyGE /100 g).

The encapsulation efficiencies of the polyphenols and anthocyanins (EE TPC and EE
TAC, respectively) were determined according to the Tumbas Saponjac et al. [26] protocol.
The quantification of the polyphenols and anthocyanins was performed following the
previously mentioned spectrophotometric procedure. The EE TPC (EE TAC) was calculated
by using the following equation:

EE TPC = [(CPC — SPC)/CPC] x 100

EE TAC = [(CAC — SAC)/CAC] x 100

where CPC (CAC) is the polyphenols (anthocyanins) inside the core of the encapsulate,
while SPC (SAC) is the surface polyphenol (anthocyanin) content. The control sample was
the carrier without the blackberry juice.

The analysis of the antioxidant activity, expressed as micromole Trolox equivalent
(TE) per 100 g of LPI or EBJ, was performed via three methods adapted to microscale: the
2,2-diphenyl-1-picrylhydrazyl (DPPH) method, the 2,2-azino-bis-3-ethylbenzothiazoline-6
acid (ABTS) method by Tumbas Saponjac et al. [27], and the reducing power (RP) method
by Oyaizu [28].

2.5.4. Microbiological Profiles

The microbiological profiles of the LPI and EBJ were determined via ISO standard-
ized analyses: aerobic mesophilic bacteria (ISO 4833-1:2013) [29], yeast and mold (ISO
21527-1:2008) [30], Enterobacteriaceae (ISO 21528-2:2017) [31], and Clostridium perfringens
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(ISO 7937:2004) [32]. For each analysis, the samples were mixed with Peptone Water solu-
tion (HiMedia, Mumbai, India) in a ratio of 1:10 using an EasyMIX blender (BioMerieux,
Marcy-1'Etoile, France). Subsequently, a series of dilutions were prepared, and aliquots
were streaked into a (non)selective medium following the mentioned standards. After all
incubation steps, colonies were counted, and the obtained results were presented as log
CFU/g. The complete procedures and all recommendations from the standardized method-
ology were followed in detail. All incubations were carried out in temperature-controlled
incubators (Medline Scientific, Oxfordshire, UK), and all measurements were performed
in triplicate.

2.6. Preparation of Kefir Fortified with Encapsulated Blackberry Juice (EBJ])

Kefir was made in the Laboratory of Microbiology at the Faculty of Technology
Novi Sad, the University of Novi Sad. Briefly, 6 g of commercial lyophilized kefir grains
(containing Lactococcus lactis (ssp. cremoris, ssp. lactis, and ssp. lactis biovar diacetylactis),
S. thermophilus, Lactobacillus bulgaricus, L. kefir, L. parakefir, and Saccharomyces cerevisiae)
was activated in pasteurized cow milk (“Imlek”, Belgrade, Serbia) in a ratio of 1:8 (w/v)
at 25 °C for 24 h to develop the inoculant. The obtained inoculants, without kefir grains,
were added to the pasteurized milk and kefir fermentation was performed at 25 °C for
24 h. The obtained kefir was divided into five equal parts. The control was intact (without
the addition of any compounds), while the other four parts were fortified with different
concentrations of the prepared encapsulate: 1, 2.5, 5, and 7.5% (w/w). The fortification
was performed on the same day that the kefir was produced in sterile conditions at the
Laboratory of Microbiology. In order to avoid contamination, the process of fortification was
performed using sterile bottles, which were quickly and carefully filled and immediately
closed. The homogenization was performed with the shaker for 1 min, and the obtained
final kefir drinks were refrigerated at 4 °C until further experimental steps.

2.7. Monitoring of Kefir Quality Parameters during Storage

During the storage period of 28 days at 4 °C, the control and fortified samples were
monitored at the initial point (0 days) and every seven days (the total number of sampling
points was 5). In order to determine the quality of the obtained kefirs, the following
analyses were monitored during the storage period: color, rheological, titrable acidity,
pH value, total polyphenol content, total anthocyanin content, antioxidant activity, and
microbiological profiling analyses.

2.7.1. Color Analysis and Influence of Encapsulated Blackberry Juice (EBJ) Fortification on
Viscosity, pH, and Total Solids

Color analysis was conducted via the Minolta reflectance colorimeter described above.
Color quantifications were measured at five points for each sample with a minimum of
10 readings, and the results are presented as average values using the CIE L*a*b* system.

Using a rotational viscometer (DV1 Digital Viscometer, Brookfield, WI, USA), the
viscosity was determined (at 25 °C, cylindrical spindle, and a shear rate of 51 s~!). The
equation of the power-law model (6 = K(y)") [33] for the calculation of the viscosity was
used, where & and y demonstrate the shear stress (Pa) and the shear rate (s~ 1), respectively.

The titrable acidity and pH values of the control and fortified samples were monitored
using the AOAC method (2000) and pH meter HI99161 (Hanna Instruments, Vunsakat,
USA). The titrable acidity is expressed as g/100 mL in anhydrous lactic acid.

The extraction for the TPC and TAC estimation in the kefir samples was carried
out according to Kabakci et al. [34]. Kefir samples (10 g) were exhaustively extracted
using acidified 30 mL methanol (0.1% HCI, v/v), followed by centrifugation at 4000 rpm
(Centrifuge, model EBA 21, from Hettich Zentrifugen, Tuttlingen, Germany) and the
collection of supernatants. Methanol in the supernatants was evaporated at 40 °C in a
rotary evaporator (Biichi Labortechnik, Flawil, Switzerland). Acidified ultrapure water
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(0.01% HCI, v/v) was used for dissolving the residue. The resulting extracts were used for
the TPC, TAC, and antioxidant activity determination using the above-described protocols.

2.7.2. Microbiological Profiling of Encapsulated Blackberry Juice (EBJ)-Fortified Kefir

In order to monitor the kefir culture profile, as well as the selected hygienic and
microbiological safety parameters, a set of microbiological analyses were conducted during
the complete storage period. For this purpose, 25 g of sample was suspended in 225
mL of double-concentrated Buffered Peptone Water solution (HiMedia, Mumbai, India)
and mixed in a homogenizator (AES Chemunex, Barcelona, Spain). The series of dilu-
tions were prepared, and aliquots of selected dilutions were transferred into nutrient
media according to the standardized procedures. Briefly, the following ISO standardized
analyses were performed: lactic acid bacteria (ISO 7889:2003) [35]; aerobic mesophilic
bacteria (ISO 4833-1:2013) [29]; yeast and mold (ISO 21527-1:2008) [30]; Escherichia coli (ISO
7251:2005) [36]; Listeria monocytogenes (ISO 11290-2:2017) [37]; Staphylococcus aureus (ISO
6888-1:1999 / AMD2:2018) [38]; Salmonella spp. (ISO 6579-1:2017) [39]; Enterobacteriaceae
(ISO 21528-2:2017) [31]; and Clostridium perfringens (ISO 7937:2004) [32]. The complete
procedures and all recommendations from the standardized methodology were followed
in detail. All incubations were carried out in temperature-controlled incubators (Medline
Scientific, Oxfordshire, UK), and all measurements were performed in triplicate.

2.8. Sensory Evaluation

Sensory characteristics of kefir samples were evaluated by a panel of 24 trained asses-
sors (12 female and 12 male), with a mean age of 25 years. Kefir samples were presented in
a random order in plastic cups. A nine-point hedonic scale was applied to determine the
sensory acceptance of the kefir samples [40]; values from 1 to 9 represented from “dislike
extremely” to “like extremely”. The evaluated attributes were taste, appearance, aroma,
color, texture, and overall acceptance.

2.9. Statistical Analyses

All analyses were performed in triplicate and the results are presented as mean
values =+ standard deviations. One-way analysis of variance (ANOVA) with a Tukey’s
HSD test was used to determine significant differences among the data at the significance
level p < 0.05. Statistical analyses were carried out using the Origin 8.0 SRO software
package and Microsoft Office Excel 2010.

3. Results and Discussion
3.1. Lentil Protein Isolate (LPI) and Encapsulated Blackberry Juice (EB])
3.1.1. Physicochemical and Color Properties

A mixture of the blackberry juice and lentil protein isolate with no further ingredi-
ents was prepared and processed into juice encapsulates via freeze-drying. The general
appearances of the LPI and EB]J are shown in Figure 1, and the physicochemical properties
of these samples are presented in Table 1.

(@) (b)

Figure 1. Images of (a) lentil protein isolate and (b) encapsulated blackberry juice.
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Table 1. Physicochemical and color properties of lentil protein isolate (LPI) and encapsulated

blackberry juice (EBJ).
Properties I}e;r(;:ialt?;ztlfli)n Encapsulate(i;;;l)ckberry Juice
Water activity (aw) 0.09 4+ 0.00 0.24 4+ 0.00
Moisture content (g/100 g) 1.64 +0.00 2.17 £0.01
Hygroscopic moisture (g/100 g) 2.71+£0.01 2.98 +0.02
Solubility (%) 56.50 & 0.26 29.30 + 0.26
Water-holding capacity (WHC) (g/g) 1.72 +0.06 1.55+0.03
Qil-holding capacity (OHC) (g/g) 1.48 £ 0.02 3.66 = 0.36
Bulk density (Db) (g/mL) 0.91 + 0.00 0.87 £ 0.00
Tapped density (Dt) (g/mL) 1.79 + 0.00 1.10 + 0.00
Compressibility ratio (CR) 49.16 £ 0.00 20.91 +0.00
Hausner ratio (HR) 1.97 +£0.00 1.26
Flowability Very bad Fair
Cohesiveness High Intermediate
L* 17.90 + 0.02 16.30 + 0.04
a* 17.75 + 0.02 35.80 &+ 0.04
b* 54.05 &+ 0.03 13.90 £+ 0.03
C* 56.89 £ 0.02 38.40 £+ 0.04

The water activity and moisture content are valuable quality parameters, as they
determine the stability, flowability, drying efficiency, stickiness, oxidation of bioactive
molecules, and potential of microbial growth on the final encapsulates. For both samples,
the a,, values (LPI: 0.09; EBJ: 0.24) and moisture content (LPI: 1.64 g/100 g; EBJ: 2.17 g/
100 g) were within the maximum a,, and moisture specification for dried encapsulates in
the food industry, which are 0.6 and 3—4 g/100 g, respectively [41]. The obtained results
suggest that the final encapsulates could be stable during storage.

Hygroscopicity is an important parameter for food encapsulation technology and
presents the ability of encapsulates to absorb moisture from a relatively humid environ-
ment. Therefore, defining this parameter offers the best possibility of maintaining the
best storage conditions. The hygroscopicity of encapsulates can be classified as follows:
non-hygroscopic (<10%), slightly hygroscopic (10-15%), and hygroscopic (15-20%) [42].
According to this classification, LPI and EBJ could be considered non-hygroscopic and
stable during storage.

Among the different physicochemical properties, the solubility and ability of proteins
to bind water or oil are the most important for their usage in food applications. The
obtained results of these characteristics showed that the LPI had higher solubility (56%)
compared to the EB] (29%). These results are in good agreement with the obtained results
for the water-holding capacity. The WHC results showed the superior water-binding ability
of the LPI compared to the EBJ. Moreover, the EB] showed a better ability to retain oil,
resulting in a higher oil-holding capacity (3.66 g/g). The higher oil-holding capacity of
proteins greatly influences the shelf life and textural and other quality properties of food
products [43].

Bulk density (Db) is also a significant characteristic of encapsulates. To ensure con-
sistency during packaging, the encapsulates must meet Db criteria. Via the Db and Dt
parameters, it is possible to present two parameters: the CR, which is an indicator of the
flowability, and the HR, which is a measurement of the cohesiveness. According to these
parameters, the obtained EBJ had fair flowability and intermediate cohesiveness. The
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free-flow properties of encapsulates are highly dependent on the carrier characteristics, as
well as the technique applied for encapsulation [44].

Because color influences the sensory attractiveness of foods, this quality indicator is of
importance for consumers, particularly for enriched products in which encapsulates are
used as a colorant. The EBJ was characterized by lower lightness (L* = 16.30) and yellowness
(b* = 13.90), as well as greater redness (a* = 35.80), compared to the LPI (L* = 17.90;
a* =17.75; b* = 54.05). The darker color and superior redness of the EBJ are explained by the
encapsulated anthocyanins, which are the main features of blackberries. Jiménez-Aguilar
et al. [45] also reported that the coordinate a* is attributed to the anthocyanin content of
the fruit. In addition, color changes in food products enriched with encapsulated bioactive
compounds can occur due to the formation of polymeric anthocyanins [46]. According to
Weiss et al. [47], the relative amounts of flavylium cations (red or orange), quinoidal forms
(blue), carbinol pseudobase (colorless), and chalcones (colorless or slightly yellowish) in
equilibrium conditions might vary depending upon the pH and the anthocyanin structure.

3.1.2. Morphological Properties

The morphologies of the carrier (LPI) and encapsulate (EBJ]) are shown in Figure 2. The
carrier was similar to broken glass and had a square-rectangular structure with smooth,
straight edges (Figure 2a). The reason for this structure may be in the obtaining procedure,
namely in the low temperature and the lack of forces that alter the surface topology during
the evaporation process [24,48]. Figure 2b shows the structure of the freeze-dried encapsu-
late in which the base is the described carrier with particles different in diameter, irregular
shapes, pores, and wrinkles. According to Fernandes et al. [49], this structure originates
from encapsulated phytochemicals and indicates the encapsulating agent’s suitability.

nosac0011 NL D86 x500 200um  inkapsulato0o4 NL D84 x500 200 um
(a) LPI carrier (b) EBJ encapsulate

Figure 2. SEM imaging of surface morphology of (a) lentil protein isolate (LPI) and (b) encapsulated
blackberry juice (EBJ) at a magnification of x500.

3.1.3. Phytochemical Content and Antioxidant Properties

The encapsulation technique must ensure a high retention rate of the bioactive ingre-
dients to effectively reach the site of action in high quantities. The encapsulation efficiency
(EE) is defined as the amount of the bioactive ingredient that is effectively encapsulated
in the carrier material. The EE is mainly influenced by the properties of the carrier and
core materials, as well as the drying parameters. Table 2 summarizes the results of the
phytochemical content and antioxidant properties of the LPI and EB]J.
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Table 2. Functional properties of lentil protein isolate (LPI) and encapsulated blackberry juice (EBJ).
nd—not detected.

Properties Lentil Protein Isolate (LPI) Encapsulated Blackberry Juice

(EB))
Total polyphenol content
(TPC) (mg GAE/100 g) 124.08 +7.76 411.06 +9.87
Total anthocyanin content
(TAC) (mg CyGE/100 g) nd 323.81 £ 14.65
EE TPC (%) - 89.68 +2.14
EE TAC (%) - 91.12 £4.55
DPPH (umol TE/100 g) 116.41 + 3.68 1024.09 £+ 14.11
RP (umol TE/100 g) 75.99 + 4.56 54712 £17.22
ABTS (umol TE/100 g) 214.03 £ 13.57 1452.71 £ 28.30

According to the EE results (EE TPC = 89.68%; EE TAC = 91.12%), the combination
of the freeze-drying technique and LPI as a carrier for the encapsulation of polyphe-
nols/anthocyanins from blackberry juice was very successful. Robert et al. (2010) obtained
lower values for the encapsulation of polyphenols/anthocyanins from pomegranate juice
using soy proteins (76.2% and 58.5%, respectively). Dumitrascu et al. [50] also reported
a lower EE of anthocyanins from cornelian cherry juice (68%) when using soy protein
concentrate as the coating material and freeze-drying. Further, Diaz et al. [51] investigated
the effect of wall materials on the physicochemical and antioxidant properties of blackberry
juice; the authors reported that guma arabica had the highest percentage of encapsulation
(71.62%), followed by maltodextrin (66.45%) and whey protein concentrate (23.33%). In
this study, high encapsulating efficiencies of anthocyanins by individual coating agents
and the freeze-drying technique were obtained, which is not in agreement with the asser-
tion reported by Tao et al. [52], who reported that mixtures of coating agents in different
combinations are more efficient than the individual compounds for the encapsulation
of anthocyanins.

Bioactive compounds present in blackberry juice are considered to exert health-
beneficial properties mainly through antioxidant activities. Currently, there is no single
antioxidant assay that can accurately evaluate the contribution of bioactive compounds
to the total antioxidant activity of plants or food. The amount and type of antioxidants
present in biological samples, as well as the free radicals or the oxidants used in the tests,
play a significant role in measuring the antioxidant activity. To evaluate the antioxidant
activity in fruit juices, it is important to use different antioxidant assays, instead of relying
on a single assay. In addition, results that are not seen when testing individual ingredients
may vary as a result of synergistic effects and the concentration [53]. The encapsulated
juice presented good antioxidant activity with a DPPH value of 1024.09 umol TE/100 g, an
RP of 547.12 umol TE/100 g, and an ABTS of 1452.71 umol TE/100 g.

3.1.4. Microbiological Profiles

To proceed to the next steps of the experimental part, it was necessary to determine
the microbiological statuses of the carrier and encapsulate used in this study. According
to the values of all the selected microbiological parameters presented in Table 3, it can
be concluded that there was no contamination observed in the EBJ. However, relatively
low numbers of aerobic mesophilic bacteria (1.2 log CFU/g) and yeast and mold (1.4 log
CFU/g) were observed in the case of the tested carrier, which was expected considering its
origin (lens protein). Taking all into account, it can be concluded that the tested LPI and
EBJ are acceptable for further use in the creation of fortified kefir from the microbiological
point of view.
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Table 3. Microbiological profiles of lentil protein isolate (LPI) and encapsulated blackberry juice (EBJ).

Microbiological Parameter Encapsulated Blackberry Juice

Lentil Protein Isolate (LPI)

Log CFU/g (EB))
Aerobic mesophilic bacteria 1.20 + 0.54 <1
Yeast and mold 1.40 £ 0.00 <1
Enterobacteriaceae <1 <1
Clostridium perfringens <1 <1

3.2. Kefir Fortified with Encapsulated Blackberry Juice (EBJ)

The appearances of the kefirs after fortification with EBJ at concentration levels of 1, 2.5,
5, and 7.5% (w/w) are shown in Figure 3. With the increasing encapsulate concentrations,
the produced color became more intense. The introduced encapsulate was not dispersed
homogeneously within the product; the appearance of stains or pigmented grains can be
observed. Because the solubility of EBJ is low (29.30%, Table 1), this appearance of the kefir
samples was expected.

- —

Control 1% 2.5% 5% 7%

Figure 3. Appearances of the kefir control sample and samples with EB]J fortification at different
concentration levels: 1,2.5, 5, and 7% (w/w).

3.2.1. Influence of Encapsulated Blackberry Juice (EBJ) Kefir Fortification on Color,
Titratable Acidity, and pH during Storage

Table 4 summarizes the color parameters L*, a* b*, and C*. The L* parameter reveals
that the EBJ addition significantly decreased the kefir luminosity with progressively lower
values with the increasing encapsulate concentration. This observation is in agreement
with the sample appearance shown in Figure 3, as well as with the anthocyanin content
(as the anthocyanins gave color to the samples). The L* varied for all concentration levels
during the storage period; even though these variations were statistically significant, the
behavior was minimal for all samples; thus, from a technological standpoint, it should not
have an impact on the visual perception.

Parameter a* was very sensitive to the EBJ addition; even at the lowest concentration
(1%, w/w), the value changed from negative to positive, indicating the predominance of the
red color. With the EBJ addition, the b* color parameter changed from positive to negative,
indicating a predominantly blue color. Although blackberry juice has a dark-red color, at
acidic pH values (pH~4.0), anthocyanins present a light-purple color. The parameter C*
values, or Chroma, also followed the increase in the EBJ concentrations; the kefirs with
greater anthocyanin concentrations presented higher C* values. Du and Myracle [54] also
reported positive a* and negative b* values for aronia kefir; these values indicated that
the product presented a bluish-red color. The authors expected the bluish-red color in the
products due to the acidic environment of kefir.
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Table 4. Color properties during storage.

Storage Period (Days)

Kefir Sample Parameter
0 7 14 21 28
L* 97.20 + 1.542 98.20 +1.112 95.14 +1.202 96.20 & 0.24 2 97.10 + 1.65
a* ~160+£020%  —191+001° —200+001>  —23140.00° —2.40 +0.01°¢
Control b* 3314 0.042 3.45+0.012 3414002 3.36 + 0.00 3.29 +0.04 2
Cr* 3.68 +0.252 3.94 +0.02P 3.95+0.01P 4.08 +0.00P 407 £0.05P

L* 74.80 4+ 1.31 2 74.51 4 1.49 76.50 4 1.27 @ 7511+ 1.142 7420 4 1.61 2

. a* 10.72 +£0.33 b 9.85+0.242 11.31 £0.21¢ 10.62 + 0.17P 11.11 £ 0.08
1 b* —451+£0.022  —4424000%  —491+017b  —44240.022  —46440.132

Cr* 11.61 + 0.55P 10.80 + 0.25 2 12.33 +0.40 11.50 £ 0.20® 12.04 +0.34 ¢

L* 62.53 +1.32b 59.11 £ 1.07 2 62.50 £ 0.99 b 62524+ 1.00°  60.31 + 0.56 2P

a* 21.90 £1.602 2232 +£2.042 223140742 22404+ 1.082 223240272
5% b* ~1120+ 0632  —1211+1.65° —1210+£0.00°¢ —1079+0.192 —11.62 + 0.68 <

Cr* 24.60 £ 2252 2539 +3.702 2538 £ 0.752 24.86 +1.302 25.16 & 1.002

L* 4372 +1.84° 4050 +£ 0532 43754000 4171 +1512  41.00 +£0.022

a* 33.86 £ 0.64 2 3411+ 0352 33.89 £ 0.652 33.25+0.212 33.41 +0.182

> b* —11524£0.002 —11.51+0.072 —11.42+0.182 —11.4440062 —10.99 +0.022

Cr* 35.77 £ 0.65 2 3455+ 0.422 35.77 £ 0.852 35.16 &+ 0.272 35.17 £ 0.202

L* 3430 £ 1.842 36214000 37924091 334540212 3372 +£1.172

. a* 4500+ 0.01>¢ 4354 +1.112P  41.7840.97°2 4731 +1.61° 4412 +0.40°
7:5% b* —1042 £0.652 —11.11+0.072 —1082+1962 —10364+0.752 —10.47 + 0.072
Cr* 46.19 £0.66>¢ 4494 +1.19° 4316 +2.022 4843 +£240bc 45354 0.052P

L* represents lightness (L* = 0 (black) and L* = 100 (white)), a* represents red and green color coordinates
(—a* = greenness and +a* = redness), while b* represents yellow and blue color coordinates (—b* = blueness and
+b* = yellowness); Cr'—Chroma. Different letters in the same row indicate significant differences among samples
atp <0.05.

Table 5 provides data on various parameters, namely the viscosity, titrable acidity, and
pH values, for the kefir control sample and EBJ-fortified kefir samples over a 28-day storage
period. These parameters impact the sensory attributes, safety, and product consistency.
Monitoring and controlling these parameters throughout the storage process are essential
for delivering a high-quality kefir product that meets consumer expectations and safety
standards. The viscosity is one of the most important parameters in kefir quality assessment.
It measures the thickness and flow properties of this dairy product, which are influenced by
the interaction of proteins, microbes, and other components in the matrix. Viscosity impacts
the mouthfeel and texture of kefir, making it a critical attribute for consumer acceptance.
For quality control, monitoring the viscosity is essential to ensure consistency and meet
consumer expectations. In the control sample, the viscosity increased slightly from 1.89 at
day 0 to 1.93 at day 28. The 1% EBJ (w/w) sample showed a more significant increase,
with the viscosity ranging from 1.91 to 2.17 Pa-s. The 2.5% EB]J (w/w) sample exhibited a
similar trend, with the viscosity increasing from 1.94 to 2.14 Pa-s. Moreover, the 5% EB]
(w/w) sample displayed a consistent increase in viscosity, ranging from 1.95 to 2.23 Pa-s,
while the 7.5% EBJ (w/w) sample showed a steady increase from 2.03 to 2.26 Pa-s. The
typical viscosity values for kefir can range from 1.5 to 2.5 Pa-s, although these values can
vary depending on factors like the fat content, fermentation time, and specific microbial
strains used.
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Table 5. Viscosity (Pa-s), titrable acidity (g/100 g of lactic acid), and pH of kefirs during storage.

Kefir Storage Period (Days)

Sample Parameters 0 - 14 1 28
Viscosity 1.89 £0.012 1.91 +£0.042 1.87 £0.002 191+ 0522 193 £0.11%2
Control Titrable acidity =~ 71.00 £ 1.5°¢ 69.00 £0.56¢  69.00£0.00¢ 6450+ 056"  61.00 +0.002
pH 4.2140.022 4.27 +£0.002 4314056 447 +0.07bc 4.67 +0.05°¢
Viscosity 1.91 +0.06 2 2.04 +0.04° 2.03+0.10° 2.07 4+ 0.16 < 217 £0.56 ¢
1% Titrable acidity ~ 71.00 +1.00®  70.00+0.00>  69.00 + 0.00® 69.00 +1.0° 64.00 + 0.56 2
pH 412 4+0.052 417 +0.002 4.23 40562 427 +0.142 4.2140.042
Viscosity 1.94 +0.00 210 +0.24° 2124+0.17b 212+ 056" 214 +041°
2.5% Titrable acidity ~ 74.00 £2.00®  7400+1.00®  73.00+0.00° 7200+ 1.00®  72.0040.002
pH 4.01+0.032 4.08 +0.072 417 +£0.012 4.20 +0.002 41940342
Viscosity 1.95+0.022 2154 0.01° 22140.17° 2.2340.23° 2.23 £0.00°
5% Titrable acidity ~ 81.00 £ 1.002  82.00+0.00®  82.00+0.00®  83.00+0.00%  82.00 4 0.002
pH 3.88 +0.102 3.79 £ 0.09 2 3.81+0.032 3.84 +0.512 3.82 +0.072
Viscosity 2.03 +£0.192 221+0.11° 219 +0.25P 2.25+041° 2.26 +£0.09°
7.5% Titrable acidity ~ 83.00 £ 0.50%¢  84.00 £2.00¢  81.00 + 0.00°¢  79.00 +£0.00>  67.00 & 1.00 2
pH 3.8140.002 3.64 +0.522 3.74+0.142 418+021° 4.34 +0.05"

Different letters in the same row indicate significant differences among samples at p < 0.05.

As for other fermented dairy products, acidity plays a critical role in kefir quality
control. It is primarily measured as the titrable acidity, which quantifies the concentration
of acids in the kefir. The specific tangy flavor and preservative properties of kefir are
closely associated with its acidity. In quality control, monitoring and maintaining the
titrable acidity within a specified range are crucial. Typical values for the titrable acidity
in kefir usually fall within the range of 60-120 g/100 g of lactic acid, although this can
vary based on regional and consumer preferences. In the case of the control samples, this
value decreased from 71 to 61 g/100 g of lactic acid in 28 storage days, which reflects a
significant decrease. The 1% EBJ (w/w) sample displayed relatively stable titrable acidity
levels within the range of 64-71 g/100 g of lactic acid. The 2.5% EBJ (w/w) sample showed
a slight decrease, ranging from 74 to 72 g /100 g of lactic acid. The 5% EBJ (w/w) sample
maintained relatively stable titrable acidity levels within the range of 81-83 g/100 g of
lactic acid. The 7.5% EBJ (w/w) sample exhibited a decrease in titrable acidity from 83 to
67 g/100 g of lactic acid, with a significant decrease observed on day 28.

The last but not least important parameter for kefir quality monitoring is the pH value.

The pH value is a key indicator of the microbial activity in the kefir and is inversely related
to the acidity, meaning that as the pH decreases, the acidity increases. Monitoring the pH
value during storage helps in assessing the kefir’s overall stability and the progression
of the fermentation. Typical pH values for kefir fall within the range of 4.0-4.6. In the
control sample, the pH value increased from 4.21 at day 0 to 4.67 at day 28, indicating
a progressive pH increase over time. The 1% EBJ] (w/w) sample displayed an increase
in pH from 4.12 to 4.21, with some fluctuations. The 2.5% EB]J (w/w) sample showed a
gradual increase in pH, ranging from 4.01 to 4.19. The 5% EBJ (w/w) sample maintained a
relatively stable pH within the range of 3.79-3.88. In contrast, the 7.5% EBJ (w/w) sample
exhibited a decrease in pH from 3.81 to 4.34, with significant fluctuations and a sharp
increase observed on day 28. It must be noted that monitoring the pH is important not only
for the flavor but also for safety, as extreme pH values can indicate spoilage or the growth
of undesirable microorganisms.
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3.2.2. Influence of Encapsulated Blackberry Juice (EBJ) Kefir Fortification on Phytochemical
Content and Antioxidant Activity during Storage

Table 6 shows the phytochemical content and antioxidant properties of the kefir sam-
ples during storage. Increases in the TPC, TAC, and antioxidant activity are the main aims
of kefir fortification. Initially, the TPC content varied from 98.64 to 181.12 mg GAE/100 g
kefir, while the TAC varied from 18.25 to 44.56 mg CyGE /100 g kefir, according to the
increase in the EBJ concentration added. The addition of EBJ, for all concentrations, showed
a similar behavior during storage. A slight decrease in the phytochemical content with time
was observed. A temporary decrease in the TPC in the kefir samples could be explained
by the decomposition of polymeric phenolics in the presence of lactic acid bacteria during
refrigerated storage [55]. The antioxidant activity followed the same trend. Increasing
the fortification level of the EBJ led to an increase in the antioxidant activity of the kefir
against DPPH and ABTS, as well as reducing power. The high increase in the antioxi-
dant activity of the fortified kefirs was due to the presence of phenolic compounds with
prominent antioxidant activity, such as anthocyanins (probably cyanidin-3-O-glucoside
and cyanidin-3-O-dioxalylglucoside) and certain phenolic acids (probably ellagic acid,
chlorogenic acid, caffeic acid, and gallic acid) [56]. Barretto et al. [57] investigated the
stability of encapsulated and non-encapsulated anthocyanins in yogurt produced with
natural dye obtained from Solanum melongena L. bark. The authors reported the greater
stability of the anthocyanins during storage, as well as antioxidant activity, when added
in encapsulated form in yogurt. Kabacki et al. [34] also reported a gradual degradation
of anthocyanins during storage; the authors showed a negative correlation between glu-
cose and anthocyanins during the storage of kefir fortified with anthocyanin-rich juices.
Thus, among the previously mentioned factors, such as heat, light, oxygen, and pH, the
differences in the anthocyanin stability may also result from variations in the sugar com-
position in the fermented matrices. Esatbeyoglu et al. [58] recently reported that the total
anthocyanin content of water kefir made of aronia pomace and juice decreased with the
fermentation (72 h). The authors reported that the kefir with aronia pomace had higher
TACs (17.8 and 13.3 mg/100 mL kefir for 0 h and 72 h, respectively) compared to those
with aronia juice (7.30 and 5.34 mg/100 mL kefir at 0 h and 72 h, respectively). Overall,
the addition of encapsulated anthocyanins in the step after fermentation is a promising
strategy for maintaining the good stability of these compounds throughout storage. Based
on the 240 mL serving size (1 cup), all the produced kefirs in this study could provide more
anthocyanins than the daily recommended intake, which is 12.5 mg/day/person [59].

Table 6. Functional properties of kefir fortified with encapsulated blackberry juice (EBJ).

Storage Period (Days)

Kefir Sample = Parameter
0 7 14 21 28
TPC nd nd nd nd nd
TAC nd nd nd nd nd
Control DPPH 20.01 4 0.06 ® 20.65 4+ 1.02° 18.14 + 0.26 18.11 +£1.352 17.41 +0.232
RP nd nd nd nd nd
ABTS 4411 +2.15° 4518 +2.13" 4156 +1.1012 40.35 +0.89 2 4015+ 1.652
TPC 98.64 +0.78 2 99.11 +2.142 98.96 + 3.58 2 98.05 +2.142 98.71 + 3.44°
TAC 18.25 + 0.63 18.12 +2.26 2 19.21 +1.14° 19.06 4 2.17 2P 18.11 & 1.09
1% DPPH 181.16 4 9.81 2 180.99 +10.122 17658 +13.692 17936 £9.112  180.47 + 21.07 @
RP 10.13 £ 0.51 2 11.79 4 0.65 2 10.34 £ 0.74 2 11.55 4 0.98 2 11.10 £ 0.36 @
ABTS 265.04 + 13.44 ¢ 24911 £729°  23315+10412 25129 +17.21° 24815+ 16.54°
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Table 6. Cont.

Storage Period (Days)

Kefir Sample  Parameter 0 . " - 28
TPC 126.42 +9.15 2P 129.87 £ 513> 12530 +8912P 125524+ 11.602P  123.10 4 9.56
TAC 21.624+151P 21.98 £322° 20.87 £2.092 20.91 + 2.86 2P 20.44 +1.132
2.5% DPPH 20523 +£14.632 21158 £10.552  209.78 £ 13.172  206.34 4 9.152 204.19 + 5.682
RP 12.78 + 098P 13.71 £ 1.63 € 11.25 + 0.44 2 13.41 4 0.97 be 13.55 £ 1.11¢
ABTS 287.10 +22.652P 29251 +13.74> 27677 £13.812  296.86 +15.19°  289.16 + 5.00 *P
TPC 163.71 4 9.08 @ 160.12 £ 2502  161.41 +3.822  160.99 +7.852 159.84 + 5.06 @
TAC 38.40 +£1.25P 3413 £2.812 3454 +3.962 334142212 34.07 +4.202
5% DPPH 256.08 + 5.012 249.66 +£11.402 2473546392 24317+ 16582 24496 + 7.892
RP 17.99 + 3.47 4 15.81 + 2.07 be 16.33 +2.50 15.36 +1.18P 14.18 +2.00 2
ABTS 32810 £15.06® 32445+ 11432  313.06 +£12.982 31055+ 17.622  312.69 & 5.142
TPC 181.12 +9.102 179.57 £ 8972 17513 +12.012  174.41 +6.332 172.08 4 6.25 2
TAC 4456 +2.96 P 4391 4+ 0.81 2P 4463 +1.17° 42,09 +£2.742 4336 + 1.25 P
7.5% DPPH 22141 +£1152° 21531 +£14522P 20812 +£17.652 20841413582  205.10 + 6.282
RP 17.97 + 1.36 4 16.95 & 2.83 14.25 + 1.08 2 15.35 +£2.97P 14.51 + 1.882
ABTS 30120 +28.15P 29542 +15.14P  276.77 +13.812  280.77 +19.092  280.10 = 14.53 2

Different letters in the same row indicate significant differences among samples at p < 0.05; nd—not detected.

3.2.3. Influence of Encapsulated Blackberry Juice (EBJ]) Kefir Fortification on
Microbiological Profile during Storage

The tracking of the microbiological statuses of the kefirs over the storage time was
performed on the day of kefir fortification and then every seven days until the 28th day.
According to the obtained results presented in Table 7, no L. monocytogenes, Salmonella spp.,
S. aureus, E. coli, Enterobacteriaceae, or Cl. pefrigens were found in any of the kefir samples
at any time of the analysis. This result is an excellent indicator of the good laboratory
practice and hygiene implemented during the experiments. Also, in all samples at the
starting point, the numbers of LAB 1, LAB 2, and AMB were between 7 and 8 log CFU/mL,
while the numbers of yeast and mold were approximately 5 log CFU/mL. The Fermented
Milks Codex [60] lists 10* CFU/g as the minimum yeast content in kefir and 10’ CFU/g
as the minimum load of total microorganisms constituting the starter culture. Thus, the
obtained initial kefirs met the requirements appointed by the Fermented Milks Codex.
Slightly higher numbers of AMB and yeast and mold could be noticed in all the fortified
kefirs in comparison to the control kefir sample. This result is a consequence of the addition
of an encapsulate and suitable carrier, which was demonstrated to carry low numbers of
AMB and yeast and mold (Table 7), to the kefir during the process of fortification, resulting
in increases in the total numbers of these microorganisms at the starting point. A similar
situation was earlier presented by Goncu et al. [61], whose work has demonstrated that
the addition of dietary fibers in kefir leads to the stimulated growth of LAB. During the
storage period, slightly decreasing numbers of LAB 1, LAB2, and AMB could be noticed
in all the samples. After the 28th day, the initial numbers of the mentioned groups of
microorganisms were lower than the initial numbers by approximately 1-2 log CFU/mL.
Contrarily, the numbers of yeast and mold increased by approximately 1 log CFU/mL in all
the tested samples over time. The most intensive changes in the number of tested groups
of microorganisms were observed for the samples with the addition of 5% and 7.5% of EB]J,
while the samples with less EBJ added did not significantly vary from the control kefir
sample. The potential reasons for the observed behavior could be not only the type and
concentration of bioactive substances and the initial concentrations of individual groups
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of bacteria and yeast and their mutual relationship, but also an antimicrobial effect of the
microbial products, as well as stimulated storage conditions for only one group of tested
microorganisms. Depending on the specific bioactive substances and their concentration,
fortification can lead to changes in the microbial composition [62]. Briefly, the fortification
of kefir with some types of additional nutrients can either support the growth of beneficial
microorganisms or potentially compete with yeast and bacteria for resources [63]. Moreover,
yeast and lactic acid bacteria are sensitive to pH changes, so changes in the pH value can
influence their growth and survival [12]. On the one hand, bioactive substances can have
an inhibitory effect on certain microorganisms, and their encapsulated forms can enable a
prolonged influence of microbial populations in kefirs. On the other hand, some bioactive
compounds may act as prebiotics, providing a source of nutrients for microorganisms and
encouraging the growth of specific strains [64]. Additionally, the antioxidant potential can
be correlated with changes in the kefir microbial community due to a strong influence
on the oxidative stress and, consequently, on the microbial viability during the storage
period [64]. Considering that the obtained results indicate that higher EBJ concentrations
have a stronger influence on the microbial community, specific concentrations of these
compounds can be a crucial factor and the first step in further determining the influences
on kefir’s microbial composition during storage.

Table 7. Microbiological profiling of kefirs during storage (results are represented as log CFU/mL
for all quantification analyses, while results of detection of L. monocytogenes and Salmonella spp. are
presented as detected /not detected).

Storage Period (Days)

Kefir Sample Parameter
0 7 14 21 28
LAB1 8.02+0.33°¢ 8.10 £ 0.74 ¢ 7.80 &+ 0.33P 7.40 +0.64 P 6.90 £ 0.00 2
LAB2 7.10 +£0.00 4 6.90 4+ 0.56 € 6.80 £+ 0.00 © 6.50 + 0.56 2 6.10 £0.332
AMB 720+0649  700£0.00°¢  7.004£033°  6.70+037° 6.50 4 0.002
Yeast and mold 4.80 +0.372 4904+ 0.332 490 +0.562 5.30 +0.00 b 5.70 £ 0.74 ¢
L. monocytogenes
Control V08 nd
Salmonella spp.
S. aureus
E. coli
<1
Enterobacteriaceae
Cl. perfringens
LAB1 820+ 0004 800+000%4 7704+074°  7.104033P 6.80 £0.272
LAB2 7.104+£0.33°¢ 6.80 + 0.33P 6.60 £ 0.27b 6.20 +0.742 5.90 £0.002
AMB 7.50 4+ 0.56 € 750 £0.74°¢ 7.20 +0.00b¢ 690 + 0.64 2P 6.60 +0.332
Yeast and mold 5.10 +0.00 2 5.20 +0.64 2 5.50 4+ 0.33b 5.70 + 0.37b 6.10 = 0.56 €
L. monocytogenes
1% s nd
Salmonella spp.
S. aureus
E. coli
<1
Enterobacteriaceae

Cl. perfringens
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Table 7. Cont.

Storage Period (Days)

Kefir Sample Parameter
0 7 14 21 28
LAB1 8.20 +0.00 ¢ 8.10 £ 0.74 ¢ 7.80 + 0.33b¢  7.40 4+ 0.00 2P 7.00 +0.64°
LAB2 7.00 &+ 0.00 € 6.80 +0.33b¢ 650 +1.32P 6.00 +0.00 2 5.70 £0.332
AMB 7.70 +0.64 ¢ 7.60 £ 0.00 € 710+ 037P  6.80+0.322b 6.50 +0.332
Yeast and mold 5.20 +0.56 2 5.30 +0.742 5.70 & 0.64 € 6.00 & 0.74 ¢d 6.30 +0.00 4
L. monocytogenes
2.5% o8 nd
Salmonella spp.
S. aureus
E. coli
<1
Enterobacteriaceae
CL. perfringens
LAB1 8.10 +0.334 7.60 £027°¢ 7.10 + 0.00P 6.70 +0.00 2 6.50 +0.332
LAB2 7.00 +0.33°¢ 6.80 4+ 0.00 € 6.40 +0.37b 6.00 +0.742 5.80 £0.372
AMB 7.90 +0.04 7404+064°  690+033P 670+0642 65040742
Yeast and mold 55040002 58040742  610+0.00°  6.10+033° 6.50 = 1.32¢
L. monocytogenes
5% = nd
Salmonella spp.
S. aureus
E. coli
<1
Enterobacteriaceae
CL. perfringens
LAB1 8.10 +0.334 7.40 £0.00 € 7.10 £0.64°¢ 6.60 £ 0.00 b 6.20 £0.332
LAB2 70040004  650+056° 620000 6.00+0742P  580+1.322
AMB 8.10 £0.37 ¢ 7.60 +0.37 4 7.10 +0.00 € 6.50 + 0.74 b 6.10 +0.00 @
Yeast and mold 5.90 4+ 0.00 2 630+ 0.74Y 6,60 +£0.33bc 6.80 +0.33 ¢ 6.90 4 0.64 €
L. monocytogenes
7.5% 08 nd
Salmonella spp.
S. aureus
E. coli
<1
Enterobacteriaceae

Cl. perfringens

LAB 1—Lactobacillus species; LAB 2—Streptococcus and Lactococcus species; AMB—aerobic mesophilic bacteria;
nd—not detected. Different letters in the same row indicate significant differences among samples at p < 0.05.

The exact influence of kefir fortification with bioactive substances on the yeast and
bacteria concentrations will vary depending on the specific ingredients used and the
microbial community in the kefir. To better understand these effects, it is essential to
conduct controlled experiments with different concentrations of bioactive substances and
monitor changes in the microbial population over time.
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3.2.4. Influence of Encapsulated Blackberry Juice (EBJ]) Kefir Fortification on
Sensory Attributes

The sensory evaluation showed that different percentages of EBJ strongly modified
the sensory attributes of the kefir (Figure 4). The panelists demonstrated a clear preference
for the kefir fortified with EB] at greater concentrations. The most preferred samples
by the panelists were the kefir containing 7.5% EBJ (6.50 overall acceptability score) GAP,
followed by the kefir containing 5% EB]J (6.42 overall acceptability score). The least preferred
concentration among all the kefirs was 1% (5.34 score for overall acceptability). A similar
trend was reported by Seregelj et al. [65] when evaluating the sensory acceptance of yogurt
fortified with red pepper waste encapsulate. In addition, similar results of acceptance
were reported by Rubio et al. [66] for colored yogurts using colorants extracted from grape
pomace and jabuticaba by-products and encapsulated via spray-drying using brewer’s
spent yeast as the carrier. In the study by Domingos Pinto et al. [67], the panelists showed
good acceptance for all the tested attributes of yogurt colored with anthocyanin-rich
pigment prepared from jabuticaba skin. The authors noted that natural pigments have the
potential to be a substitute synthetic color additive to produce mixed-berry yogurts.

—a=Control «e=1% —e-2.50% 5% «—a7.50%

Taste

Overall acceptance Appearance

Texture Aroma

Colour

Figure 4. Sensory evaluation of control kefir and kefir fortified with encapsulated blackberry juice
(EBJ) in concentrations of 1, 2.5, 5, and 7.5% (w/w).

4. Conclusions

This study specifies that bioactive compounds (polyphenols and anthocyanins) from
blackberry juice were successfully encapsulated with LPI using a freeze-drying technique.
Kefir fortified with EBJ in different concentrations displayed enhanced antioxidant prop-
erties, making it a promising functional food ingredient. The microbiological analysis
confirmed the safety of the carrier and encapsulate, indicating their suitability for use
in kefir fortification. Moreover, the stability of the fortified products was confirmed by
monitoring the viscosity, titrable acidity, and pH values. The sensory evaluation revealed
that higher EBJ concentrations in kefir were preferred by the panelists, demonstrating the
potential for product diversification.
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As the main milestones of this study, the high encapsulation efficiency, safety assur-
ance, and enhanced antioxidant properties and sensory attributes of the final products can
be emphasized. The study’s sensory evaluation showed that the addition of EBJ at higher
concentrations led to increased overall acceptability, indicating the potential for creating
appealing kefir variants. Furthermore, the encapsulated kefir with improved antioxidant
activity offers the potential for the development of functional food products with health
benefits. Future research should focus on enhancing the stability of encapsulated bioactive
compounds during storage, potentially through the use of modified encapsulation tech-
niques. Further studies can explore consumer preferences and demands for encapsulated
kefir products, leading to tailored offerings for different market segments. Moreover, inves-
tigating the specific health benefits associated with the enhanced antioxidant properties
of encapsulated kefir could open doors to functional food products that target particular
health concerns. Future research should also address the environmental aspects of encap-
sulation materials (i.e., the potential use of encapsulation materials isolated from different
plant by-products). In summary, this study presents a promising approach to enhancing
the quality and functionality of kefir through encapsulation. While challenges related to
the stability and appearance should be addressed, the potential for creating appealing and
health-beneficial kefir products is evident, offering opportunities for future research and
product development.
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Abstract: Plant polyphenols with a catechol structure can form covalent adducts with meat proteins,
which affects the quality and processing of meat products. However, there is a lack of fast and
effective methods of characterizing these adducts and understanding their mechanisms. This study
aimed to investigate the covalent interaction between myofibrillar protein (MP) and caffeic acid (CA),
a plant polyphenol with a catechol structure, using molecular probe technology. The CA-MP adducts
were separated via sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
detected via Western blot and LC-MS/MS analyses. The Western blot analysis revealed that various
specific adducts were successfully enriched and identified as bands around 220 kDa, 45 kDa, and
two distinct bands between 95 and 130 kDa. Combined with the LC-MS/MS analysis, a total of
51 peptides were identified to be CA-adducted, corresponding to 31 proteins. More than 80% of the
adducted peptides carried one adducted site, and the rest carried two adducted sites. The adducted
sites were located on cysteine (C/Cys), histidine (H/His), arginine (R/Arg), lysine (K/Lys), proline
(P/Pro), and N-terminal (N-Term) residues. Results showed that the covalent interaction of CA and
MP was highly selective for the R side chain of amino acids. Moreover, the adducts were more likely
to form via C-N bonding than C-S bonding. This study provides new insights into the covalent
interaction of plant polyphenols and meat proteins, which has important implications for the rational
use of plant polyphenols in the meat processing industry.

Keywords: myofibrillar protein; caffeic acid; molecular probe technology; phenol-protein adducts

1. Introduction

Plant polyphenols are natural antioxidants that can protect meat products from oxida-
tive deterioration by scavenging free radicals and inhibiting peroxidation [1,2]. However,
plant polyphenols with a catechol structure, such as caffeic acid (CA), can also undergo
oxidation to form quinones, which can react covalently with muscle proteins and form
phenol-protein adducts which can affect the structure and functional properties of meat
proteins [3,4], as well as the quality, nutritional, and digestive properties of meat prod-
ucts [5,6]. Therefore, it is important to understand the mechanism and characteristics of the
covalent interaction between plant polyphenols and meat proteins and its impact on meat
quality and processing.

Previous studies have shown that CA adduction can affect the structure and gel
properties of myofibrillar protein (MP) [2,4]. However, due to the complexity of meat
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protein systems, there is still a lack of analytical methods of accurately characterizing
phenol-protein adducts and their formation mechanisms. Most of the existing methods are
based on indirect measurements, such as colorimetric assays, spectrophotometric assays, or
gel electrophoresis, which have low sensitivity, specificity, and resolution [7,8]. Moreover,
these methods cannot provide information on the identity, location, and number of the
adducted sites on the protein molecules, which are crucial for understanding the molecular
basis of the phenol-protein interaction [2,9]. Furthermore, these methods cannot quantify
the extent of protein modification by plant polyphenols, which is essential for evaluating
their effect on meat quality and processing [2,4]. Therefore, there is a need for a fast and
effective method of characterizing phenol-protein adducts and their formation mechanisms
at the molecular level.

Molecular probe technology is a powerful method for identifying the modification
of proteins by natural active compounds (e.g., plant polyphenols) in complex systems.
This method involves labeling the active compound with a molecular probe that can bind
strongly to the target proteins and carry a detectable tag, such as fluorophores, isotopes,
biotin, or bio-orthogonal groups [10,11]. The molecular probe—protein complexes can then
be separated via intracellular imaging or SDS-PAGE in-gel fluorescence scanning for probes
with isotopes or fluorophores [12] or via streptavidin magnetic beads for probes with biotin
tags [13], which undergo a series of non-specific washing and specific elution operations
to obtain the purified proteins or proteomes modified by the active compound [14]. The
purified proteins or proteomes modified by the active compound can then be analyzed
using methods such as Western blot and mass spectrometry to identify the peptide se-
quences and the adducted sites on the protein molecules [15] so that the mechanisms of
interaction between the active compounds and proteins can be deeply explored. This
method can provide information on the identity, location, and number of the adducted
sites on the protein molecules, which are crucial for understanding the molecular basis
of the active compound-protein interaction. Moreover, this method can also quantify the
extent of protein modification by plant polyphenols by comparing the relative abundances
of modified and unmodified peptides or proteins. In this strategy, multiple controls are
required to exclude non-specific interacting proteins.

In this study, we synthesized a biotinylated derivative of caffeic acid (BioC) that can act
as a molecular probe to identify protein targets responsible for caffeic acid’s covalent modi-
fication. Based on the molecular probe technology, we aimed to identify protein—phenol
adducts in meat proteins. A method to enrich, isolate, and identify adducts was firstly es-
tablished and its feasibility was validated; it was then applied to identify and preliminarily
quantify specific phenol-protein adducts in the MP system. Combined with LC-MS/MS,
the adducted peptides and amino acid sites were also comprehensively identified and
quantified. Finally, the mechanism of the adduction reaction between CA and MP was
explored based on the adducted sites and their relative abundance. This study provides
new insights into the covalent interactions of plant polyphenols and meat proteins and
their implications for meat quality and processing.

2. Materials and Methods
2.1. Materials

Caffeic acid and streptavidin magnetic beads were both obtained from Cell Signal-
ing Technology (#5947; Beverly, MA, USA). Bovine serum albumin, biotin, trypsin, and
polyvinylidene fluoride membranes were purchased from Sigma-Aldrich (Taufkirchen,
Germany). An anti-biotin antibody (abs153474) was obtained from Absin Bioscience Inc.
(Shanghai, China). Goat anti-rabbit IgG was purchased from Beijing Cowin Biotech Co., Ltd.
(Beijing, China). Skimmed milk powder was obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Other reagents were purchased from Genscript Biotech Co.,
Ltd. (Nanjing, China) unless otherwise specified.
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2.2. Sample Preparation

The synthesis of the BioC was carried out according to a published experimental proto-
col [16]. Briefly, CA and N-Boc-ethylenediamine were dissolved in N,N-dimethylformamide,
which was stirred at room temperature for 15 h in the presence of 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride and 4-dimethylaminopyridine. When the reaction was
then carried out with methyl tert-butyl ether, a yellow solid precipitated (intermediate 1).
It was purified using a silica column (methylene chloride/methanol = 20:1, v/v) and re-
crystallized with methylene chloride/petroleum ether. Next, intermediate 1 was dissolved
in dichloromethane, the treatment of which with methanolic hydrochloric acid solution
for 15 h in an ice bath and subsequent concentration generated the desired intermediate
2. Finally, the amidation of intermediate 2 with D-(+)-biotin in a similar way as above
afforded the BioC (Figure S1).

The extraction of the MP and the BioC solution’s oxidation treatment were carried
out following the methods of Park [17] and Yang [16]. The MP was stirred and dissolved
in phosphate buffer (PBS, 10 mM; 0.6 M NaCl; pH 6.2). For a concentration-dependent
experiment, the BioC was dispersed into MP suspensions (1 mg/mL) to reach final con-
centrations of 0, 10, 50, 250, and 1250 umol/g MP which were then incubated on a shaker
(QB-210; Haimen Kylin-Bell Lab Instruments Co., Ltd., Nantong, China) at 4 °C for 12 h.
For competition inhibition experiments, different concentrations of CA (0%, 1x,4x, 16 x of
250 umol), the competitive inhibitor of the BioC, were firstly added and incubated at 4 °C
for 12 h. The BioC was then added to obtain a final concentration of 250 uM with a final
MP concentration of 1 mg/mlL, and the samples were incubated for another 12 h at 4 °C.

2.3. Identification Method for Phenol-Protein Adducts

The separation of the MP-BioC adducts was performed according to Yang [17] with
slight modifications. Streptavidin magnetic beads were gently mixed and moved (10 uL
for each sample) into 1.5 mL microcentrifugation tubes, which were then placed on the
magnetic rack so that they could be magnetically separated. The collected beads were
washed with 1 mL of PBST buffer three times. The beads then could be mixed and
incubated with 100 pL of the MP-BioC samples (1 mg/mL) at 4 °C for 40 min so that
the BioC-derivatized proteins fully bound to the beads. After incubation, the beads were
collected, and the supernatant was discarded. The beads were then subjected to non-specific
protein washing with 1 mL of a washing buffer at least five times, with as much supernatant
as possible removed and retained at the last moment. To release the MP-BioC adducts
from the beads, the beads were resuspended in PBS buffer and mixed with 5 x Sample
Buffer (125 mM Tris, 10% SDS, 0.25% BPB). The samples were boiled at 95 °C for 5 min,
followed by cooling and centrifugation at 14,000 rpm for 1 min to collect the adducts
in the supernatant, which were then subjected to SDS-PAGE or a Western blot analysis
(see Section 2.6) in order to accomplish the identification and initial quantification of the
polyphenol-protein adducts.

2.4. Validation of Method

Bovine serum albumin (BSA), as a model protein, has been widely studied in various
fields due to the diversity of its physiological functions [18]. Consequently, to verify the
validity of the above-mentioned method of identifying phenol-protein adducts, a BSA-BioC
reaction system was established by using BSA as the substrate protein. First, the BioC was
added to a BSA solution to obtain final concentrations of 50 and 250 uM with a final BSA
concentration of 1 mg/mL. Meanwhile, the BSA solution was supplemented with the same
concentration (50, 250 pM) of biotin or an equal volume of the solvent DMSO (1%, v/v) as
a control. All the samples were incubated at 4 °C for 12 h. Then, the BSA-BioC adducts in
the system were isolated and characterized using the method described in Section 2.3
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2.5. Gel Electrophoresis

Samples were loaded onto SDS-PAGE equipment according to the method of Liu [19]
with a 4-20% gradient gel. Small amounts of protein samples from Section 2.2 or Section 2.4
were first taken for SDS-PAGE to illustrate that there was no problem with the original
protein samples prior to incubation with the streptavidin magnetic beads. Then, two 20 pL
samples in Section 2.3 (i.e., enriched phenol-protein adducts) were subjected to SDS-PAGE.
After staining with Coomassie brilliant blue, one gel was used for a Western blot analysis for
the phenol-protein adducts’ identification and the other for a mass spectrometry analysis
after in-gel digestion.

2.6. Western Blot Analysis

A Western blot analysis was used to detect bands of the BioC-adducted proteins
according to Pi [20]. Briefly, after SDS-PAGE, an eBlot L1 fast wet protein transfer system
(GenScript, Nanjing, China) was used to transfer the proteins to polyvinylidene fluoride
(PVDF) membranes (0.45 mm) which were then blocked with 5% skimmed milk powder in
Tris-buffered saline with Tween-20 (TBST, pH 7.4) for 1.5 h. After blocking, the membranes
were washed with TBST three times (10 min/wash) and incubated with the anti-biotin
antibody diluted 1:1000 in TBST (20 mM Tris-base, 137 mM NaCl and 5 mM KCl, 0.05%
Tween-20) overnight at 4 °C, followed by incubation with goat anti-rabbit IgG (diluted
1:2000) for 2 h. A Chemiluminescence Imager (ImageQuant LAS 4000; General Electric
Company, Boston, MA, USA) was used to capture the membranes.

2.7. LC-MS/MS Analysis

Samples were prepared using a filter-aided sample preparation (FASP) workflow, as
described by Wisniewski et al. [21]. The peptides digested by enzymes were subsequently
cleaned, concentrated, and enriched using the stop-and-go-extraction tips (StageTips)
method, as described by Rappsilber et al. [22]. The peptides were dissolved in a buffer
containing 2% acetonitrile and 0.1% trifluoroacetic acid (TFA) for MS analysis. The elute
was dried completely in a speedvac centrifuge. The peptides were suspended in a buffer
containing 2% acetonitrile and 0.1% TFA ready for MS analysis. The peptides were sep-
arated via LC-MS/MS, using an Easy-nLC1200 (Thermo Fisher Scientific, Altham, GA,
USA) coupled with an Orbitrap Exploris 480 Mass Spectrometer (Thermo Fisher Scientific,
USA). A trap column (100 pm X 2 cm) and an analytical column (75 pm x 25 cm) packed
with Reprosil-Pur C18 particles (Dr Maisch GmbH) were used to separate the peptides
with mobile phase A (0.1% formic acid (FA) in water) and mobile phase B (0.1% FA in
acetonitrile) in a 60 min gradient: 6 to 23% B in 38 min, 23 to 32% B in 12 min, and 32 to 80%
B in 5 min, and then B was kept at 80% for 5 min. The flow rate was set at 300 nL/min. The
Orbitrap Exploris 480 Mass Spectrometer was operated in a data-dependent acquisition
mode with a spray voltage of 2 kV and a heated capillary temperature of 320 °C. MS1 data
were collected at a high resolution of 60,000 with a mass range of 350 to 1500 m/z; the
precursor intensity threshold was set at 5.0e*, and a maximum injection time of 20 ms was
used. For each full MS scan, the top 10 most abundant precursor ions were selected for
MS2 with an isolation window of 1.6 m/z and a higher-energy collision dissociation with a
normalized collision energy of 30. MS2 spectra were collected at a resolution of 15,000. The
target value was 5.0e> with a maximum fill time of 20 ms and a dynamic exclusion time of
30s.

2.8. Data Search

Raw data were processed and analyzed using Proteome Discoverer (PD) 2.4 SP1
(Thermo Fisher Scientific, USA) with default settings. PD was set up to search the database
from NCBI. Human keratin and trypsin sequences were used as the contaminated database
for proteomic searching. Trypsin was used as the digestion enzyme. Carbamidomethyl
(C) was specified as the fixed modification. Oxidation (M), acetyl (Protein N-term), the
BioC (C1HpsN4O5S) (C, K, R, H, P, N-term + 446.16239 Da) and the possible degradation
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product of the BioC (CoHgOy) (C, K, R, H, P, N-term + 162.03169 Da) were specified as
variable modifications. A g-value (FDR) cutoff for the precursor and protein level was
applied at 1%. The processed data output was then exported to Excel for further usage.

2.9. Statistical Analysis

All the experiments were carried out in triplicate. Differences were evaluated using a
one-way ANOVA, and means were compared using Duncan’s multiple comparison under
the SAS system (version 8.2); p < 0.05 was considered statistically significant.

3. Results
3.1. Experimental Strategy

We developed a novel method for the enrichment and separation of phenol-protein
adducts by using a BioC rather than CA in the reaction system to label proteins that can
adduct with CA. The BioC is a biotinylated derivative of CA which can be recognized and
captured by streptavidin magnetic beads with high specificity and affinity. However, to
avoid the possible adsorption of other molecules on the surface of the streptavidin magnetic
beads, non-specific washing steps are often required [23]. Therefore, four different washing
buffers were tested to evaluate their washing effects on MP-BioC (0 uM, control) samples,
including reagent 1, PBS buffer; reagent 2, PBS buffer (1% SDS); reagent 3, 25 mM Tris,
0.15 M NaCl, pH = 7.2; and reagent 4, 20 mM Tris-HCI, 2% SDS, pH 7.4. The non-specific
washing step was repeated five times, and the supernatant was retained after magnetic
separation (the fifth washing supernatant), which was then subjected to SDS-PAGE sample
preparation together with proteins eluted from the streptavidin magnetic beads (the fifth
elution solution).

As shown in Figure 1a, there was no residual protein in the supernatant after five
non-specific washings regardless of which kind of washing buffer was used, indicating that
five non-specific washing steps were sufficient. At the same time, proteins remaining in the
fifth eluent were observed. It was also found that there were almost no protein bands in
the lane corresponding to reagent 4, indicating that it effectively removed a large number
of non-specific proteins adsorbed on the surface of the streptavidin magnetic beads after
washing. Therefore, the reagent 4, which had the best effect, was selected as the washing
buffer. In the follow-up tests, it was found that only a few specific phenol-protein adducts
were identified in the experimental group compared with the control group (as shown
in Figure 1b). We speculated that reagent 4, containing 2% SDS, may cause the loss of
specific adducts while washing away non-specific proteins. To achieve a comprehensive
identification of the formation mechanism of phenol-protein adducts, reagent 3 (25 mM
Tris, 0.15 M NaCl, pH = 7.2) was finally selected to carry out the next experiment, and the
identification of specific phenol-protein adducts was achieved based on both SDS-PAGE
and a Western blot analysis.
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Figure 1. Non-specific washing using 4 kinds of washing buffers, reagent 1, 2, 3, and 4 (a); SDS-PAGE
of MP-BioC adducts eluted from streptavidin magnetic beads after the fifth washing using washing
reagent 4 (b).
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3.2. Efficacy of the Identification Method of Phenol—Protein Adducts

Figure 2a shows a clear protein band around 66 kDa for BSA, which is consistent with
its molecular mass [24]. Protein bands in all lanes are well defined, indicating that the
protein samples were not degraded before incubation with streptavidin magnetic beads.
Compared to the control group (BSA, BSA-DMSO, and BSA-Biotin), the band intensity
at 66 kDa decreases and the bands near 95 kDa and above the separating gel increase
as the BioC concentration increases. It is speculated that the BSA-BioC adducts were
formed by a covalent reaction between the BioC and BSA which was proportional to the
concentration. A series of control groups in the experiment could eliminate the interference
of natural biotin-derived proteins in the samples. Previous studies have reported that
phenolic compounds such as chlorogenic acid, catechin, and epicatechin can form covalent
conjugates with BSA [25,26].
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Figure 2. SDS-PAGE analysis of samples (a); Western blot analysis of BSA-BioC adducts (b).

Figure 2b shows the immunoblotting result of BSA-BioC adducts enriched and isolated
by the biotin—streptavidin system. No bands were labeled in any of the control groups,
indicating that the streptavidin magnetic beads did not bind any non-specific proteins after
washing. In contrast, the experimental groups showed a specific band between 66 and
95 kDa, and its intensity increased significantly with an increase in the BioC concentration.
This confirmed that the BSA-BioC adducts were successfully enriched and isolated via
the method described in Section 2.3, which proved to be effective and reliable. It is worth
noting that increases in the protein band intensity of two bands were observed in the
BSA-BioC samples in Figure 2a, but only one band appears in the Western blot result,
which could be attributed to the S-S-mediated cross-linking of BSA rather than the covalent
interaction between the BioC and BSA [27].

3.3. Identification of BioC-MP Adducts
3.3.1. Concentration-Dependent Experiment

Figure 3a shows a typical electropherogram of the MP lane in which the main proteins
are myosin heavy chain (MHC) around 220 kDa and Actin around 45 kDa [28,29]. When
the BioC concentration increased, the MHC and Actin bands became weaker and moved
to a higher molecular mass. As the concentration of the BioC increased, the MHC and
Actin bands gradually weakened and shifted to a higher molecular mass. This suggests
that MP-BioC adducts were generated in the system. Tang et al. [30] also found more than
20 proteins modified by rosmarinic acid in MP family proteins, including myosin heavy
chain protein isoforms (MyHC1, MyHC2a, MyHC2x, and MyHC2b) and Actin. Since the
feasibility of the method of identifying phenol-protein adducts was verified in Section 3.2,
we carried out an enrichment of the adducts in the MP-BioC system following the same
method and identified the MP-BioC adducts subsequently via a Western blot.
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Figure 3. SDS-PAGE analysis of samples (a) and Western blot analysis of MP-BioC adducts (b) in the
concentration-dependent experiment.

As shown in Figure 3b, the molecular probe, the BioC, marked out proteins at 220 kDa,
45 kDa, and 95-130 kDa as MP-BioC adducts, which depended on the concentration.
Considering the low molecular mass of the BioC (MW = 448.185 Da), the position of the
protein bands could hardly have shifted after the BioC modifications. Therefore, it was
presumed that the protein bands around 220 kDa and 45 kDa were MHC-BioC adducts
and Actin-BioC adducts respectively, and other the labeled bands were BioC covalent
conjugates of the corresponding proteins.

In Figure 4, a preliminary quantitative analysis of MP-BioC adduct bands at 220 kDa,
95-130 kDa, and 45 kDa shows that the relative intensity of these adduct bands at a con-
centration of 1250 pM was significantly higher than that at other concentrations (p < 0.05).
Specifically, the Actin-BioC and band-2-BioC adducts were firstly observed at a low BioC
concentration (50 uM). MHC-BioC and band-1-BioC were observed at a BioC concentration
of 250 uM. With an increasing BioC concentration, the intensity of all of adducts was signif-
icantly increased (p < 0.05). The results illustrate that the formation of MP-BioC adducts
has concentration-dependent characteristics.

80,000 —
wwwy  MHC-BioC
""" band-1-BioC
----------- band-2-BioC
60,000 | === actin-BioC
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Figure 4. Types and intensity of MP-BioC adducts in the presence of different concentrations of BioC.
Letters (a,b) indicate a significant difference (p < 0.05) in the relative intensity of MP-BioC adducts in
groups with different concentrations of BioC; Band-1/2-BioC—the upper/lower one of two adducts
between 95 and 130 kDa; ND—not detected.
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3.3.2. Competition Suppression Experiment

The characteristic protein bands identified in the concentration-dependent exper-
iments decreased gradually when we added different concentrations of highly active
ligands. This was an effective way to confirm specific protein bands. In our study, we
further tested the covalent interaction between molecule probes and highly active ligands
that were added simultaneously to establish a competition control which could prevent
the molecule probes from binding to target proteins via competition from highly active
ligands. The addition of different concentrations of highly active ligands may lead to a
gradual fading of the characteristic protein bands identified in concentration-dependent
experiments, which was an effective method of determining specific protein bands. In this
study, to further validate the covalent interaction between the BioC and MP, we allowed
the BioC or CA to compete for binding to MP with or without an excess of the competitive
inhibitor CA, and the BioC concentration was kept at 250 uM. Figure 5a shows that the
MP-BioC samples in the competitive suppression experiment were normal. Figures 5b
and 6 show that the MP-BioC adducts decreased significantly (p < 0.05) when the CA
concentration increased. When the CA concentration was 16 times higher than the BioC
concentration (4 x 103 pmol/g MP), the binding of the BioC to MP was almost completely

blocked.
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Figure 5. SDS-PAGE analysis of samples (a), and Western blot analysis of MP-BioC adducts (b) in the

competition suppression experiment.
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Figure 6. Types and intensity of MP-BioC adducts in the presence of different concentrations of CA.
Letters (a—d) indicate a significant difference (p < 0.05) in the relative intensity of MP-BioC adducts
with different concentrations of the competitive inhibitor CA (0x, 1x, 4x, 16x of 250 umol); ND
indicates not detected.
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The protein bands at 220 kDa and 45 kDa, as well as two strong protein bands between
95 and 130 kDa, depended on the concentration and could be stopped by the competitive
inhibitor CA. This indicated that all these protein bands were specific MP-BioC adducts.
More importantly, the results showed that the BioC and MP interacted in the same way as
the CA and MP. Since the BioC was modified from CA and had the same biological activity
as CA (Figure S2), it was considered that adducts labeled by BioC such as MHC-BioC and
Actin-BioC labeled were equivalent to adducts generated by the covalent interaction of CA
and MP.

3.4. LC-MS/MS of BioC-MP Adducts
3.4.1. Identification of Adducted Proteins and Peptides

To further explore the formation mechanism of MP-BioC adducts, the BioC-adducted
proteins in the MP sample (1250 uM) were identified using an Orbitrap Exploris 480 mass
spectrometer. After filtering data with a score > 10, a total of 31 BioC-adducted proteins
were found, including myosin, actin, troponin, and tropomyosin (Table 1). Six BioC-
modified myosin isoforms were identified near 220 kDa, which included myosin-4 isoform
X1 (223.1 kDa), myosin heavy chain 2x (223 kDa), myosin-2 isoform X1 (223 kDa), myosin-8
isoform X1 (222.9 kDa), embryonic skeletal myosin heavy chain 3 partial (222.8 kDa), and
myosin-7B isoform X5 (223.8 kDa). Among them, the first five proteins had a BioC modi-
fication at the R site and the common adducted peptide was FIR*IHFGTTGK (* denotes
the adducted site). BioC modifications at the N-Term site were also identified. At the
same time, skeletal myosin heavy chain 3 had BioC modifications at the H and N-Term
sites IEDMAMLTH*LNEPAVLYNLK) and myosin 7b isomer X5 at the K site (LLGSL-
DIDHSQYQFGHTK?). At around 45 kDa, skeletal alpha actin (42 kDa), actin aortic smooth
muscle (42 kDa), cardiac o actin 1 (pdb 5SNOL B Chain B Cardiac muscle alpha actin 1,
40.7 kDa), and actin-partial (27.4 kDa) were modified with BioC at the R-site (EIVR*DIK)
and N-Term site (MQKEITALAPSTMK). Three BioC-adducted peptides were identified in
cytoskeletal beta actin partial (44.8 kDa), two of which were the same as above, and the
other was DLYANTVLSGGTTMYPGIADR, with the N-Term as the adducted site.

Table 1. BioC-adducted proteins in MP.

Gene Protein Coverage (%) MW (kD) Calc. pI Score
XP 020931560.1 LOW QUALITY PROTEIN titin 59 3816 6.27 17,031.96
XP 020921695.1 myosin-4 isoform X1 75 223.1 5.76 7827.33
BAAS82146.1 myosin heavy chain 2x 73 223 5.77 6990.96
XP 020921876.1 myosin-2 isoform X1 72 223 5.81 5401.78
XP 020921928.1 myosin-8 isoform X1 50 2229 5.8 4251.75
XP 020931125.1 LOW QUALITY PROTEIN nebulin 67 856.7 9.07 4104.53
AAC48692.1 skeletal alpha actin 76 42 5.39 29771
/ pdb 5NOL B Chain B Cardiac muscle alpha actin1 77 40.7 5.57 2436.99
NP 001158122.1 actin aortic smooth muscle 76 42 5.39 2145.94
ART85712.1 embryonic skeletal myosin heavy chain 3 partial 28 222.8 5.86 1905.26
AAS55927.1 cytoskeletal beta actin partial 51 44.8 5.83 1595.71
XP 003122540.1 alpha-actinin-3 isoform X2 69 103.2 5.45 1384.5
ACD13863.1 actin partial 81 27.4 5.05 1298.08
XP 020946026.1 plectin isoform X4 34 532.3 6.09 799.32
JAA53758.1 Plectin partial 37 402.7 5.68 673.79
XP 013840744.1 myosin-7B isoform X5 6 223.8 6 505.58
XP 003122636.2 glycogen phosphorylase muscle form 58 97.2 7.11 370.28
ABF81978.1 muscle glycogen phosphorylase partial 63 84 6.52 370.18
NP 001123421.1 creatine kinase M-type 68 43 7.09 251
ACES80199.1 troponin I 47 21.3 8.91 200.06
XP 001928934.3 C- U-editing enzyme APOBEC-2 57 25.8 4.81 89.24
XP 020949729.1 FH1/FH2 domain-containing protein 1 isoform X1 13 129.2 6.32 35.59
XP 003356007.1 EH domain-containing protein 2 20 61.2 6.37 35.33
NP 001008689.1 GTP-binding protein SAR1b 34 224 6.11 32.56
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Table 1. Cont.

Gene Protein Coverage (%) MW (kD) Calc. pl Score
BAX02569.1 alpha2 chain of type I collagen 9 129.1 9.07 31.72
NP 001231230.1 importin-5 12 123.6 4.94 29.83
XP 020922659.1 keratin type I cytoskeletal 14 7 51.6 5.16 27.27
NP 001258644.1 laminin subunit gamma-1 precursor 8 177.5 5.15 22.28
NP 001231936.1 elF5-mimic protein 1 13 48.1 6.68 18.44
LOW QUALITY PROTEIN neuroblast
XP 013849669.2 differentiation-associated protein AHNAK 12 6543 605 1391
XP 020939127.1 regulator of nonsense transcripts 1 isoform X1 6 1255 6.7 13.08

In the molecular mass range of 95-130 kDa, the BioC modification of alpha-actinin-3
isoform X2 (103.2 kDa), glycogen phosphorylase muscle form (97.2 kDa), and muscle
glycogen phosphorylase partial (84 kDa, adducted peptide FSAYLER) occurred at the N-
Term site (DGLALCALIHR, FSAYLER, and FSAYLER, respectively), and that of FH1/FH2
domain-containing protein 1 isoform X1 (129.2 kDa) was located at two P sites (SPFPPPPP-
PAAP*LP*PSAPDGLALPTK). In addition, the alpha2 chain of type I collagen (129.1 kDa)
had two adducted sites P and R (GEVGPAGPNGFAGPAGAAGQP*GAKGER*GTK). Fur-
thermore, lower-molecular-mass adducts were identified, such as C-U-editing enzyme
APOBEC-2 (25.8 kDa), GTP-binding protein SAR1Db (22.4 kDa), and troponin I (21.3 kDa).
BioC modifications of them occurred at the C or N-Term sites, and the adducted peptides in-
volved were TFLC*YVIEAQSK, ELNARPLEVFMC*SVLK, and MSADAMLK, respectively.

Myosin, an important component of MP, has a molecular structure rich in charged
amino acids and cysteines [31], which are susceptible to be attacked by the reactive elec-
trophilic intermediate o-benzoquinone, leading to a Michael addition reaction. Tang et al. [32]
investigated the interaction of RosA and meat proteins under the Fenton oxidizing system
and showed that a diversity of myosins were involved in RosA modifications at K, R, and
C sites. The difference was that the CA in our study mainly interacted with myosin at the
alkaline amino acid (R, K, H) and N-Term sites of myosin but did not involve the C site.
Instead, modifications at the C site were identified in low-molecular-mass proteins such as
C-U-editing enzyme APOBEC-2 and GTP-binding protein SAR1b. Nikolantonaki et al. [33]
noted that there was an adducted formation between caffeic acid and 3-sulfanylhexan-1-ol.
It was speculated that oxidation conditions affect the covalent interaction of phenols and
proteins to some extent. B-actin is a major component of cytoskeleton [34], and polyphe-
nol modifications to it can have an effect on gel properties during meat processing [28].
Meanwhile, muscle glycogen phosphorylase is a key enzyme for glycogen degradation and
affects the differentiation of skeletal muscle cells. Therefore, it is hypothesized that BioC
modification may regulate energy metabolism.

3.4.2. Identification of Adducted Amino Acid Sites

Altogether, 51 BioC-adducted peptides were identified among 31 MP-BioC-adducted
proteins (Table 2). BioC adduction occurred at six different amino acid sites, including the
C, H, R, K, P, and N-Term sites. Secondary mass spectra of peptides with the BioC adducted
on the C, H, R, K, and P sites, respectively, are shown in Figure 7a—e.

Distribution of adducted sites: Figure 8a shows that 59 BioC-adducted sites were
identified in the BioC-adducted peptides, including 2 sites at C, 2 sites at H, 12 sites at R, 3
sites at K, 8 sites at P, and 32 sites at the N-term. Among them, alkaline amino acids (K, R,
and H) accounted for 28.81% of the adducted sites. The proportions of C, P, and N-Term
were 3.39%, 13.56%, and 54.24%, respectively. The result indicates that the BioC mainly
modified the N-Term, followed by the alkaline amino acids P and C. In Figure 8b, a total
of 43 BioC-adducted peptides (84.31%) contained one adducted site, and the remaining 8
(15.69%) carried two adducted sites, which suggests that the BioC preferred to react with
MP at a single site. This result was similar to that of Tang et al. [2], who reported that RosA
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had the highest frequency of single-site addition reactions, followed by two-site addition
reactions, and a low frequency of three or more site addition reactions (p < 0.05).

Table 2. BioC-adducted peptides and amino acid sites.

Gene Protein Adducted Peptide :Sic(iiuscitteed Amino
XP 020931560.1  LOW QUALITY PROTEIN titin {E}g‘ggfgﬁ}]@ {E;erm]
[K].FIRIHFGTTGK.[L] [R3]
. . K].QAFTQQIEELKR. N-Term
XP 0209216951 myosin-4 isoform X1 {R]] .\%QYF%(TQIAVTGEI[S]K] {N-Term}
[R].IEAQNKPFDAK.[T] [N-Term]
[K].FIRIHFGTTGK.[L] [R3]
. . K].QAFTQQIEELKR. N-Term
BAAS2146.1 myosin heavy chain 2x {R]] .\%QYIS;%AVTGEI&?[]K] {N—Term}
[R].IEAQNKPFDAK.[T] [N-Term]
. . K].FIRIHFGTTGK.[L R3
XP020921876.1  myosin-2 isoform X1 {R]] .VIQYFATIAVTCEE%(.[K] {N-*]rerm]
[K].FIRIHFGTTGK.[L] [R3]
XP 020921928.1 myosin-8 isoform X1 [R].VIQYFATIAVTGEK.[K] [N-Term]
[R].IEAQNKPFDAK.[T] [N-Term]
. . . [K].FIRIHFGTTGK.[L] [R3]
ARTS85712.1 gm;);yiglmc skeletal myosin heavy chain [K].QAFTQQIEELKR.[Q] [N-Term]
p [R.IEDMAMLTHLNEPAVLYNLK.[D] [H9]; [N-Term]
XP 003122540.1 alpha-actinin-3 isoform X2 [K].DGLALCALIHR.[H] [N-Term]
XP 003122636.2 glycogen phosphorylase muscle form [K].FSAYLER.[E] [N-Term]
ABF81978.1 muscle glycogen phosphorylase partial [K].FSAYLER.[E] [N-Term]
NP 001123421.1 creatine kinase M-type [R].SIKGYTLPPHCSR.[G] [K3]; [N-Term]
ACE80199.1 troponin I [RL.MSADAMLK.[A] [N-Term]
XP 001928934.3 C- U-editing enzyme APOBEC-2 [K].TELCYVIEAQSK.[G] [C4]; [N-Term]
XP 003356007.1 EH domain-containing protein 2 [R].TVTSALK.[E] [N-Term]
NP 001008689.1 GTP-binding protein SAR1b [KL.ELNARPLEVFMCSVLK.[R] 1xBioC [C12]
NP 001231936.1 elF5-mimic protein 1 [R].VQQSLGTR.[K] [N-Term]
XP 020931125.1 LOW QUALITY PROTEIN nebulin {1121]5(}21%1\(/;[?;}/835&?][ Al {II;ISS]]
. R].EIVRDIK.[E R4
AAC48692.1 skeletal alpha actin {R}.MQKEITA[LLPSTMK.[I] {N-lrerm]
R].EIVRDIK.[E R4
NP 001158122.1 actin aortic smooth muscle {R} MOQKEIT. A[L‘]APSTMK [ {N—r]l"erm]
/ pdb 5NOL B Chain B Cardiac muscle alpha [R].EIVRDIK.[E] [R4]
actin 1 [R].MQKEITALAPSTMK.[I] [N-Term]
. . [R].EIVRDIK.[E] [R4]
ACD13863.1 actin partial [R.MQKEITALAPSTMK.[I] [N-Term]
[R].EIVRDIK.[E] [R4]
AAS55927.1 cytoskeletal beta actin partial [R].MQKEITALAPSTMK.[I] [N-Term]
[K].DLYANTVLSGGTTMYPGIADR.[M] [N-Term]
XP 020946026.1 plectin isoform X4 [R].SMVEEGTGLR.[L] [N-Term]
JAAB53758.1 plectin partial [R].SMVEEGTGLR.[L] [N-Term]
XP 013840744.1 myosin-7B isoform X5 [K].LLGSLDIDHSQYQFGHTK.[V] K]
XP 020949729.1 FHI1/FH2 domain-containing protein 1 [K].SPEPPPPPPAAPLPPSAPDGLALPTK.[R] [P12]; [P14]

isoform X1

[R].GEVGPAGPNGFAGPAGAAGQPGAKGER

BAX02569.1 alpha2 chain of type I collagen GTK[C] [P21]; [R27]

NP 001231230.1 importin-5 [K].FLEDSVSSQNMGLR.[E] [N-Term]

XP 020922659.1 keratin type I cytoskeletal 14 [R].TKYETELNLR.[M] [K2]; [N-Term]

NP 001258644.1 laminin subunit gamma-1 precursor [R].KTLPSGCENTPSIEKP.[-] [P11]

XP 013849669 2 LOW QUALITY PROTEIN neuroblast [K.AEGGGAEVQLPSLEGGLSMPDVK.[L] [P11]; [N-Term]
: differentiation-associated protein AHNAK [K].GPGIDVKAPK.[M] [P2]; [N-Term]

XP 020939127.1 regulator of nonsense transcripts 1 isoform X1~ [R]. MHPALSAFPSNIFYEGSLONGVTAADRVK.[K] [R27]
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Figure 7. Secondary mass spectra of peptides with BioC adducted on different amino acid sites.
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Figure 8. Distribution of different adducted sites (a); the number of adducted peptides carrying
single or two sites (b).

In unoxidized phenolic compounds, hydroxyl groups are excellent hydrogen donors,
which do not directly form irreversible covalent bonds with amino acids but allow for the
formation of hydrogen bonds between phenols and carboxyl groups in proteins. Under
alkaline conditions, hydroxyl groups are oxidized and converted into the active deriva-
tive quinone. The latter then undergoes irreversible covalent addition reactions with the
sulfhydryl or amino groups of susceptible amino acid residues in proteins [35,36]. Some
studies have found that the N-Term of protein is thought to be strongly related to the
stability of protein structure [37]. Based on this, the high proportion of N-Term modifica-
tions might correspond to changes in protein structure. It has been reported that peptides
containing alkaline amino acid are mostly located inside protein [2], so it could be inferred
that the presence of steric hindrance made them less reactive with the BioC. It should also
be noted that the oxidation level, type, and dose of phenolic compounds will also affect the
extent of their interaction with proteins [38].

The sequence motif of adducted sites: The full-length sequence of the different ad-
ducted peptides was searched in the NCBI according to the gene number before selecting
the adducted site and 10 amino acids on each side of it to form a polypeptide with 21 amino
acids. The sequence logo (seqlogo) was drawn using Weblogo (Version 2.8.2) to further
explore the sequence motif of the adducted sites. The height (%) of each letter in the seqlogo
corresponds to the frequency of the occurrence of amino acid residues at that location,
and that letters in each position are arranged in order of conservatism from the largest
to smallest, which makes it easy to identify conserved sequences from the top letters. As
shown in Figure 9, the most frequent amino acids at the BioC-adducted site (coordinate: 0)
were R, P, K, C, and H, in decreasing order. About 85% of them were X-R/P/K-X motifs,
and the rest were X-C/H-X motifs (X = any amino acid). This result suggests that R had
the highest conservation. In addition, it was speculated that the sequence motif of the
BioC-adducted peptide was DNSSAEGEFIRDIKGKLGKLA, which has implications for the
future study of meat protein.
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Figure 9. The seqlogo of the adducted peptides.

4. Conclusions

In this study, we developed and validated a novel method based on molecular probe
technology to accurately identify phenol-protein adducts in meat protein systems, using
BSA as a model protein. Our method involves the use of a BioC, a biotinylated derivative
of CA which can covalently bind to MP in the same manner as CA. It was demonstrated
that the BioC, a biotinylated derivative of CA, can interact with MP in the same way as
CA, forming covalent bonds with specific amino acid residues. By using an LC-MS/MS
analysis, 31 CA-adducted proteins, 51 CA-adducted peptides, and 6 kinds of CA-adducted
sites were identified. Furthermore, it was revealed that CA prefers to react with the -NH,
group (H, R, K, P, and N-term adducted sites) rather than the -SH group (C adducted site)
of MP, resulting in various phenol-protein adducts. Our method provides a powerful tool
for the isolation and identification of phenol-protein adducts in meat protein systems as
well as the comprehensive analysis of the types and numbers of adducted sites, which
reveal the mechanism of the covalent binding of phenols to proteins.

Although phenolic compounds have many beneficial effects on the quality, safety, and
functionality of meat and meat products, there are some potential drawbacks and risks
that need to be considered. One of the major challenges of using phenolic compounds in
the meat industry is the oxidation of phenolic compounds with the formation of quinones,
which could affect the quality, safety, and functionality of meat and meat products. The
oxidation of phenolic compounds and the formation of quinones are influenced by many
factors, such as the type, concentration, source of phenolic compounds, pH, temperature,
oxygen, metal ions, enzymes, and other food components of the meat system, and the
processing and storage conditions of the meat products. In this study, covalent interactions
between plant polyphenols and meat proteins were investigated. However, only low-
molecular-weight polyphenols were used, which may differ from high-molecular-weight
polyphenols, such as proanthocyanidins and more complex tannins, in their interaction
patterns and biological effects. High-molecular-weight polyphenols might form more
stable covalent complexes with proteins. A future investigation is therefore required to take
into account the molecular characteristics of polyphenols and the environmental factors
that may influence the interactions between polyphenols and proteins and their effects on
meat quality.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/foods12234225/s1. Figure S1: The structure of BioC; Figure S2: The DPPH
free radical scavenging ability of CA and BioC.
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Abstract: Nowadays, consumers are aware of the necessity of following a healthy diet and there is
demand for natural and nutritious food products, especially for children. Consequently, new trends
in the food industry are focused on the development of foods with low levels of sucrose and artificial
additives (e.g., flavors and colorants), as well as high antioxidant, protein, and fiber content. On the
other hand, some consumers demand vegan, halal, and kosher-certified food products. In this regard,
conventional confectionary products such as gummy candies (GCs) are increasingly losing their
popularity. Therefore, the development of plant-based and functional GCs has gained the attention of
researchers and manufacturers. This review highlights recent innovations in the development of GCs
with alternative gelling agents and sweeteners, natural flavors and colorants, and the incorporation
of medicines, fiber, protein and antioxidants into GCs. Additionally, it summarizes their effects on
the techno-functional, sensory, and nutritional properties of GCs.

Keywords: functional foods; novel formulations; confectionary industry; soft candy; jelly candy

1. Introduction

In recent decades, consumer demand in the field of food production has changed
significantly, as they have become increasingly aware of food quality and the health benefits
associated with different food products. Nowadays, foods are intended not only to satisfy
hunger and provide necessary nutrients for humans, but also to prevent diseases related
to nutrition and improve the physical and mental health of consumers. In this regard,
it is necessary to develop novel functional foods to meet these demands [1]. The term
“functional food” was first used in Japan in the 1980s for food products enriched with
certain compounds that have beneficial physiological effects, such as pre- and probiotics,
as well as cholesterol-lowering substances. These types of food products can be consumed
in order to improve the general condition of the body, reduce the risk of some diseases,
and can even be used to treat some illnesses [2]. In 2014, the Functional Food Center
(FFC) defined functional food products as “natural or processed foods containing effective
and non-toxic amounts of bioactive compounds, which provide a clinically proven and
documented health benefit through the use of specific biomarkers to prevent, manage, or
treat chronic diseases or their symptoms” [3]. However, despite these different definitions,
scientists generally agree that functional foods contain bioactive substances that provide
health benefits for the human body beyond the usual dietary supplements.
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The confectionery industry has a wide range of products with approximately USD
298.23 billion global market value in 2021, which is projected to expand at a compound
annual growth rate (CAGR) of 4.3% from 2022 to 2028 [4]. Among these products, soft
confectionery products have attracted the attention of consumers in all age groups, es-
pecially children, due to their unique texture, appearance, and taste [5]. Gummy candy
(GC) is one the most popular types of soft confectionery products, which is also known
as pastille, gummy, jelly candy, gummy jelly, and so on, with a global market value of
USD 21.40 billion in 2022 [6,7]. GCs are traditionally made from high amounts of sucrose
and glucose syrup combined with gelling agents, commonly known as gelatin, along with
artificial additives such as flavors and colors. The raw materials are first heated and then
poured into the molds with different shapes and sizes. After molding, GCs are cooled
and dried by air convection in chambers or tunnels to achieve a dry-sticky texture in
the shortest possible time, with a relatively high-water content varying between 15 and
30% [8]. Although gelatin offers a variety of functional properties in GC preparation, such
as firmness, consistency, and gelling properties, some consumers demand vegan, halal,
and kosher-certified food products [9]. Besides, these popular foodstuffs are often of low
nutritional value and high sugar content, which may increase the risk of several chronic
diseases, such as obesity, tooth decay, hyperglycemia, and type 2 diabetes. In addition, the
overconsumption of low-nutrition confections by children is gradually increasing, which
has become a serious concern for their parents [10]. In this respect, the development of new
formulations can be a promising step for GC lovers in order to provide desirable health
benefits and pleasant sensory attributes to certain types of diets.

In recent years, the incorporation of alternative gelling agents, sugar substitutes, nat-
ural flavorings and colorants, antioxidants, and other value-added ingredients into GC
formulation has revolutionized the confectionery industry, offering exciting new possibili-
ties for taste, texture, and nutritional values to meet consumer demands. Therefore, this
study aims to comprehensively investigate the preparation and development of GCs based
on these innovative formulations.

2. Preparation of GCs Based on Novel Formulations

Novel formulations have opened doors for customization and personalization of
food products, by introducing a variety of value-added ingredients, flavors, and other
combinations. One significant aspect in the preparation of novel GCs is the incorporation
of gelatin alternatives, such as pectin and agar gum, which allows manufacturers to create
vegan gummies with unique textures and sensory properties. Furthermore, sugar-free
formulations have become more prevalent, allowing individuals with dietary restrictions
to indulge in these delightful treats without compromise [11]. Manufacturers have also
begun to explore alternatives to artificial colors and flavors, opting for natural fruit extracts
and plant-based dyes. This shift toward more natural ingredients not only enhances the
appeal of GCs but also aligns with the growing demand for healthier confectionary foods
(Figure 1).

2.1. Alternative Gelling Agents

As the demand for vegan and vegetarian-friendly options continues to grow, alter-
native gelling agents such as pectin, gums, and starches have gained more attention [12].
However, the incorporation of these components in the preparation of GCs requires careful
consideration of several factors, including optimization of formulation, selection of appro-
priate gelling agent, and pH adjustment, as well as their effects on texture, flavor, and shelf
life of the final product. Therefore, it is important to evaluate various functional and physic-
ochemical aspects of the alternative gelling agents to adjust the desired formulation [13].
For example, pectin requires an acidic environment to activate its gelling properties, so it
may need to be used with acidic ingredients, such as lemon juice. On the other hand, agar
gum has high gelling strength and can create a firmer texture in GCs compared to gelatin,
so it may be used less than other gelling agents [14].
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Figure 1. A schematic of GC preparation based on novel formulations.

Pectin is one of the most popular alternative gelling agents in the production of jams
and jellies, which is commonly derived from different fruits. In order to use pectin as a
gelling agent in GCs, it is first dissolved in water and then heated before being added
to the candy mixture. Pectin has a different gelling profile compared to gelatin, and it
can create a softer and more delicate texture for GCs. However, pectin may require more
sugar than gelatin to achieve the desired sweetness and flavor. Besides, DeMars and
Ziegler [14] showed that the gelatin-pectin combination at different levels (i.e., 3.0, 4.5, and
6.0% gelatin and 0.5, and 1.5% pectin) can significantly affect the texture of GCs. Here, the
addition of pectin reduced the strain at the fracture of gelatin gels. In addition, Renaldi
et al. [15] showed almost high sensory score ranges (6.9-7.5) for GCs formulated with
1.42:8.58% pectin-gelatin mixture. Guar gum is another natural polysaccharide derived
from the seeds of the guar plant, which has been widely used in the food industry for its
unique thickening, stabilizing, and emulsifying properties [16,17]. Guar gum can swell
and disperse in both cold and hot water; while, other gums such as locust bean gum,
disperse only in hot water [18]. Additionally, guar gum can improve the textural and color
parameters of gummy candies. Thus, it can be considered as a promising gelling agent
in candy production. In this regard, Dinesh Kumar et al. [19] found that the addition of
guar gum in GC production resulted in novel products with better texture and brighter
color, which were preferred by the panelists. Therefore, guar gum can be employed as an
alternative gelling agent, to achieve the desired appearance, texture, and mouthfeel.

Agar gum and carrageenan are other important alternative gelling agents, which can
be obtained from seaweeds. Similar to pectin, to use agar gum in GC production, it must
first be dissolved in water and heated to activate its gelling properties [20]. However, too
much agar gum can create a rubbery texture in GCs; hence, careful testing and experimen-
tation are necessary to achieve the desired results. Ge et al. [21] found that incorporating
different hydrocolloids, such as pectin and agar gum, into gelatin-based GCs had a syn-
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ergistic effect on the gel network. These effects are mainly impacted by their nature and
ratio to gelatin in the GC formulation. On the other hand, carrageenan has a gelling profile
similar to gelatin and can create a delicate texture in GCs. However, it is more challenging
to work with carrageenan compared to other alternative gelling agents and may require
additional ingredients, such as calcium, to activate its gelling properties. More recently,
Song et al. [22] evaluated the effects of carboxy methyl cellulose (CMC) on the texture
properties and storage stability of kappa-carrageenan (KC) GCs. The researchers found that
the addition of CMC to KC formed flexible GCs with low fragility and limited water synere-
sis during storage. This study also found that KC promoted side-by-side intermolecular
aggregation of CMC helices through hydrogen bonds, which stabilized a denser network
structure. These results provide preliminary evidence for utilizing hydrocolloids to adjust
texture and control water migration in KC gels to promote vegan GCs. In another study,
Hamka [23] investigated the physical and sensory properties of dragon fruit GCs with the
addition of carrageenan at different concentrations. The results showed that the water
and ash content of GCs fulfilled the required standards at all carrageenan concentrations.
Also, the organoleptic test represented that the panelists preferred GCs formulated with
3% carrageenan.

Alginate is an important polysaccharide derived from seaweeds, which gained much
attention in the food industry due to its unique properties, such as gel-forming ability, non-
toxicity, and low cost. In GC production, alginate can be used as both a gelling agent and
an encapsulation material. For instance, Ali et al. [24] showed the successful production
of strawberry and red beetroot GCs incorporated with alginate with favorable nutritional
and textural properties. Also, the possible application of cold-set gelation technique was
evaluated for GC production by de Avelar and Efraim [25] using a mixture of alginate
and pectin. In terms of textural properties, alginate/pectin-based GCs showed a higher
hardness value (16.2 N) compared to pectin-based GCs (6.2 N). However, no significant
difference (p > 0.05) was observed between alginate/pectin and pectin GCs for all sensory
attributes, proving the cold-set gelation method as a sustainable alternative technique for
the production of GCs.

Starches are also widely used in various sectors of the food industry as a thickening
agent, texturizer, and binder to provide the desired texture and mouthfeel for final food
products, such as GCs [26,27]. For instance, corn starch has a high water-holding capacity,
which can help to improve the moisture content and overall texture of candies. Marfil
et al. [28] investigated the microstructure and texture of GCs incorporated with gelatin
and corn starch in different ratios (i.e., 10:0; 9:1; 8:2; 7:3; 0:10). The results showed that as
the concentration of starch increased, GCs exhibited higher adhesiveness and stringiness
values, which is favorable for GC production. In another study, Pereira et al. [29] evaluated
the physical and sensory characteristics of GCs containing 12 and 16% acid-thinned cassava
starch compared to control GCs with 8% acid-thinned corn starch. The GCs formulated
with 12% cassava starch and 8% corn starch presented similar hardness, chewiness, and
sensory attributes, while the incorporation of 16% cassava starch almost doubled textural
values and decreased sensory scores. These results showed the possible production of GCs
with acid-thinned cassava starch.

Overall, various alternative gelling agents can be successfully utilized in GC produc-
tion, which promises the production of novel vegan GCs. However, the application of
these gelling agents may also have some drawbacks. For instance, some alternative gelling
agents require more sugar compared to gelatin to achieve the desired flavor, which may be
dangerous for diabetic patients and should be carefully optimized in GC formulation.

2.2. Alternative Sweeteners

GCs have been a beloved treat for generations, with traditional recipes using sugar
as the primary sweetener. However, with the rise of health concerns related to high sugar
consumption, alternative sweeteners (e.g., stevia, erythritol, xylitol, honey, etc.) have
become increasingly popular in the food industry. Incorporating alternative sweeteners
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in the preparation of GCs requires careful consideration of several factors, including the
choice of sweetener, recipe modification, and their effects on the texture, flavor, and shelf
life of the final product [30].

One of the most popular alternative sweeteners is stevia. It is a plant-based sweetener
that is 200 to 400 times sweeter than sucrose but has no calories. When using stevia as a
sweetener in GCs, it is important to remember that it has a different flavor profile than
sugar and may require additional adjustment of the recipe to achieve the desired flavor.
Additionally, because stevia is much sweeter than sugar, less may be required to achieve the
same level of sweetness. The primary components responsible for stevia’s sweetness are
steviol glycosides, particularly rebaudioside A and stevioside [31]. Numerous studies have
explored the application of stevia as a sweetener in GCs, demonstrating its feasibility and
benefits. For instance, Rivero et al. [32] conducted research to develop stevia-sweetened
GCs with an emphasis on the sensory characteristics. The study concluded that the low-
calorie GCs formulated with stevia exhibited desirable sensory attributes (e.g., texture,
flavor, and sweetness) with high consumer acceptability, indicating the potential of ste-
via for replacing sugar in GC production. In another study, Aranda-Gonzalez et al. [33]
investigated the effects of sugar substitution with 20-100% stevia on the physicochemi-
cal and sensory properties of GCs. They found that the GCs with 60% stevia exhibited
similar physicochemical properties to those made with 100% sugar. Moreover, the sen-
sory evaluation indicated that stevia-sweetened GCs were well-liked by consumers. In
addition, Samakradhamrongthai and Jannu [34] explored the formulation of novel GCs
using a combination of stevia and other alternative sweeteners (i.e., xylitol, corn syrup,
and erythritol). The study aimed to enhance the sweetness profile while minimizing any
potential off-flavors associated with stevia. The results indicated that blending stevia with
other sweeteners, such as erythritol or xylitol, improved the taste and overall quality of the
gummy candies, offering a promising solution for the GC industry.

Another popular alternative sweetener is erythritol. Erythritol is a sugar alcohol that
is derived from corn. It is approximately 70% as sweet as sugar and has a similar texture
to sugar. Also, Gan et al. [11] showed that the incorporation of erythritol into GCs can
effectively reduce the glycemic index of the final products from 81.9 to 49.9%, indicating
its potential to be used in the manufacturing of food supplements for diabetics. Besides,
Le et al. [35] evaluated the possible application of erythritol in GC production using three-
dimensional (3D) printing technology. The results indicated that when erythritol is regularly
added from 0 to 30 g into the printing materials, surface smoothness is dramatically
improved. However, the gel structure started to show partial bottom adiposity with the
addition of 40 g erythritol, which may be due to the inability of hydrogen bonding between
polyols to form a stable gel, thereby weakening gel strength. This research can serve as a
basis for the development of 3D printed in the future. Furthermore, it should be noted that
erythritol may also have a cooling effect in the mouth when consumed in large quantities,
which can affect the overall taste of GCs [36]. Therefore, its proper concentration should
be optimized in GC formulation. Xylitol is another commonly used sugar alcohol in GC
production. Xylitol has a similar sweetness and texture to sugar and can be used in the same
proportion as sugar in most recipes [37]. In this regard, CiZauskaité et al. [38] conducted a
comprehensive analysis of the bioactive compounds in xylitol-sweetened GCs. The study
revealed that xylitol not only acted as a sweetener, but also contributed to improve the
overall nutritional profile of the GCs. Xylitol supplementation increased the content of
polyphenols and other beneficial compounds, potentially offering additional health benefits
beyond sweetness. As further research and advancements continue, incorporating xylitol in
GC formulations can lead to healthier confectionery options that satisfy consumer cravings
while addressing oral health concerns and dietary requirements. However, xylitol can be
toxic to pets, so it is important to label the candies properly and keep them out of reach of
animals [39].

Honey is another alternative sweetener that can be used in GC recipes. Honey is
a natural sweetener with a unique flavor profile that can enhance the sensory attributes
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of candies. Utilizing honey as an alternative sweetener in GCs presents an opportunity
to create confectionery products with natural, nutrient-rich, and potentially beneficial
options [40]. However, honey is much sweeter than sugar and can also affect the texture
of candies. In this regard, Rivero et al. [41] examined the effect of honey on the glycemic
response to GCs. This study compared the glycemic index of honey-sweetened GCs to
those sweetened with sucrose. The results indicated that GCs sweetened with honey
had a lower glycemic index, which suggests a potentially more favorable effect on blood
sugar levels, making them a suitable option for individuals monitoring their glucose levels.
Additionally, pure honey is difficult to work with and may require additional adjustments
to the recipe to achieve the desired results. For instance, Gunes et al. [5] highlighted that
honey’s high moisture content could impact the texture and stability of GCs, potentially
leading to stickiness or softening. Additional adjustments, such as modifying the gelatin or
pectin content, may be necessary to overcome these challenges and achieve the desired GC
consistency. However, some confectionery manufacturers have reported that honey may
adversely affect the texture and shelf life of GCs and make the final products stickier [42].

Other sweeteners such as isomaltulose, maltitol, and isomaltitol, can also be used in
the GC industry. For instance, Gok et al. [43] substituted glucose syrup with maltitol syrup
in the formulation of GCs and investigated the effect of different bulking agents (sucrose,
mannitol, and soluble wheat fiber) on the physicochemical and sensory attributes of GCs.
They found that soluble wheat fiber was the best bulking agent for the GCs with maltitol;
while mannitol caused negative changes in the quality of GCs. Besides, Periche et al. [10]
demonstrated that the combination of 30% isomaltulose and 70% fructose can be a suitable
way to replace traditional sugars in functional GCs with the desired features in terms of
optical (e.g., a*, b*, and L* values) and mechanical properties (e.g., springiness, hardness,
gumminess, and cohesiveness). Moreover, Jiamjariyatam [44] showed that the toughness
and hardness of GCs were significantly decreased by the incorporation of 20, 30, 40, 50,
and 100% isomaltulose. Similarly, Unal and Arslan [45] reported lower hardness, flexibility,
and moisture content for isomaltitol-containing GCs than conventional sugar-containing
samples. However, the substitution of sugars with isomaltitol negatively affected the
sensory acceptability of GCs due to their opaque appearance.

Another approach involved using natural sugar sources like grape, mulberry, and
carob molasses to replace sugar syrup and artificial additives in GC production. In this
respect, Kurt et al. [46] found that the type of incorporated molasses can significantly affect
the texture and appearance of GCs. Grape molasses-sweetened candies had higher thermal
stability and lower temperature sensitivity due to their higher total sugar content compared
to GCs incorporated with mulberry and carob molasses. On the other hand, sugar can act
as a natural preservative, while alternative sweeteners may not have the same effect [36].
Therefore, it may be necessary to add additional preservatives or adjust the packaging of
the final products in order to provide sugar-free GCs with a suitable shelf life.

As a result, it is important to adjust the GC recipe according to sweetness and other
physicochemical and structural properties of the alternative sweeteners (e.g., melting tem-
perature, particle density, and particle size). The use of alternative sweeteners can also
affect the texture and shelf life of GCs. In addition, some alternative sweeteners may have
a different mouthfeel or aftertaste than sugar, which could affect the overall flavor of GCs.
On the other hand, some studies showed that the consumption of artificial sweeteners
(e.g., saccharin, sucralose, aspartame) in food formulations may cause glucose intolerance
by inducing compositional and functional changes in the gastrointestinal microbiota [47].
Therefore, it may be necessary to analyze different alternative sweeteners more comprehen-
sively to find one that works best for the GC production.

2.3. Natural Flavors and Colorants

Natural flavors and colorants have become increasingly popular in the food industry
as consumers become more conscious of what they are eating. Therefore, incorporating
natural ingredients in the preparation of GCs based on novel formulations can enhance
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the overall flavor and visual appeal of candies [48]. However, careful attention must be
paid to the selection and application of natural food flavors and colorants to ensure their
compatibility with the conventional recipe and to provide the desired texture and shelf life
for GCs.

Fruits can create a wide variety of flavors in GCs, from strawberry and raspberry to
orange and lemon. When using fruit flavors, it is important to select natural flavorings
derived from the actual fruit rather than artificial or synthetic ones. Whether it is the
tangy burst of citrus, the tropical sweetness of mango, or the juicy essence of berries, fruit
flavors can add excitement and variety to GC offerings. Generally, consumers appreciate
flavors derived from real fruits, and the overall sensory appeal of GCs is enhanced even
with the addition of small amounts of fruit flavors. In this regard, Bagautdinov et al. [49]
investigated the sensory attributes and consumer preference for GCs flavored with different
fruits, including strawberry, orange, and pineapple. The study found that the GCs with fruit
flavors were highly favored by consumers, especially strawberry- and orange-containing
GCs. Overall, the natural fruit flavors contributed to the overall enjoyment and acceptance
of GCs. Moreover, Ali et al. [24] investigated the effects of strawberry as a natural flavoring
agent and red beetroot as a natural colorant on the textural and sensory properties of GCs.
The study revealed that GCs with natural colors and flavors exhibited variations in texture,
such chewiness and firmness. For instance, GC containing a large amount of beetroot was
harder than the control sample, which may be related to the increase in fiber and total
soluble solids (TSS) of the sample. Also, the incorporation of specific fruits allowed for
tailoring the mouthfeel of GCs, enhancing the overall sensory experience for consumers.

Incorporating natural colorants in the preparation of GCs can also enhance their
visual appeal. Natural colorants can be derived from various sources, including fruits and
vegetables [50]. For example, the extract of the Clitoria ternatea L. flower has been used as a
natural colorant for the preparation of novel GCs. The study found that the incorporation
of 30 g of C. ternatea extract improved the color and appearance of GCs, making them more
appealing to consumers [51]. In another study, Casas-Forero et al. [52] showed that GCs
become darker and more reddish with the addition of freeze-dried blueberry juice due to
the presence of anthocyanins. Also, the enriched samples exhibited significantly higher
total bioactive compounds (773.3 mg GAE/100 g) and antioxidant activity (4585.4 uM
TE/100 g), compared to conventional GCs (233.4 mg GAE/100 g and 782.9 uM TE/100 g,
respectively). These results indicate that fruit flavors not only improve the taste, aroma,
and appearance of GCs, but also offer potential health benefits through their antioxidant
properties. In another study, de Oliveira Nishiyama-Hortense et al. [53] investigated the
applicability of grape juice as a natural colorant in GCs and determined their anthocyanin
content and sensory properties to evaluate the quality of the GCs. The GCs presented
a shiny appearance with a uniform purple color, retention of anthocyanin was 41% and
sensory scores were satisfactory.

Nevertheless, many natural colorants, such as betanin, are sensitive to heat and pH,
and their color may deteriorate over time. Additionally, their sensitivity to oxidation and
low bioaccessibility limits their applications in food products. Encapsulation is a promising
approach to overcome the shortcomings of natural colorants in GCs. In this regard, Amjadi
et al. [54] loaded betanin in liposomal nanocarriers to improve its stability in GCs. The
antioxidant activity and stability of betanin nanoliposomes were considerably higher
than those of free betanin in GCs and their sensory parameters did not show significant
differences. Consequently, betanin nanoliposomes can be considered a suitable natural
colorant for gummy candies.

However, the selection of appropriate natural food flavors and colorants is very critical
in order to provide favorable techno-functional properties without negatively affecting the
texture of the final products. For instance, the incorporation of some natural ingredients,
such as fruit purees, increases the moisture content of the system, which can finally affect
the texture of GCs [55]. Therefore, it may be necessary to adjust the recipe to account for
these changes by using less liquid or adding additional thickening agents to the formulation
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of GCs. Another consideration for using natural food flavors and colorants is their potential
impact on the shelf life of GCs. Natural ingredients may not have the same preservative
properties as artificial ingredients and may reduce the shelf life of GCs [52]. To ensure the
best results when incorporating natural food flavors and colorants in the preparation of
GCs, it may be necessary to adjust the recipe multiple times to achieve the desired flavor,
color, and texture.

In conclusion, incorporating natural food flavors and colorants in the preparation of
GCs based on novel formulations can enhance the overall flavor and visual appeal of GCs,
as well as their health-promoting properties. However, careful consideration must be given
to the selection and application of these natural ingredients to ensure their compatibility
with conventional recipes and to maintain the desired texture and shelf life of the GCs.

3. Development of GCs as a Functional Food

Conventional GCs contain high amounts of absorbable carbohydrates and low levels
of health-promoting compounds, which have raised many health concerns for consumers.
As a result, enrichment with different fibers, proteins, antioxidants, minerals, vitamins,
and probiotics is a suitable solution to improve the nutritional value of these products
(Figure 2).

Functional
Gummy Candies

Figure 2. A schematic of GC development as a functional food.

3.1. High-Fiber GCs

Dietary fibers (DFs) include non-digestible forms of carbohydrates, originating from
plant-based foods. They can also be categorized into soluble and insoluble fibers according
to their solubility in water. The high nutritional value of DF has been well documented
over the years and it is widely accepted that DF intake is associated with several health-
promoting effects, including protection against cardiovascular and cancer diseases, reduc-
tion of blood glucose and cholesterol, regulation of intestinal function, and promotion of
gut health [56]. Current DF intake recommendations for adults in most European coun-
tries and in the United States are between 30 and 35 g/day for men and between 25 and
32 g/day for women. However, according to the European Nutrition and Health Report,
DF intake was below the recommended levels in most European countries [57]. Therefore,
the incorporation of DFs into food products is essential to meet such recommendations.
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Cappa et al. [58] investigated the effects of adding grape skins with different particle
sizes (i.e., small, medium, large) on the physicochemical properties of fruit GCs. The
enriched GCs contained more than 60 g fiber per kg product weight, which can be claimed
as “high in fiber”. Also, fiber-fortified GCs showed better antioxidant and textural features
that remained stable within processing. Similarly, Ali et al. [24] showed that the DF content
of GCs increased from 0.04 g/100 g to 1.02, 0.92, and 0.90 g/100 g with the addition
of 25-75% strawberry and red beetroot. In a further study, Hariadi [59] evaluated the
effects of carambola starfruit (Averrhoa bilimbi) and papaya (Carica papaya) fruits on the
physicochemical properties of GCs. The results revealed that carambola starfruit contained
a higher amount of DF (2.8 g/100 g of fresh fruit) compared to papaya (1.8 g/100 g of fresh
fruit). Therefore, by increasing the proportion of carambola starfruit in the GC formulation
from 25 to 75%, the DF content of GCs increased from 0.94 to 0.97 g/100 g. These findings
introduce novel fruit-based GCs with favorable fiber content.

Non-starch polysaccharides, such as inulin and konjac glucomannan (KGM), are other
important DFs that can be utilized in various food products as non-digestible and health-
promoting ingredients. Inulin is composed of fructose units linked by 3-(2-1)-p-fructosyl-
fructose bonds, improving techno-functional and nutritional properties of foodstuffs [60].
In this regard, Delgado and Bafién [61] investigated the effect of substitution of starch with
inulin on the physicochemical, texture, and sensory properties of GCs. Inulin-containing
GCs provided a slightly softer, springier, and stickier texture. In addition, the incorporation
of inulin can not only improve the technological and sensorial properties of GCs, but
also increase the DF of samples with potential prebiotic activity. Similar results were also
presented by Cederio-Pinos et al. [62] with the addition of 3-fructan fibers (e.g., chicory
inulin and fructooligosaccharides) into the GC formulations as alternative ingredients
to starches and sugars. In another study, Fernandes et al. [63] reported that the waist
circumference and hunger/appetite of forty-two overweight individuals decreased after
the consumption of KGM-enriched GCs for fourteen days. These results indicate that the
incorporation of KGM into the GC manufacturing process can significantly prevent the
development of cardiovascular diseases in overweight and obese individuals.

3.2. High-Protein GCs

Proteins are important ingredients in the human diet due to their essential role in
immune responses, repairing damaged cells, and maintaining muscle mass [64]. How-
ever, according to previous studies, more than 10% of people suffer from malnutrition
and protein-energy undernutrition (PEU), especially in the developing countries of Asia
and Africa. It is estimated that 149.6 million children under the age of five are mal-
nourished, which causes about 50% of child mortality globally [65,66]. Therefore, the
development of high-protein food formulations is necessary to increase the protein intake
of consumers worldwide.

In this respect, some researchers evaluated the possible application of legume proteins
into GCs. Siegwein et al. [67] evaluated the textural, rheological, and sensory properties of
starch-based confections enriched with 33, 50, and 66% soy protein isolate (SPI). According
to the results, SPI could reduce the hardness, cohesiveness, and gumminess values of
GCs by the disruption of starch gel network. In addition, the dynamic oscillatory test
showed that with increasing SPI concentration, the viscoelastic parameters (G’ and G”) of
the starch network decreased. SPI could also prevent hardening of samples during 20 days
of storage. In another study, Bartkiene et al. [68] prepared functional GCs formulated with
lacto-fermented Vilciai and Vilniai lupine protein concentrates (LPCs). The Lactobacillus
sakei-fermented LPCs from Vilniai variety showed the highest protein content (90.11%)
and protein digestibility (89.94%), but the lowest trypsin inhibitor activity (19.40%). Fur-
thermore, the incorporation of these proteins into the GC formulation up to 13.0%, not
only affects the amino acid profile and genistein content of the samples, but also improves
their texture and overall acceptability. In a different study, the possible application of 1,
3, and 5% Spirulina biomass as an innovative ingredient in the development of GCs was
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investigated by Paternina et al. [69]. They reported that the protein and mineral contents of
Spirulina-enriched GCs increased by 36.7 and 414.3%, respectively, compared to the control
sample. In addition, these functional GCs represented relatively high phenolic compounds
(0.081 mg GAE/g), antioxidant activity (11.4%), and overall acceptability (80.0%).

Overall, the addition of high-protein ingredients into GC formulations can be a promis-
ing way to obtain functional and nutraceutical confectionary products. However, there is
still limited information available in this area and it needs to be given much more attention
in the future work of food researchers.

3.3. High-Antioxidant GCs

Antioxidants are a group of natural or man-made substances that can prevent or
slow damage to cells caused by free radicals, which are unstable molecules that the body
produces as a reaction to environmental and other pressures. These substances can be
found in many foods, including fruits and vegetables, and are also available as dietary
supplements, such as vitamins C and E, selenium, and carotenoids. Additionally, it has
been observed that numerous polyphenolic compounds present in herbal extracts possess
notable antioxidant activities [70-72].

The incorporation of antioxidant substances in GC products has gained a lot of at-
tention in recent years. For instance, Cedefio-Pinos et al. [62] conducted a study to assess
the incorporation of rosemary extract into stevia-based GCs, aiming to enhance their an-
tioxidant properties. The researchers found that adding 0.26 g of rosemary extract per kg
of GC resulted in a significant increase in polyphenol content from 197 to 411 pg GAE/g
and antioxidant capacity from 1.77 to 4.14 pumol Trolox/g. Importantly, this addition
did not negatively impact the consumer acceptance of enriched GCs. Similarly, Charoen
et al. [73] developed high-antioxidant GCs by utilizing Psidium guajava L. leaf extracts
obtained at a drying temperature of 50 °C and a pH of 4.0. In another study by Archaina
et al. [74], freeze-dried GCs using blackcurrant and yogurt were developed. The results
showed that the antioxidant activity of both GC formulations was similar to kiwi and apple
fruits (ranging from 4.2 to 4.5 mmol Trolox/kg), demonstrating the possible application
of these components in the supplementation of GCs. In a further study, Ali et al. [24]
evaluated the antioxidant properties of functional GCs incorporating fresh fruits, such as
strawberries and red beetroots. GCs formulated with 75% strawberry and 25% beetroot
exhibited the highest levels of bioactive compounds and antioxidant activity (52.55%) with
acceptable sensory attributes. In addition, Altamash et al. [75] investigated the possible
preparation of GCs using a blend of pineapple and beetroot juice. The GC prepared with a
pineapple/beetroot ratio of 90:10 exhibited the best antioxidant and organoleptic qualities,
indicating its favorable nutritional and sensory characteristics. These results are in line
with the findings of A Abd EL Latif et al. [76], who developed GCs using natural plant
extracts from lemons, red roselles, tamarind, peppermint, and dates.

Furthermore, Gramza-Michalowska and Regula [77] utilized different concentrations
of tea extracts (Camelia sinensis) in GCs as a source of polyphenolic compounds. The
researchers observed that the polyphenol content and antioxidant activity of GCs in-
creased with the addition of 1 and 1.5% tea extract, ranging from 245.9 to 1256.5 and
3.2 to 170.1 mg/100g, respectively. In another study, Suman et al. [78] showed a similar
trend for GCs enriched with 1-6% ginger powder, 0.02-0.14% ginger oleoresin, and 5-30%
ginger juice. In addition, Sarabandi and Mohammadi [79] evaluated the possible use of
peppermint extracts in GCs and assessed their physical properties, total phenolic content
(TPC), and antioxidant properties. The GC containing 10% peppermint extract exhibited the
highest antioxidant capacity in various assays, making it a suitable antioxidant agent in the
formulation of functional GCs with desirable texture, antioxidant, and sensory properties.
In a further study, Ghendov-Mosanu et al. [80] substituted synthetic dyes with chokeberry
extract in GCs. The researchers investigated the impact of different concentrations (i.e.,
1.0, 1.5, and 2.0%) of chokeberry extract on the antioxidant and sensory properties of
the candies. The results revealed that the extract improved the antioxidant capacity and
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sensory attributes of GCs at all studied concentrations, especially 1.5%. Therefore, the
incorporation of natural antioxidants into the GC production can not only effectively im-
prove the nutraceutical benefits of the final products, but also increase the buying intention
of consumers.

3.4. GCs As a Medicine

In ancient times, it was mistakenly believed that the worse a medicine tastes, the
better its therapeutic efficacy. Therefore, improving the taste of medicinal products was not
considered by manufacturers. Today, the new perception of pharmaceutical technology
is that the taste of an oral formulation should be sufficiently pleasant, especially when
it is intended for pediatric use [81]. For this reason, several drug delivery systems have
been developed in the past few decades. One of the most cost-effective and safe tech-
niques is to incorporate drugs and bioactive compounds into GCs, which are gaining
much more attention these days due to their favorable taste and structure, especially for
children [82]. However, it is necessary to reformulate GCs according to the organoleptic
and physicochemical properties of the active pharmaceutical ingredients, as well as the
target consumers. In this regard, Karaiskou et al. [81] evaluated the possible incorporation
of metoclopramide hydrochloride into the GCs containing pomegranate juice. According to
the results, this technique met the pharmaceutical recovery requirements and can be used
for routine consumption. Also, the stability of metoclopramide in the GCs was tested after
6 months of storage at 15 °C with satisfactory results. Such functional GCs can not only be
considered for use by children, but also for adults who are facing various diseases such as
mental illnesses. In another study, Hosseini et al. [83] successfully designed anti-fever and
analgesic GCs based on gelatin and starch with nano-sized acetaminophen. Cumulative
drug release of nanoparticles in GCs was approximately 74% after one day. These types
of GCs can be the next generation dosage forms of acetaminophen due to their ease of
consumption and greater compatibility among children than conventional oral tablets.
However, more studies are needed to confirm present findings.

GCs can also be used for delivery of minerals and vitamins. In this respect, Handayani
et al. [84] developed chitosan-based GCs loaded with ferrous gluconate (FeG) micropar-
ticles in order to increase the daily intake of iron. The authors demonstrated that the
incorporation of FeG not only influenced the nutritional properties of GCs, but also affected
their structural and textural characteristics during the storage period, in terms of shape,
size, hardness and gumminess. In addition, Constantino and Garcia-Rojas [85] evaluated
the functional and physicochemical properties of GCs enriched with beta-carotene ((3-C)
using amaranth carboxymethyl starch (CMS) and lactoferrin (LF). The results indicated
that 3-C was microencapsulated in CMS/LF complex coacervates up to 98% with favorable
thermal and photolytic stabilities. Moreover, the encapsulation of 3-C into GCs signifi-
cantly protected about 66% of the 3-C during processing, where temperatures reached
over 100 °C. 3-C-containing GCs also showed acceptable bioaccessibility (22%) and better
textural properties (e.g., lower hardness). Therefore, the fortification of GCs with 3-C
microcapsules in CMS/LF complex coacervates can be considered as an effective way to
overcome vitamin A deficiency worldwide.

Development of GCs with probiotics and prebiotics is another emerging trend in
today’s confectionery industry. For instance, Lele et al. [86] prepared functional GCs based
on agar, gelatin, and apple pomace (as a pectin source) with the incorporation of probiotics
(e.g., Lactobacillus paracasei LUHS244 and Lactobacillus plantarum LUHS135) and prebiotics
(e.g., psyllium husk fibers). The antioxidant activities and textural properties of samples
were strongly dependent on the strain of LAB and the use of psyllium husk fiber. Also, the
enriched-GCs showed excellent antimicrobial properties against a wide range of pathogenic
strains including Escherichia coli, Streptococcus mutans, Streptococcus aureus, Enterococcus
faecalis, Salmonella enterica, Proteus mirabilis, and Pseudomonas aeruginosa. These results are
in line with the findings of Bartkiene et al. [87], who developed probiotic GCs with the ad-
dition of bovine colostrum and various essential oils. The GCs held antimicrobial activities
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against different pathogenic bacteria such as Escherichia coli, Streptococcus mutans, Enterococ-
cus faecalis, Salmonella enterica, Proteus mirabilis, Pseudomonas aeruginosa, and Staphylococcus
aureus. They also reported that GCs consisting of 3% fermented bovine colostrum, 0.2%
Thymus vulgaris L., Citrus reticulate L., and Citrus paradise L. essential oils represented the
desired textural and sensorial properties, revealing the possible production of value-added
GCs on an industrial scale. In a further study, Miranda et al. [88] evaluated the functional,
physicochemical, and antioxidant properties of novel GCs reformulated with native fruits
of the Atlantic Forest (i.e., palm Jugara (Euterpe edulis Martius) and passion fruit (Passiflora
edulis)) and Bacillus coagulans. These GCs meet the probiotic survival requirements of
laboratory testing recommended by Food and Agriculture Organization (FAO), as popula-
tions higher than 6.82 Log CFU/g reached the second viable intestinal phase, indicating
the potential of the carrier matrix. These studies demonstrate the potential of probiotic
and/or prebiotic GCs in the confectionary market due to their excellent biological and
health-promoting benefits.

4. A Summary of Advantages and Disadvantages of Novel Functional GCs

Despite the techno-functional and health benefits of novel functional GCs, the incor-
poration of unconventional ingredients into formulations may cause some disadvantages,
which are summarized in Table 1. However, there is still limited information available in

most areas and more attention should be paid in the future.

Table 1. Development of functional GCs with different strategies.

Novel GCs

Functional Ingredients

Advantages

Disadvantages

Gelatin-free

Pectin, guar gum, agar gum,
carrageenan, carboxy methyl
cellulose (CMC), alginate, corn
starch, and cassava starch

Suitable for vegan and
vegetarian diets

Can be labeled as halal
and kosher-certified
products

It is more difficult to control
environmental factors such
as pH compared to
gelatin-based GCs
Different hydrocolloids,
such as pectin and agar
gum, show a synergistic
effect on the gel network
Some alternative gelling
agents require more sugar
compared to gelatin to
achieve the desired flavor

Stevia, corn syrup, erythritol,
xylitol, honey, isomaltulose,

A smaller amount may be
needed to achieve the
same level of sweetness

Some alternative sweeteners
may have a different
mouthfeel or aftertaste

Sugar-free maltitol, isomaltitol, and natural compared to sugar than sugar
sugar sources (e.g., grape, mulberry, Suitable for anti-diabetic = Some alternative sweeteners
and carob molasses) and low-calorie diets may cause glucose
intolerance
. Natural additives can
- Natural fruit flavors (e.g., enhance the overall flavor ™  Some natural colorants such
strawberry, raspberry, orange, and visual appeal of GCs as betanin are sensitive to
Artificial lemon, pineapple, etc.) Fruit flavors/ colorants heat and pH, and their color

additives-free

- Natural fruit colorants (e.g.,
blueberry, red beetroot,
grape, etc.)

- Anthocyanin, betanin, etc.

can also offer potential
health benefits through
their antioxidant
properties

may deteriorate over time
Natural food flavors and
colorants may negatively
affect the texture of GCs
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Table 1. Cont.

Novel GCs Functional Ingredients Advantages Disadvantages
- Fibers derived from fruits o Higher dietary fiber . . .
(e.g., grape, carambola content with potential . leferfentl cheftfary f}11bers may
C i rebiotic activit negatively attect the
High-fiber starfruit, and papaya) b ’ techno-functional properties

- Non-starch polysaccharides
(e.g., inulin and konjac
glucomannan (KGM))

Better antioxidant and
textural features that stay
stable within processing

of GCs

High-protein

Soy protein isolate (SPI), lupine
protein concentrate (LPC), and
Spirulina biomass

Better storage stability -
and overall acceptability
Improved amino acid

profile and genistein

content

There is limited information
available in this area and it

needs more attention in the
future

High-antioxidant

Natural plant extracts (e.g.,
rosemary, Psidium guajava L. leaf,
tea, peppermint, chokeberry, etc.),
fresh fruits (e.g., strawberries and
red beetroots), pineapple and
beetroot juice, and ginger powder

Higher antioxidant
activity and polyphenol
content

Natural antioxidants can
not only effectively
improve the nutraceutical
benefits of the final
products, but also increase
the buying intention of
consumers.

There is limited information
available in this area and it

needs more attention in the
future

Medicine

Metoclopramide hydrochloride,
acetaminophen, ferrous gluconate
(FeG), beta-carotene (3-C)
probiotics (e.g., Lactobacillus
paracasei LUHS244 and Lactobacillus
plantarum LUHS135), prebiotics
(e.g., psyllium husk fibers), and
essential oils (e.g., Thymus vulgaris
L., Citrus reticulate L., and Citrus
paradise L.)

Pleasant taste as a drug
carrier

Greater compatibility
among children than
conventional oral tablets
Better antimicrobial
properties against a wide
range of pathogenic
strains

There is still limited
information available in this
area and it needs more
attention in the future

5. Conclusions

The popularity of gummy candies (GCs) by children makes it worthwhile to develop

more nutritious and health promoting products. Inclusion of healthier alternative ingredi-
ents such as natural flavors and colorants, natural and low-calorie sweeteners, plant and
algal proteins, and dietary fibers into GCs is a promising approach to improve the low
nutritional profile of this confectionary product. Moreover, GCs have potential utility as a
delivery system for antioxidant compounds, plant extracts, and some types of medicines.
The application of alternative components in GCs may contribute to their texture, color,
flavor, sweetness level, and microbiological quality. These parameters should be considered
when formulating functional GCs to fulfill consumer demands and expectations. Efforts
should be made to develop GCs with superior nutritional and sensory properties.
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Abstract: The influence of particle size intervals (<125 pm, >125-<200 um, and >200-<300 pum)
of grape pomace (Vitis vinifera var. Babeasca Neagra) was analyzed in terms of the proximate
composition, functional properties, and physicochemical parameters. The aim was to study the effect
of the formulation variables (extract from grape pomace with different particle size intervals and
gelatin doses—7, 8.5, and 10 g) on the mechanical properties (hardness, cohesiveness, adhesiveness,
springiness, and gumminess), color, and sensorial, microbiological, and phytochemical parameters.
The jelly candy formulated with grape pomace extract (<125 um) and 7 g of gelatin showed the highest
total phenolic content (156 mg GAE/g) and antioxidant activity (65.8% inhibition), while grape
pomace jellies with a particle size of >125-<200 pm and different concentration of gelatin presented
the greatest sensory acceptance in terms of sweetness, taste, odor, elasticity, color, and overall
acceptability of the resulting jelly. The concluding observation was supported by the microbiological
analysis, which also showed that there is no growth in jelly samples except the jelly candies prepared
with a >200-<300 um particle size interval of grape pomace extract.

Keywords: grape pomace; fortification; jelly candy; valorization

1. Introduction

The grape has been one of the most planted fruits for a long time, consumed in a
variety of ways [1,2], and it is classified as a berry produced by the woody vines of the
plant genus Vitis [2]. The grapevine, native to Europe and the Mediterranean region, relates
to the species Vitis vinifera, which consists of approximately 10,000 distinct varieties [3].
Depending on their uses, cultivated grapes can be divided into three different kinds, i.e.,
wine, table, and dried grapes [2,4]. Table grapes are utilized for the production of jelly,
jam, juice, juice concentrate, vinegar, and other products, although grapes can also be
dehydrated into raisins [5].

Wine grapes have a significant part in the global economy [6]; in 2022, the world
vineyard surface area was estimated to be 7.3 mha [7]. Looking at the European Union (EU)
member states, Romania had about 188 kha of vineyard surface in 2022 with 3.9 mhL of
the world wine production, excluding musts and juices [7]. The major by-products that
are generated after the maceration process are grape pomace, grape seeds, yeast, etc. [1].
Grape pomace or grape marc comprises three different constituents: skins, seeds, and
stalks remaining after various stages of wine production, such as crushing, draining, and
pressing processes [8]. One of the main destinations of the grape pomace is distillation
in order to obtain alcohol [8]. In addition, this by-product is commonly used as fertilizer,
bio-fuel, bio-based material, or fodder, but can also be used for the extraction of different
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compounds, such as phenols, tocopherols, tannins, oil, etc. [1]. Therefore, there is a growing
interest in grape pomace as a value-added compound in food products. In recent times,
grape pomace has been used as a fortifying agent for a lot of food products, e.g., plant
foodstuffs (bread, cookies, extruded cereals, muffins, biscuits, pancakes, noodles, tomato
puree, and pasta), meat and fish products (pork sausages, pork burgers, chicken meat,
beef frankfurters, minced fish muscles, pork loin marinade, and salmon burgers), and
dairy products (cheese, fermented milk, yogurt, and ice cream) [9]. Confectionary products
(e.g., nougat, hard and soft jelly candies) are attracting growing interest considering their
high organoleptic indicators and low prices in comparison with other types of candy [10].
Jelly candy is consumed in great amounts, especially by children; this consumption can
negatively influence health because of coloring agents, contaminants obtained during heat
treatment, and artificial flavoring [10].

Romania has a significant range of indigenous varieties (Vitis vinifera L.), widely
distributed throughout the country, e.g., Feteasca Neagrd, Babeasca Neagra, Busuioaca
Neagra, Busuioaca de Bohotin, Feteasca Alba, Grasa de Cotnari, Tamaioasa Romaneasca,
Galbena de Odobesti, and Riesling de Banat [11]. Babeasca Neagra (also Rara Neagra) is a
dark-skinned grape variety native to Romania and the Republic of Moldova; the grapes are
medium to large, cylindrical-conical with medium-sized and spherical berries which easily
accumulate significant amounts of sugar (210-220 g/L) [12]. According to the operational
data portal of the Ministry of Agriculture and Rural Development (MARD), Babeasca
Neagra occupied 2613 ha of the main noble wine grape varieties registered in cultivation
in 2020 [13]. Waste minimization, sustainable food production, and valorization of by-
products are important to prolong the shelf life of food products, produce new products,
improve the nutritional value of products, and make products available out of season [14].
In the scientific literature, there are some studies on the valorization of grape-pomace
(Kalecik Karasi cultivar) into soft candies, and their characterization from texture profile
analysis, sensory analysis, color, opacity, and rheology testing point of view [15], but the
study does not deal with proximate composition, FT-IR analysis, and SEM analysis of
the pomace, nor with the phytochemical profile of the finished product. Moreover, the
final product is different since soft candies are sweets in which sucrose esters can improve
softness and comprise a blend of at least saccharide, vegetable oil, and emulsifier, while
jelly candies (hard candies) are a broad category of gelatin-based chewable sweets. To
our knowledge, there are no other studies on the valorization of Babeasca Neagra grape
pomace as a fortifying agent in jelly candies.

Consequently, the aim of this study was to improve knowledge about the fortification
process in food products, mainly jellied products, to produce jelly candy, and to evaluate
physicochemical (color parameters), phytochemical (total phenolic content and DPPH
assay scavenging activity), textural (hardness, cohesiveness, adhesiveness, springiness, and
gumminess), sensorial, and microbiological characteristics of the final product.

2. Materials and Methods
2.1. Plant Material and Jelly Candy Preparation

Grape pomace was collected by processing the Babeasca Neagra variety (Vitis vinifera
L.) 2019 harvest. The grape pomace was dried in an air-circulating oven Zhicheng ZRD-
A5055 (Zhicheng, Shanghai, China) for 12 h at 50 °C. Then, dried pomace was powdered
using a laboratory mill Perten Instruments LM 3310 (PerkinElmer Inc., Waltham, MA, USA)
and sieved using a sieve shaker Retsch AS 200 Basic (Retsch GmbH, Haan, Germany) in
order to obtain three different particle sizes: <125 pm, >125-<200 pm, and >200-<300 pm.

The different steps of the by-product-based jelly candy preparation process were:

1.  Aqueous extract (w/v): 1 g of grape pomace with each particle size was mixed with
30 mL of water; the samples were homogenized with an Ultra-Turrax Homogenizer
(Daigger Scientific Inc., Vernon Hills, IL, USA) for 5 min and heated for 1 h at 70 °C in
a water bath Precisdig (].P. Selecta, Barcelona, Spain). At the end of the treatment, the
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samples were centrifuged for 10 min at 5000 rpm; the supernatant was filtered and
used for jelly candy formulation.

2. Gelatin hydration (w/v): 7, 8.5, and 10 g of gelatin (to make 100 g of jelly) were
hydrated with water for 10 min at 40 °C.

3.  Heat treatment and homogenization (v/v): the final mixture consisted of 12.5 g
sweetener (stevia) and 210 mL of grape pomace extract for the products with 7, 8.5,
and 10 g of gelatin, respectively (to make 100 g of jelly). These blends were heated
for 5 min at 55 °C in a Thermomix device (Vorwerk, Wuppertal, Germany). Finally,
the different formulations were established (F1-7, F1-8.5, F1-10, F2-7, F2-8.5, F2-10,
F3-7, F3-8.5, and F3-10; F1—grape pomace extract with the particle size of <125 um;
F2—grape pomace extract with the particle size of >125-<200 um; F3—grape pomace
extract with the particle size of >200-<300 um; 7—7 g of gelatin; 8.5—38.5 g of gelatin;
10—10 g of gelatin). The molding and maturation stages were performed at 5 °C for
24 h.

The information about the production of grape pomace jelly is presented in Table S1
of the Supplementary Materials.

2.2. Methods
2.2.1. Characterization of Grape Pomace and Grape Pomace Aqueous Extract

Grape pomace of the Babeasca Neagra variety (Vitis vinifera L.) was analyzed for prox-
imate composition by AOAC methods for moisture content (g/100 g), crude fat (g/100 g),
crude protein (g/100 g), ash (g/100 g), total dietary fiber (TDF, g/100 g), soluble dietary
fiber (SDEF, g/100 g), and insoluble dietary fiber (IDF, g/100 g) [16]. Other carbohydrates
were determined according to the difference method by subtracting the other components
from 100 (100 — (ash + protein + fat + moisture)).

For a better understanding of jelly candy composition, the phytochemical charac-
teristics (total phenolic content and DPPH assay scavenging activity), moisture content
(%), crude protein (g/100 mL), crude fat (g/100 mL), ash (g/100 mL), and total dietary
fiber (g/100 mL) of grape pomace aqueous extract were analyzed according to the method
described by Spinei and Oroian [17] and the AOAC methods [16]. Other carbohydrates
were determined according to the difference method by subtracting the other components
from 100 (100 — (ash + protein + fat + moisture)).

2.2.2. Functional Properties of Grape Pomace

Water-holding capacity (WHC, g/g), swelling capacity (SC, mL/g), oil-binding ca-
pacity (OBC, g/g), and water solubility index (WSI, %) were determined according to
methods previously described by Zhang et al. [18] with slight modifications detailed by
Gao et al. [19].

2.2.3. Color of Grape Pomace and Jelly Candy

The color of the grape pomace and jelly candy samples was analyzed in conformity
with the method reported by Spinei and Oroian [20], using the granular material attachment
CR-A50 (Konica Minolta, Inc., Tokyo, Japan). A glass Petri dish containing grape pomace
and jelly candies was placed above the attachment.

2.2.4. Phytochemical Characterization of Grape Pomace Extract
Extract Preparation

The extraction of the phytochemicals from the dried grape pomace was accomplished
in accordance with the protocol reported by Spinei and Oroian [17] with slight modifications.
Briefly, 1 g of grape pomace of the Babeasca Neagra variety with different particle sizes,
<125 um, >125-<200 um, and >200-<300 um, was mixed with 25 mL of ethanol (70%, w/v),
the samples were homogenized using an Ultra-Turrax Homogenizer (Daigger Scientific
Inc., Vernon Hills, IL,, USA) for 3 min, and heated for 30 min at 70 °C in a water bath
Precisdig (J.P. Selecta, Barcelona, Spain). At the end of the treatment, the samples were
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centrifuged for 10 min at 5000 rpm. The supernatant was filtered and diluted 1:10 with
ethanol 70% (v/v); then, it was described with regard to the total phenolic content (TPC),
total flavonoid content (TFC), total monomeric anthocyanin content (TMA content), and
antioxidant activity.

Bioactive Compounds and Antioxidant Activity of Grape Pomace Extract

The TPC was determined using the Folin—-Ciocalteu method described by Spinei and
Oroian [17]. The results were represented as mg of gallic acid equivalents per gram of
grape pomace extract. The polyphenols’ calibration curve was performed by using gallic
acid at concentrations of 1, 2, 3, 4, and 5 mg/L (regression coefficient R? = 0.988).

The TMA content was established using the methodology described by Spinei and
Oroian [17] and the data were reported as mg cyanidin-3-glucoside per gram of grape
pomace extract. The TMA content was calculated using the formula reported by Spinei
and Oroian [17].

The TFC was measured utilizing the method reported by Spinei and Oroian [20] and
the results were represented as mg quercetin equivalents per gram of grape pomace extract.
The flavonoids’ calibration curve was performed by using quercetin at concentrations of 1,
2,3,4, and 5 mg/L (regression coefficient R? =0.987).

The DPPH assay scavenging activity was estimated using the methodology reported
by Spinei and Oroian [17]. The absorbance was determined at 515 nm against a blank. The
DPPH was calculated using the formula described by Spinei and Oroian [17].

2.2.5. FT-IR Analysis of Grape Pomace

FT-IR analysis of grape pomace samples was performed by the method used by Spinei
and Oroian [20].

2.2.6. SEM Analysis of Grape Pomace

The microstructure of the grape pomace samples was examined by scanning electron
microscopy (SEM; SU-70, Hitachi, Tokyo, Japan). Dried grape pomace powder was attached
to the sample spot with conductive double-sided adhesive carbon tape and investigated
using an accelerating voltage of 30 kV at a magnification of 400 x.

2.2.7. Total Phenolic Content and Antioxidant Activity of Jelly Candy

The total phenolic content (TPC) of jelly candies was determined according to Rashad
et al. [10] with slight modifications. For extraction, 2 g of jelly candies was homogenized
with 20 mL of ethanol (70%, w/v) under continuous stirring at 400 rpm for 1 h. The
extract was filtered in order to obtain a clear solution and TPC was determined using the
Folin—Ciocalteu method described by Spinei and Oroian [17].

The DPPH assay scavenging activity of jelly candies was estimated according to
Rashad et al. [10] with slight modifications. For extraction, 6 g of jelly candies was ho-
mogenized with 75 mL of ethanol (70%, w/v) under continuous stirring at 400 rpm for 1 h
and then filtered. The extract was determined using the method described by Spinei and
Oroian [17].

2.2.8. Textural Profile of Jelly Candy

Mechanical properties (hardness (H), cohesiveness (Co), adhesiveness (Ad), springi-
ness (S), and gumminess (G)) were determined with a Perten TVT-6700 device (Perten
Instruments, Stockholm, Sweden), by using the method described by Guiné et al. [21] and
Figueroa and Genovese [22].

2.2.9. Sensorial Analysis of Jelly Candy

The sensory profile (e.g., color, odor, taste, elasticity, sweetness, appearance, biting,
and overall acceptability) of jelly candy samples was determined using the methodology
described by Rashad et al. [10]. Sensory characteristics were evaluated by 45 untrained pan-
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elists of the Faculty of Food Engineering, Stefan cel Mare University of Suceava (30 females
and 15 males, aged 22 to 50 years). A 9-point hedonic scale was used for this aim; the
rejection limit is less than 5 [10]. The grape pomace jellies used for the sensory analysis
were prepared using silicone molds with 50 teddy bear spaces (size: 19 x 14 cm) and served
at room temperature in identical beakers coded with digits.

2.2.10. Microbiological Analysis of Jelly Candy

Grape pomace jellies (10 g of each sample) were homogenized with sodium chloride
solution (0.85%, w/v) in order to have a final dilution of 10~! for 5 min in a laboratory
blender. Serial decimal dilutions were established according to the method used by Rashad
et al. [10]. The total count was determined on nutrient agar at 30 °C after 48 h of incubation,
while mold and yeast counts were set out on malt extract agar at 28 °C after 5 days
of incubation.

2.3. Statistical Analysis

The results were submitted to analysis of variance (ANOVA) using XLSTAT 2023.2.1413
Statistical Software (Lumivero, Denver, CO, USA). Fisher’s least significant difference (LSD)
procedure was used at the 95% confidence level. Principal component analysis (PCA)
was used in order to correlate color, phytochemical, and textural characteristics (loadings)
with different jelly formulations (scores) for easier viewing. The data were arranged in a
matrix of 9 lines (jelly candy samples) and 10 columns (color, phytochemical, sensorial,
and textural characteristics); the data were centered using variable transformation which is
necessary to obtain a more representative variable and normalized by Pareto scaling (the
scaling factor used is the square root of the standard deviation). The mean of the samples
was used to build the PCA.

3. Results and Discussion
3.1. Influence of the Particle Size on the Proximate Composition of Grape Pomace

The structure of the grape pomace as a by-product depends on the terroir, grape
variety, degree of grape ripeness, processing method, and other factors [1,9]. Therefore,
all of these factors contribute to the high variability in grape pomace composition and
suggest a considerable challenge for the fortification processing of the grape pomace [23].
The results of proximate analysis for grape pomace of Babeasca Neagra (BN) variety (Vitis
vinifera L.) with three different particle sizes, <125 um, >125-<200 pm, and >200-<300 um,
are presented in Table 1; thus, the proximate composition was significantly influenced by
the particle size of BN grape pomace (p < 0.0001).

The grape pomace with the particle size interval of >200-<300 pm had the highest
content of insoluble dietary fiber (49.4 g/100 g oven-dried pomace powder (ODPP)), with
smaller quantities of crude protein (8.4 g/100 g ODPP), crude fat (20.1 g/100 g ODPP),
and moisture content (11.5 g/100 g ODPP) in comparison with grape pomace with the
granularity of <125 pm (41.4 g/100 g ODPP, 7.7 g/100 g ODPP, 18.3 g/100 g ODPP, and
12 g/100 g ODPP, respectively). The obtained results are consistent with other studies,
which related that the predominant constituents of the grape cell wall are lignin, cellulose,
hemicellulose, and other polymeric components [1,9]. The relatively high fat content of
grape pomace can be ascribed to oil from grape seeds, especially to lipophilic compounds
(e.g., unsaturated fatty acids) [1,24]. The total dietary fiber (TDF) value diminished as the
particle size consecutively decreased; this may be an effect of the degradation of insoluble
dietary fiber (IDF), such as hemicellulose, cellulose, and lignin, in grape pomace into
some tiny molecular substances [18]. Moreover, with a decrease in particle size intervals
from >200-<300 pm to <125 pum, the IDF content decreased from 49.4 g/100 g ODPP to
41.4 g/100 g ODPP, while soluble dietary fiber (SDF) content increased from 6.9 g/100 g
ODPP (<125 um) to 7.8 g/100 g ODPP (>125-<200 pm) and decreased to 7.6 g/100 g ODPP
(>200-<300 pm); this indicated that smaller particle size led to the redistribution of DF
from the insoluble to soluble part [18]. Also, Gao et al. [18] presented the same tendency of
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a decrease in the SDF content of asparagus pomace with a decrease in the granularity from
109.3 to 3.18 um. Furthermore, Antonic et al. [9] presented the proximate composition of
grape pomace, obtained from studies that comprised an analysis of different grape pomace
varieties, in this way: ash of 1.73-9.10 g /100 g, protein about 3.57-14.17 g /100 g, fat around
1.14-13.90 g/100 g, and TDF of 17.28-88.70 g /100 g. On the other hand, Tolve et al. [25] ob-
tained the physicochemical composition of grape pomace (Vitis vinifera cv. Corvina) with a
particle size of <200 um as follows: total dietary fiber—52.3 & 2.1 g/100 g dry matter (DM),
crude protein—11.19 £ 0.97 g/100 g DM, and ash—4.17 + 0.87 g/100 g DM, while Bender
etal. [26] reported the following proximate composition of dried grape pomace (Vitis vinifera
cv. Malbec) with a particle size of <0.59 mm: total dietary fiber—65.56 & 0.83 g/100 g dry
weight (DW), crude protein—14.17 4= 0.08 g/100 g DW, and ash—5.14 £ 0.00 g/100 g DW.

Table 1. Proximate composition, physicochemical, and functional properties of grape pomace.

Particle Size (um)

Parameter p-Value
<125 >125-<200 >200-<300
Proximate composition
Moisture (g/100 g ODPP) 12.0(0.34) 2 11.9 (0.26) b 11.5(0.29) © p < 0.0001
Crude protein (g/100 g ODPP) 7.7 (0.28) © 8.0 (0.33) b 8.4(0.42)2 p <0.0001
Crude fat (g/100 g ODPP) 18.3(0.22) © 19.4 (0.25) b 20.1(0.18) 2 p <0.0001
Ash (g/100 g ODPP) 1.9 (0.14) @ 1.8 (0.19) P 1.6 (0.27) © p <0.0001
Carbohydrates  (g/100 g ODPP) 60.0 (0.27) 2 58.8 (0.21) b 58.2 (0.34) © p <0.0001
TDF (g/100 g ODPP) 48.2 (0.36) © 55.0 (0.32) 57.0 (0.26) 2 p < 0.0001
IDF (g/100 g ODPP) 414 (0.19) € 47.1(0.23)b 494 (0.28) 2 p <0.0001
SDF (g/100 g ODPP) 6.9 (0.23) b 7.8 (0.15) 2 7.6 (0.19) 2 p <0.0001
Functional properties
WHC (g/g ODPP) 4.0(0.13) ¢ 5.1(0.17) b 7.8 (0.19) @ p <0.0001
OBC (g/g ODPP) 2.7 (0.08) 2 2.1(0.12) b 1.9 (0.07) © p < 0.0001
SC (mL/g ODPP) 4.1(0.28) ¢ 6.9 (0.32) b 10.1 (0.37) p < 0.0001
WSI (% ODPP) 9.4 (0.11)2 8.3(0.18) P 5.2 (0.09) € p <0.0001
Color parameters
L* 17.6 (0.14) b 25.1(0.11)2 29.9 (0.09) 2 p>0.05
h*,, 39.9 (0.21) 2 38.1(0.28) P 38.7 (0.34) @b p>0.05
C*p 11.2(0.17) b 14.3 (0.12) @b 14.9 (0.07) 2 p>0.05
Phytochemical characteristics
TPC (mg GAE/g ODPP) 146 (0.22) @ 136 (0.32) P 135 (0.37) b p < 0.0001
TMA content (mg C3G/g ODPP) 114 (0.46) 2 9.2(0.41)b 6.9 (0.38) © p <0.0001
TFC (mg QE/g ODPP) 19.0 (0.13) b 21.4(0.26) 2 17.5(0.17) © p < 0.0001
DPPH (% inhibition ODPP) 67.1(0.19) 2 50.4 (0.54) P 48.6 (0.68) © p <0.0001

Mean values (n = 9) and standard deviation are shown in brackets.

a—C

—different letters in the same row

indicate significant differences among samples (p < 0.0001) in conformity with the Fisher test with « = 0.05.
A—carbohydrate content was determined by the difference method; TDF—total dietary fiber; IDF—insoluble
dietary fiber; SDF—soluble dietary fiber; WHC—water-holding capacity; OBC—oil-binding capacity; SC—
swelling capacity; WSI—water solubility index; L*—luminosity; h*,,—hue; C*;;,—chroma; TPC—total phenolic
content; TMA—total monomeric anthocyanin content; TFC—total flavonoid content; GAE—gallic acid equivalent;
C3G—cyanidin-3-glucoside; QE—quercetin equivalent; ODPP—oven-dried pomace powder.

3.2. Influence of the Particle Size on the Functional Properties of Grape Pomace

Water-holding capacity (WHC) and swelling capacity (SC) are essential hydration
characteristics of dietary fibers in food fortification and are outright attributed to the
quality and functional features of food products [18]. WHC and SC belong to the insoluble
polysaccharides since they can attach water by either surface tension in the pores of the
matrix or ionic bonds, hydrophilic interactions, and/or hydrogen bonds [27]. As shown
in Table 1, WHC varied between 4.0 (grape pomace with the particle size of <125 pum)
and 7.8 g/g ODPP (grape pomace with the particle size of >200-<300 um), while SC had
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a range from 4.1 (grape pomace with the particle size of <125 um) to 10.1 mL/g ODPP
(grape pomace with the particle size of >200-<300 um); this can be explicated by the
fact that the highest particle size interval of BN grape pomace contained a great amount
of IDF. These results are in accordance with the data obtained by Zhang et al. [27] and
Ma and Mu [28], who found that IDF could bind more water with minimal swelling.
Therefore, the WHC obtained for the grape pomace with the particle size of >200-<300
um (7.8 g/g) was higher than that determined for asparagus pomace (4.18-6.12 g/g),
black currant pomace (2.78 g/g), cranberry pomace (3.83-3.87 g/g), lingonberry pomace
(3.27-3.28 g/g), quince pomace (5.30-7.55 g/g), and sea buckthorn pomace (4.24—4.32
g/g) [18,29,30], but lower than that of grape juice pomace (8.48 g/g), Dendrobium officinale
pomace (15.30-20.12 g/¢g), cranberry pomace (10.59 g/g), and deoiled red raspberry pomace
(8.97 g/g) [27,31-33]. These data may be a result of the influence of different parameters,
e.g., different particle size intervals, preparation procedure, porosity, surface characteristics,
and chemical structure of the fiber [33]. Concerning the applications of by-products
in the food industry, e.g., dietary fiber with a high value of WHC can be utilized as a
functional ingredient in order to modify some characteristics (viscosity and texture) of
composed foods, while dietary fiber with low WHC could be utilized as a sugar substitute
to produce low-calorie food products (e.g., corn flakes, cookies, extruded snacks, crackers,
and jelly) [27].

The water solubility index (WSI) depends on the swelling fluid, swelling power, chem-
ical, and structure composition of the by-product [34]. The influence of particle size on the
W6l is presented in Table 1; thus, the WSI was significantly influenced by the particle size
of BN grape pomace (Vitis vinifera L.) (p < 0.0001). The highest value of WSI (9.4% ODPP)
was obtained for the particle size interval of <125 pm, while the lowest WSI (5.2% ODPP)
for the particle size of >200-<300 um; in this way, the WSI of grape pomace increased
significantly as its particle size decreased. Gao et al. [18] reported the same tendency for
asparagus pomace samples, in which the WSI varied between 1.32 and 13.25% for 0.12
and 0.005 mm, respectively. This can be explained by the fact that grinding treatment may
be capable of destroying the structure of the dietary fiber of grape pomace and releasing
the soluble components, resulting in enhanced solubility [18]. Moreover, experimental
characteristics, such as stirring, could influence the chemical structure of dietary fiber and
the hydration process [18]. Oil-binding capacity (OBC) can be utilized in order to evaluate
the functional ingredient’s property of preventing fat loss during food processing and
decreasing serum cholesterol levels through adsorbing fat in the intestinal lumen [27]. As
shown in Table 1, the OBC of the grape pomace varied between 1.9 (grape pomace with the
particle size of >200-<300 um) and 2.7 g/g ODPP (grape pomace with the particle size of
<125 pm); these data can be related to the presence of lignin (insoluble dietary fiber) which
plays a role in oil absorption [18,27]. Certainly, the OBC of the BN grape pomace obtained
in this study was relatively higher in comparison with dietary fiber extracted from grape
juice pomace (0.65 g/g), asparagus pomace with a particle size of 0.03 mm (2.45 g/g), black
currant pomace (1.14 g/g), cranberry pomace (1.57 g/g), lingonberry pomace (1.46 g/g),
grape pomace (1.42 g/g), and sea buckthorn pomace (1.09 g/g) [18,26,27,29]. Previous
studies reported a higher value of OHC for citrus peel dietary fiber, such as orange dietary
fiber—3.62 g/g and grapefruit dietary fiber—8.20 g/g [35]. This resulted most probably as
a consequence of fiber composition, surface properties, particle size, hydrophobic nature
of particles, and overall charge density [27]. Therefore, the functional properties of grape
pomace, e.g., WHC and SC, presented a typical exponential curve with a maximal value
for upper-size particles, while OBC showed this curve for lower-size particles.

3.3. Influence of the Particle Size on the Color of Grape Pomace

The color of grape pomace, particularly red varieties, is determined by the amount of
anthocyanins, localized mostly in the skin [4]. Furthermore, color is affected by different
physicochemical parameters, e.g., pH, temperature, particle size of material, and time [4].
The influence of particle size on the color parameters (L*, C*,,, and h*,;,) of grape pomace
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is presented in Table 1; thus, the L*, C*,,, and h*,;, were not significantly influenced by
the granularity of grape pomace (p > 0.05). The highest value of L* (29.9) and C*,;, (14.9)
was obtained for grape pomace with the granularity of >200-<300 um, while the lowest
L* (17.6) and C*,}, (11.2) by <125 um grape pomace. Therefore, grape pomace samples
showed a color ranging from blue-purple to purple in conformity with the CIE chromaticity
diagram. This can be explained by the fact that anthocyanins interact with other phenolics
to create co-pigments which improve color stability during and after the winemaking
process [36]. Moreover, grape pomace is rich in flavonoids, polyphenols, and anthocyanins
with a high antioxidant capacity and distinct phenolic compounds [1]. In order to concur
with the results presented for color parameters (L*, C*,;,, and h*,},), images of grape pomace
samples with different particle sizes are shown in Figure 1.

™ !

o o

>125-<200 um

2200—<300 pm

Figure 1. Images of Babeasca Neagra grape pomace under the influence of different granularities.

3.4. Phytochemical Characterization of Grape Pomace Extract

Vinification by-products consist of a relatively high content of polyphenolic substances,
which depends on the grape variety (white or red), processing conditions (e.g., type of
maceration), and the part of vegetal material (seeds, skins, etc.) [37,38]. The phytochemical
characterization of grape pomace (Babeasca Neagra variety) extract was performed by
evaluating the following parameters: TPC, TMA content, TFC, and antioxidant activity
(Table 1). The highest value of TPC, TMA content, and DPPH was obtained for the
granularity of <125 um (146 mg gallic acid equivalent (GAE)/g ODPP, 11.4 mg cyanidin-3-
glucoside (C3G)/g ODPP, and 67.10% ODPP, respectively), while the lowest for the particle
size of >200-<300 um (135 mg GAE/g ODPP, 6.9 mg C3G/g ODPP, and 48.6% ODPP,
respectively). This can be explained by the fact that particle size intervals significantly
influence the extraction of bioactive compounds (p < 0.0001). Moreover, the phytochemical
characterization (TPC, TMA content, and DPPH) is affected by several factors, such as
drying, extraction process, solvent, and extraction temperature [39]. The same results
were obtained for Cabernet Franc pomace (153.8 mg GAE/g for TPC and 91.7 mg catechin
equivalents (CE)/g for TFC) [40]. On the other hand, the obtained results for grape pomace
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extract are higher than the TPC reported by Carmona-Jiménez et al. [41] for different grape
pomace varieties, such as Tempranillo (49.70 mg GAE/g), Cabernet Sauvignon (44.73 mg
GAE/g), Tintilla de Rota (43.85 mg GAE/g), Syrah (44.11 mg GAE/g), and Petit Verdot
(46.57 mg GAE/g). Also, Barriga-Sanchez et al. [39] reported a lower TPC (54.36 mg
GAE/g) for Black Borgona (Vitis labrusca L.) pomace using ethanol-water as solvent.

3.5. FT-IR Spectra of Grape Pomace

Different organic functional groups, notably N-H, O-H, and C=0, are determined
by FT-IR spectroscopy. Consequently, FT-IR spectra were obtained to study the influence
of particle size on the chemical structure of Babeasca Neagra (BN) grape pomace (Vitis
vinifera L.). Common absorption bands of phenolic compounds and polysaccharides that
are found in the structure of grape pomace are shown in Figure S1 of the Supplementary
Materials. The grape pomace samples had stretching bands of O-H and O(6)H---O(3) at
3315-3310 cm ! which were attributed to vibrations of the functional group (-OH) of the
phenolic and polysaccharide structures, specifically insoluble dietary fibers, e.g., cellulose
and hemicellulose [26]. Furthermore, the C-H stretching vibration peak at 2918 cm~! was
assigned to a methylene group of polysaccharides [26]. The band position at 1741 cm ™!
corresponded to the stretching band of carbonyl group C=0O, which indicated the presence
of the galloyl group or uronic acid [26,42]. Stretching bands at 1625-1605 cm ! showed the
presence of benzene rings in lignin (C—H bonds) [26]. The band positions of 1510 cm™ !,
1435 cm~!, and 1377 cm~! corresponded to C=C stretching vibration, antisymmetric, and
symmetric in-plane bending of ~CHj, respectively [43]. The peaks at 1132 cm ™! and 1064
cm ! were related to aromatic C-O-C stretching vibrations (presence of cellulose and hemi-
cellulose) and C-O stretching bands (presence of pyranose ring), respectively [26,44]. More-
over, these band positions are attributed to polysaccharide structures [40]. The absorptive
peaks at 905 cm !, 842 cm~!, and 789 cm ! were ascribed to 3-D-pyranose, the phenolic
compounds, and the aromatic ring breathing manner, respectively [42]. The spectral profile
of BN grape pomace with different particle size intervals indicated that the position and
number of the characteristic absorption peaks of samples did not change significantly.

3.6. Microstructural Analysis by SEM

SEM is an efficacious technique for analysis of the crystallography, shape, size, compo-
sition, and other physicochemical properties of different materials [45]. The morphology of
Babeasca Neagra (BN) grape pomace was investigated using SEM. As shown in Figure 2, a
couple of changes were examined among the grape pomace samples with different particle
sizes; the grape pomace with the particle size of <125 um had a small fibrous, compact, and
reticular structure, while other samples presented various rough and irregular surfaces in
combination with fibrous structures. According to Pala et al. [46] and Gowman et al. [47],
the irregular surface of the samples is attributed to the strong internal bonds in the structure
of the lignocellulosic fibers. Moreover, it can be explained by the fact that the grape pomace
consisted of seeds, skins, and stems which have different components. The grape pomace
skins are flatter, but become irregular after the drying process, while the stems are more
fibrous because of the amount of insoluble dietary fibers. The grape pomace seeds are
irregular and, like stems, have fibrous and porous surfaces [47]. Therefore, different particle
size intervals influenced the surface morphology of grape pomace samples and resulted
in different fibrous structures, as presented in the SEM images. The porous surface gives
additional space for the formation of hydrogen bonding by water molecule content; this
feature could increase the OBC and WHC of the grape pomace samples [48]. The same
results were reported by Drevelegka and Goula [49], who established that grape pomace
had a solid and relatively organized cell structure. Also, Baldan et al. [48] explained that
different particle sizes were related to the hydrophilic components of the grape pomace,
e.g., fiber, polysaccharides, protein, and pigments.
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Figure 2. SEM images of Babeasca Neagra grape pomace under the influence of different granularities.

3.7. Phytochemical Parameters and Proximate Composition of Grape Pomace Aqueous Extract

The proximate composition and phytochemical parameters (DPPH assay scavenging
activity and TPC) of grape pomace aqueous extract are shown in Table 2. The parameters of
proximate composition, such as moisture, ash, carbohydrates, and total dietary fiber (TDF),
were significantly influenced by the granularity of grape pomace extract (p < 0.0001).

Table 2. Proximate composition and phytochemical parameters of grape pomace aqueous extract.

Particle Size (um)

Parameter p-Value
<125 >125-<200 >200-<300

Proximate composition

Moisture (% ODPP) 84.1(0.13) ¢ 86.7 (0.16) 89.3(0.14) p <0.0001

Crude protein (g/100 mL ODPP) * n.d. n.d. 0.23(0.01)2 p <0.0001

Crude fat (g/100 mL ODPP) * n.d. n.d. n.d. -

Ash (g/100 mL ODPP) * 0.02 (0.02) © 0.05 (0.02) P 0.12 (0.01) 2 p < 0.0001

Carbohydrates 4 (g/100 mL ODPP) * 15.9 (0.06) # 13.2 (0.08) ° 10.3 (0.11) © p < 0.0001

TDF (g/100 mL ODPP) * 12.4(0.11) ¢ 10.6 (0.12) 9.7(0.16) 2 p < 0.0001
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Table 2. Cont.

Parameter

Particle Size (um)

<125

>125-<200

>200-<300

p-Value

Phytochemical characteristics

TPC (mg GAE/mL ODPP)
DPPH (% inhibition ODPP)

126 (0.22) 2
60.8 (0.17) @

107 (0.32) ©
49.6 (0.25) P

109 (0.37) b
425(0.32)

p <0.0001
p < 0.0001

Mean values (n = 9) and standard deviation are shown in brackets. “—different letters in the same row

indicate significant differences among samples (p < 0.0001) in conformity with the Fisher test with o = 0.05.
A_carbohydrate content was determined by the difference method; TDF—total dietary fiber; TPC—total phenolic
content; GAE—gallic acid equivalent; ODPP—oven-dried pomace powder; *—The data was expressed as g per
100 mL of extract produced for each of the studied fractions from ODPP; n.d.—not detected.

The highest values for moisture content (89.3% ODPP) and ash (0.12 g/100 mL ODPP)
were obtained for the grape pomace extract with the granularity of >200-<300 um, while
the lowest values were obtained for the grape pomace extract with the granularity of
<125 pm (84.1% ODPP and 0.02 g/100 mL ODPP for moisture content and ash, respectively).
Crude fat was not found in any sample; this can be explained by the fact that fats did not
pass into the water extract and did not have any polar bonds. Moreover, only the grape
pomace extract with the granularity of >200-<300 pm had crude protein (0.23 g/100 mL
ODPP) in its composition. The presence of protein can be attributed to the constituents of
grape pomace, especially due to inflorescence architectures and grape seeds which contain
an amount of 6.1% and 11% protein, respectively [1]. The highest contents of carbohydrates
(15.9 g/100 mL ODPP) and TDF (12.4 g/100 mL ODPP) were obtained for the grape
pomace extract with the granularity of <125 pm, while the lowest for the grape pomace
extract with the granularity of >200-<300 um (10.3 g/100 mL ODPP and 9.7 g/100 mL
ODPP, respectively). Therefore, viable sources of carbohydrates that are presented in grape
pomace extract are water-soluble monosaccharides (e.g., fructose and glucose) [1,4].

The grape pomace extracts showed a great quantity of TPC (a range between 107
and 126 mg GAE/mL ODPP) as a result of hydrophilic compounds (e.g., phenolic acids)
which are abundant in the solid parts of grape pomace, especially in grape skins and grape
seeds [2,4]. The DPPH assay scavenging activity showed a similar tendency to TPC; these
results are in accordance with other studies [24,26].

3.8. Physicochemical Parameters of Jelly Candy

The physicochemical parameters, such as color parameters (L*, C*;,, and h*,,), DPPH
assay scavenging activity, and TPC were determined for jelly candies (Table 3); thus,
the L*, C*,p, and h*,;, were significantly influenced by the granularity of grape pomace
(p <0.0001).

Table 3. Physicochemical and textural properties of jelly candy.

Parameter

Samples

p-Value

F1-7 F1-8.5 F1-10 F2-7 F2-8.5 F2-10 F3-7 F3-8.5 F3-10

Color parameters

L*
h*ab

Chab

15.1 (0.30) ©

29.9 (0.13) 394(0.16)  29.2(0.14) 402 (0.19)
d ab d ab

32.5(0.17) €
407 (0.14)  42.1(0.17)
d od

33.4(0.19) ©

413 (0.13) 463(0.15)  45.6(0.18)
cd be be

43.6 (0.17) ¢
162(0.22)  16.8(0.23)
be be

447 (0.14)

16.9 (0.21) 16.8 (0.24)
be be

15.9 (0.17) © 17.2 (0.16) ®

47.1(0.13)®  48.9(0.15) 2

331(0.12)¢  362(0.08)° 427 (0.11)*  p<0.0001

p <0.0001

17.5(0.29)>  18.1(0.27)° p <0.0001

Phytochemical characteristics

TPC (mg
GAE/g
ODPP)
DPPH (%
inhibition
ODPP)

65.8 (0.98) 2

156 (1.42)* 148 (1.29)® 138 (2.01)¢ 130 (2.13)¢  129(1.08)¢ 127 (1.37)¢  120(1.23)°¢ 118 (0.99) © 115 (1.14) ©

633(110)  5e5018)b 481 (115)C 464 (057)¢  46.4 (0.69)°

301(177)  300(213) 299 (2.27)
d d d

p < 0.0001

p < 0.0001
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Table 3. Cont.

Samples
Parameter p-Value
F1-7 F1-8.5 F1-10 F2-7 F2-8.5 F2-10 F3-7 F3-8.5 F3-10

Textural parameters
H(N) 63(0.13)¢  11.1(213)® 167(110)®  65(027)¢  10.8(1.08)® 17.1(098)®  6.1(024)¢  107(1.37)® 16.5(046)@  p<0.0001
Co(adim.)  023(0.02)® 024(0.02)° 024(0.01)® 023(0.06)® 024(0.06)® 0.25(0.052 023(0.01)* 0.24(0.03) 0.25(0.07)° p>0.05

—29(0.08) —29(0.10) —3.0(0.06) —3.0(0.13) —3.0(0.08) —3.1(0.07) —32(007) —32(0.11 —33(0.06
AN x 5) (0.08) (0.10) (0.06) (0.13) (0.08) 0.07)  (0.07)  (0.11) 006) o1
S (adim.) 0.85(0.03)®  0.84(0.01)® 083(0.01)> 0.88(0.01)* 085(0.01)® 0.84(0.02)® 0.85(0.03)"® 0.86(0.02)® 0.89(0.01)2 p <0.01
G(N) 8I012) 5450181 540017)° 531(015)° 542(0.12)° 544(0.16)° 551(0.18)° 5520122 OO o001
Microbiological tests
TP count b a
(CFU/mL) nd. nd. nd. nd. nd. n.d. 69.3(0.14) ¢ 74.6(0.17)® 953 (0.23) p <0.0001
MY count
(CFS‘;‘;‘;‘S nd. nd. nd. nd. nd. n.d. 51.6(0.13)¢  533(0.18)®  741(021)7  p<0.0001

Mean values (n = 9) and standard deviation are shown in brackets. **—different letters in the same row indicate
significant differences among samples (p < 0.0001) in conformity with the Fisher test with a = 0.05. F1—grape
pomace extract with the granularity of <125 pm; F2—grape pomace extract with the granularity of >125-<200 um;
F3—grape pomace extract with the granularity of >200-<300 um; 7—7 g of gelatin; 8.5—8.5 g of gelatin; 10—10 g
of gelatin; L*—luminosity; h*,,—hue; C*,,—chroma; TPC—total phenolic content; GAE—gallic acid equivalent;
H—hardness; Co—cohesiveness; Ad—adhesiveness; S—springiness; G—gumminess; TP Count—total plate
count; MY Counts—mold and yeast counts; ODPP—oven-dried pomace powder; n.d.—not detected.

The highest values for L* (42.7), C*; (18.1), and h*,}, (48.9) were obtained for jelly
formulation F3-10 (grape pomace extract with the granularity of >200-<300 pm and 10
g of gelatin), while the lowest for F1-7 (grape pomace extract with the granularity of
<125 um and 7 g of gelatin). Thus, jelly samples showed a color ranging from red-purple
to purple in conformity with the CIE chromaticity diagram. The color of the jelly candies
obtained from the grape pomace extract with the particle size of <125 um and 7 g of gelatin
got darker after the mixing step; this may be explained by the quick dissolution of grape
pomace with the diameter of <125 um, and also, by the presence of polyphenols and other
water-soluble compounds (e.g., pigments). The resulting color is also directly correlated
to the chemical structures of anthocyanins present in grape pomace extract, the presence
of different co-pigmentations, and the chemical reactions implicating these components
during the homogenization of the mixture, as well as the concentration of gelling agent
(gelatin) and temperature used in that process [50,51]. In order to concur with the results
presented for the color parameters (L*, C*,},, and h*,},), images of jelly samples are presented
in Figure 3.

Figure 3. Jelly samples obtained from grape pomace extract, gelatin, and stevia.

TPC and DDPH assay scavenging activity of jelly candies are greatly dependent on
the gelling agent, solvent nature (water and ethanol), extraction method, and formulation
procedure [39]. The highest value of TPC was found for jelly samples obtained from
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the grape pomace extract with the particle size of <125 um and with the addition of
7 g of gelatin. DPPH values varied from 29.9 to 65.8% for F3-10 and F1-7, respectively.
Statistically, DPPH antioxidant activity values showed a similar tendency to TPC. It is
well known that polyphenol content is definitely correlated with antioxidant capacity,
particularly in the case of fruit, fruit juices, and extracts from different pomaces [50].
Mainly, it can be described that the higher the content of the gelling agent, the lower the
functional properties and bioactive compounds (e.g., polyphenols) of jellies [50,52]. On
the other hand, the addition of stevia in the jelly formulations increases the antioxidant
capacity of the samples because stevia contains higher amounts of antioxidant compounds
(hydroxyl radicals, free radicals, and superoxide anion radical scavenging activities) [53].
Similar results for DPPH and TPC were reported by Cano-Lamadrid et al. [50] for jelly
candies based on pomegranate juice “Mollar de Elche”.

3.9. Textural Parameters of Jelly Candy

Textural analysis was performed using the methodology reported by Garrido et al. [54].
The values obtained for textural parameters, such as hardness, cohesiveness, adhesiveness,
springiness, and gumminess are presented in Table 3. Hardness relates to the force neces-
sary to obtain a given deformation [18]. The data obtained for hardness were statistically
different among samples (p < 0.0001), with the highest value (17.1 N) for F2-10 (grape
pomace extract with the particle size of >125-<200 um and 10 g of gelatin) and the lowest
(6.1 N) for F3-7 (grape pomace extract with the particle size of >200-<300 pm and 7 g
of gelatin); these data can be related to the concentration of the gelling agent (gelatin)
and the composition of grape pomace extracts with different particle sizes (e.g., protein,
carbohydrates, and fiber content). Previous studies reported a higher value of hardness for
strawberry and mint jelly gum (26.7-30.3 N), strawberry and anise jelly gum (24.5-26.7 N),
raspberry and mint jelly gum (22.8-27.7 N), blueberry and mint (25.1-29.3 N), grape seed
soft candies (11.34—47.53 N), and grape skin soft candies (16.79-24.08 N) [15,18]. On the
other hand, Garrido et al. [54] obtained a lower value of hardness of apple jelly (0.6-5.2 N).
Additionally, the interaction of proteins and carbohydrates which are presented in grape
pomace extract has a significant influence on enhancing hardness and other textural pa-
rameters, such as springiness and cohesiveness [22].

Cohesiveness refers to the internal bonds of the food that keep the mass cohesive
and prevent it from disintegrating [21]. The values of cohesiveness ranged from 0.23 for
F2-7 (grape pomace extract with the particle size of >125-<200 um and 7 g of gelatin) to
0.25 for F3-10 (grape pomace extract with the particle size of >200-<300 pum and 10 g of
gelatin). The fiber content (9.7-12.4 g/100 mL ODPP) of aqueous extract had a positive
effect on cohesiveness; fibers cause a significant increase in cohesiveness [22]. Similarly,
Akesowan [55] reported a range between 0.202 and 0.322 for the cohesiveness of konjac
jelly, while Garrido et al. [54] obtained higher values (0.37-0.53) for apple jelly; this can
be explained by the fact that the more gelling agent existed in the gel system, the more
cohesive the jelly candy became [55].

Adhesiveness refers to the force needed to eliminate the material that adheres to
a surface [21]. The results obtained for adhesiveness were statistically different among
samples (p < 0.01), with the highest value (—3.3 N x s) for F3-10 (grape pomace extract with
the particle size of >200-<300 um and 10 g of gelatin) and the lowest (—3.0 N x s) for F1-7
(grape pomace extract with the particle size of <125 um and 7 g of gelatin). Several factors,
e.g., the amount of sugar naturally present in grape pomace, pectin content, acidity, and
concentration of gelling agent may explain the variation in adhesiveness among samples
prepared with different particle sizes of grape pomace. On the other hand, Rios de Souza
et al. [56] reported higher values ((—12.75)-(—37.50) N x s) for blackberry jellies from
different cultivars (Choctaw, Brazos, Cherokee, Comanche, Caingangue, Guarani, and
Tupy). In addition, other parameters, such as phytochemical (e.g., TPC) and proximate
composition (e.g., moisture content, TDF, and crude protein) of the grape extract can affect
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the textural characteristics by influencing the yield, cooking time, and water activity of the
final jelly candies [56].

Springiness is related to the ability of shape recovery after compression and repre-
sents the rate at which a deformed material returns to the initial form after the force is
removed [54]. The values of springiness ranged from 0.83 for F1-10 (grape pomace extract
with the particle size of <125 pm and 10 g of gelatin) to 0.89 for F3-10 (grape pomace
extract with the particle size of >200-<300 pm and 10 g of gelatin). Similarly, Rios de Souza
et al. [56] reported a range between 0.93 and 0.98 for the springiness of blackberry jellies
from different cultivars (Brazos, Caingangue, Cherokee, Choctaw, Comanche, Guarani, and
Tupy), while Altinok et al. [15] obtained a lower value (0.484) for grape skin soft candies
with a particle size of 100 um. The results showed that springiness was most reproducible
in relation to the other textural responses, e.g., cohesiveness and hardness. Moreover,
the highest particle size interval (>200-<300 pum) influenced the springiness due to the
fiber content of grape pomace and gelling agent, which subsequently affects the melting
properties [22,55].

Gumminess has been interpreted as the energy involved in disintegrating a semi-solid
food product into a state ready for swallowing [50]. The highest value (55.2 N) for F3-8.5
(grape pomace extract with the particle size of >200-<300 um and 8.5 g of gelatin) and
the lowest (48.9 N) for F1-7 (grape pomace extract with the particle size of <125 pm and
7 g of gelatin); these data can be related to the gelatin dose, treatment, and the presence
of sugars [21]. The increase in the gelatine dose enhanced gumminess, cohesiveness,
and hardness; these results are in accordance with the data obtained by Mutlu et al. [57].
Moreover, the results of the texture profile analysis showed that the particle size of plant
material (i.e., grape pomace) is a significant factor in the formulation of jelly candy.

3.10. Sensorial Analysis of Jelly Candy

The radar chart of sensory analysis (e.g., color, odor, taste, elasticity, sweetness, ap-
pearance, biting, and overall acceptability) of the grape pomace jellies is presented in
Figure 4; the quality sensory characteristics of jelly samples were expressed as appealing.
Generally, the jelly candies presented good sensory acceptance for all characteristics, with
average scores ranging between the hedonic terms “I liked it slightly” and “I liked it very
much”. The textural parameters (biting and elasticity) were presented as easy to bite and
soft by the majority of the panelists. The jelly formulations F3-7 and F3-10 recorded the
lowest value of overall acceptability due to the presence of the highest contents of insoluble
fiber and fats, which have an unpleasant texture and taste. The highest values for taste,
sweetness, odor, and overall acceptability were obtained for jelly formulations F2-7, F2-8.5,
and F1-8.5; these results can be attributed to the lower sizes of grape pomace particles
which are correlated with a lower content of fats and insoluble fiber. The results showed
that grape pomace jellies have a gummy and smooth texture with a gelatinous appearance
and sweet taste, which indicates that the formulation and ratios chosen for the gelling agent
(gelatin) were adequate and presented a positive influence on the sensory characteristics
of the final product. The same tendency of sensorial parameters was reported for jelly
candies based on pomegranate juice “Mollar de Elche”, strawberry and red beetroot jelly
candies, and strawberry jellies from different cultivars (Camino Real, Festival, Camarosa,
Oso Grande, Albion, and San Andreas) [10,50,58]. These findings can be highlighted for
production by focusing attention on the fact that grape pomace jelly is a product based on
stevia (zero-calorie sweetener), does not contain added sugar (only natural sweeteners, i.e.,
water-soluble monosaccharides present in grape pomace extract), and artificial dyes.
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Figure 4. Radar chart of sensory analysis of jelly samples (F1—grape pomace extract with the
granularity of <125 um; F2—grape pomace extract with the granularity of >125-<200 um; F3—grape
pomace extract with the granularity of >200-<300 um; 7—7 g of gelatin; 8.5—8.5 g of gelatin; 10—10 g
of gelatin).

3.11. Microbiological Analysis

The results of the microbiological analysis (total plate count, mold, and yeast counts)
of grape pomace jellies are presented in Table 3. The total plate count (TP count) and
mold and yeast counts (MY counts) were significantly influenced by the particle size of BN
grape pomace and the ratio of gelatin used for jelly formulation (p < 0.0001). The highest
values for TP count (95.3 CFU/mL) and MY counts (74.1 CFU/mL) were obtained for jelly
formulation F3-10; this can be explained by the fact that F3-10 had the highest contents of
fats and proteins. Moreover, gelatin used as the gelling agent may facilitate the formation
of mold and yeast due to gelatin consisting of 98-99% protein, which can be a source of
microorganisms [59]. According to Thompson [59], jellies have values for water activity
ranging between 0.65 and 0.75, which means that jellies are susceptible to spoilage by
xerophilic molds and osmophilic yeasts. At the same time, there was no growth in other
jelly samples, which may be a result of the high phenolic content of grape pomace. On the
other hand, Ismawati et al. [60] reported a higher TP count (2.1 x 10> CFU/mL) and MY
counts (8.9 x 10! CFU/mL) for seaweed jelly candy.

3.12. Principal Component Analysis

Principal component analysis (PCA) of the experimental findings was utilized to
decompose the dataset into scores (jelly candies) and loadings (color parameters, phyto-
chemical characteristics, and sensorial and textural parameters). As presented in Figure 5,
the principal components described the better part of variability, with a total variance
contribution of 67.13% (F1—1: 46.12%, F2—2: 21.01%). The biplot presents that the most of
obtained characteristics demonstrated a significant influence on the distinctions among
jelly samples. The jelly samples F2-7, F2-8.5, and F2-10 were correlated with sensorial
parameters (e.g., sweetness, taste, odor, elasticity, color, and overall acceptability), gum-
miness, and h*,,,, while formulations F3-8.5 and F3-10 were associated with hardness,
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cohesiveness, L*, and C*,},. The arrangement of the F1-7 and F2-8.5 samples more to the
right was related to their high values of adhesiveness, and phytochemical characteristics
(TPC and DPPH), while F3-7 and F1-10 jelly candies were not correlated with any of the
studied parameters.
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Figure 5. PCA biplot showing the correlation between scores (jelly samples, ®) and loadings (color
parameters, phytochemical characteristics, sensorial, and textural parameters, o); Fl—grape po-
mace extract with the granularity of <125 um; F2—grape pomace extract with the granularity of
>125-<200 pum; F3—grape pomace extract with the granularity of >200-<300 pum; 7—7 g of gelatin;
8.5—8.5 g of gelatin; 10—10 g of gelatin; L*—luminosity; h*,,—hue; C*,,—chroma; TPC—total
phenolic content.

4. Conclusions

In recent times, grape pomace has been used as a fortifying agent for a lot of food prod-
ucts (plant foodstuffs, dairy products, meat, and fish products). Concerning the valorization
of by-products, it is very important to improve the nutritional value of products and obtain
new products. Therefore, Badbeasca Neagra grape pomace was used as a fortifying agent
in jelly candy. For a better understanding of how to fortify grape pomace, the proximate
composition, functional properties, and physicochemical characteristics were analyzed.
The obtained results were in agreement with FI-IR and SEM analysis of grape pomace.
Furthermore, the grape pomace extract was analyzed in terms of phytochemical parameters
and proximate composition; the results contributed to a more complete explanation of
the jelly formulation and characterization of the final product. So, by-product-based jelly
candies were formulated and had the following composition: grape pomace extract with
different particle sizes (<125 um, >125-<200 pm, and >200-<300 pum), gelatin (7, 8.5, and
10 g), and stevia. The obtained results showed that grape pomace jellies with the particle
size of >125-<200 pm and different concentrations of gelatin had the greatest acceptance
in terms of sensorial properties (e.g., sweetness, taste, odor, elasticity, color, and overall
acceptability), while the highest value of phytochemical characteristics (156 mg GAE/g for
total phenolic content and 65.8% inhibition of antioxidant activity) was acquired for jelly
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candy formulated with grape pomace extract (<125 um) and 7 g of gelatin. The application
of grape pomace extract as a natural ingredient in the formulation of jelly candy resulted
in an improvement with a great concentration of polyphenols, along with uniform purple
color, pleasant taste, and a high acceptance in terms of textural parameters (i.e., hardness,
cohesiveness, adhesiveness, springiness, and gumminess). Thereby, all the data indicate
the potential of Babeasca Neagra grape pomace for use as a fortifying agent in jelly candies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13010098/s1, Table S1. The list and amount of ingredients
used for jelly formulation; Figure S1. FT-IR spectra of Babeasca Neagra grape pomace under the
influence of different granularity.
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Abstract: Pentacyclic triterpenes show potential as oleogelators, but their combination with various
vegetable oils has limited research. This study selected linseed, rapeseed, sunflower, coconut, and
palm oils to combine with the triterpenoid compound B-amyrin for the preparation of oleogels.
The stability, crystal network structure, and other properties of each oleogel were evaluated. The
correlation between different oil types and the properties of corresponding oleogels was explored.
The results showed that 3-amyrin formed stable oleogels with five vegetable oils under suitable tem-
perature conditions, wherein especially the LO-based oleogel not only exhibited higher oil-binding
capacity and hardness, but also demonstrated excellent stability at the microscopic level and notable
rheological properties. Further analysis revealed a close correlation between the physicochemical
properties of the oleogels and lipid characteristics, indicating that oleogels prepared from long-chain
highly unsaturated fatty acids exhibit high stability. The above results indicate that f-amyrin can
be a novel candidate oleogelator and that the oil type can modify the properties of -amyrin-based
oleogels. This study provides the latest reference for the application of pentacyclic triterpenoids
in food.

Keywords: 3-amyrin; oleogel; fatty acid properties; stability of the oleogels; correlational analysis

1. Introduction

Foods made of oils and fats provide an important energy source for the human
body. A network of fat crystals composed of trans fats and saturated fats produced by
hydrogenation, transesterification, or blending comprises a large market share of margarine,
chocolate, and other foods rich in solid fats [1,2]. Due to excessive intake of saturated fatty
acids and trans fatty acids, cardiovascular disease is induced by increased levels of low-
density lipoprotein (LDL), and the risk of type II diabetes mellitus is increased by inducing
insulin resistance [3-5]. To be more in line with the contemporary concept of healthy
eating and to promote the progress of the energy-saving food market, new technologies or
methods should be used to prepare products that are comparable to traditional solid fats.

Oleogels preparation, a technique that imparts solid characteristics to liquid vegetable
oils, has emerged as a novel and efficient approach to prepare solid fats. It can enhance not
only the product’s qualities such as shelf life, but also improve the quality of food nutrition
and nutritional value [4,6,7]. The oleogelator used to make oleogels can be classified into
two categories: small molecule structuring agents and large molecule structuring agents,
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depending on the relative molecular mass of the oleogelator. The first category comprises
natural waxes, glycerol esters, fatty acids, fatty alcohols, lecithin, mono- and diglycerides
of glycerol, and similar substances [1,8,9]. The second category includes polymers and pro-
teins and their derivative structural agents such as proteins, ethyl cellulose, hydroxypropyl
methyl cellulose, methyl cellulose, chitosan, chitin, and so on [10-12]. Presently, numerous
researchers have investigated diverse applications of oleogels in food production, such
as for alternatives to margarine [13], as well as the creation of functional chocolates [14],
ice creams [15], cakes [16], and more. Nevertheless, the existing research on oleogels falls
short of fully addressing the present requirements for practical use, mostly due to the
limited variety of oleogelators that are currently available. Consequently, the current focus
in oleogel research is the active investigation of novel oleogelators.

Prior research has indicated that pentacyclic triterpenoids, specifically ursolic acid
and oleanolic acid, possess the capability to induce gelation in organic solvents, result-
ing in the formation of organogels [17,18]. To the best of our knowledge, pentacyclic
triterpenoids have not been used to prepare food-grade oleogels. In contrast, 3-amyrin,
as a class of pentacyclic triterpenoids, is an effective functional ingredient in many food
products and traditional Chinese herbal medicines, as well as a characteristic triterpenoid
in camellia oil [19]. f-amyrin has anticancer, anti-inflammatory, anti-tumor, anti-diabetic,
anti-dyslipidemia, and antidepressant effects [20,21]. It has a wide range of potential uses
for healthy food and drug development. Therefore, in this manuscript, we chose to use
-amyrin as an oleogelator for the preparation of oleogels from different vegetable oils to
investigate its effect on the properties of the formed oleogels.

The formation of an oleogel is a three-dimensional network structure formed by the
interaction of oil with liquid oil during the cooling process, such as hydrogen bonding, van
der Waals forces, and dipole-dipole forces. The characteristics of the network structure
formed are related to the chain length and unsaturation of the liquid oil [1,22]. Therefore,
a large number of studies have examined the effect of different oils on the properties of
oleogels, and the results indicate that different oil types are one of the main factors affecting
the physicochemical properties of oleogels [23-25]. Higher unsaturation increases the
crystallinity and network stability of oil-based oleogels, according to Han et al. [1]. Pang
et al. found that the degree of unsaturation of the oil phase of the prepared oleogel was
proportional to the hardness of the oleogel [13]. Liu et al. discovered that variability in
oil polarity due to oil types also affects oleogel performance [26]. Valoppi et al. and Chai
et al. pointed out that different types of oils may also affect the formation of the network
and thus the final structure of the oleogel due to differences in viscosity [27]. Many studies
have analyzed oleogels made from different cooking oils and examined how oil type affects
them. However, the effects of different oil types on the properties and mechanisms of the
oleogel formed based on triterpenoids such as (3-amyrin are still unknown.

This study aimed to investigate the effect of different oil types on the oil properties of 3-
amyrin gels at different preparation temperatures and to reveal the correlation relationship
between different types of oils and the physical properties of the oleogel. In this study, we
first examined the possibility of preparing oleogels from 3-amyrin and then investigated the
probable relationships and correlations that exist between oil types and the physicochemical
structure of the oleogels as well as the potential molecular roles during the gelling process
of the organogels. This work helps to provide insight into the preparation and properties
of pentacyclic triterpenoid oleogels.

2. Materials and Methods
2.1. Materials

Linseed oil, rapeseed oil, coconut oil, and sunflower oil were purchased from the local
market, palm oil was purchased from Yihai Kerry Group, and 3-amyrin (purity > 98%) was
purchased from Shanxi Jinkangtai Biotechnology Co., Ltd. (Xianyang, China), which can
be used directly without purification. All other chemical reagents were analytically pure.
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Fatty acid composition was analyzed using gas chromatography. Gas chromatography
analysis conditions: using Agilent 7890A gas chromatograph; Agilent J&WDB-FATWAX
ultra-high inert column; detector FID; inlet temperature 270 °C, detector temperature
280 °C. Chromatographic column heating program: initial temperature 100 °C, keep
13 min, 10 °C/min to 180 °C, keep 6 min, then 1 °C/min to 200 °C, keep 20 min, then 4
°C/min to 230 °C, keep 10.5 min, until the analysis is complete. The carrier gas is pure
nitrogen at a flow rate of 30 cm/s, constant flow mode, hydrogen flow rate of 40 mL/min;
air flow rate: 400 mL/min, the tail gas is nitrogen at a flow rate of 25 mL/min, the injection
volume is 1 puL, and the sample is injected by shunt mode, the shunt ratio is 100:1. The
qualitative analysis of fatty acids in the five samples was conducted by comparing the
retention times of fatty acids in the standard reference solution. The quantitative analysis
of fatty acid content was performed using the area normalization method in the Agilent
Chemstation software, which provided the relative percentage of each fatty acid. The
analysis was performed in triplicate for each sample.

2.2. Oleogel Preparation

Eight grams of linseed oil, rapeseed oil, palm oil, coconut oil, and sunflower oil were
weighed and added with 4% (3-amyrin, respectively. The mixture was heated and stirred
for 30 min at certain temperatures (60 °C, 80 °C, 100 °C, 120 °C, or 140 °C) with a speed of
500 rpm. All samples were stored at room temperature (25 &= 2 °C) for 24 h before detection.
The gelability of the samples was determined by the inverted tube method. Oleogel samples
with -amyrin concentrations of 1-5% (w/w) were also prepared to determine the critical
gel concentrations for different oil phases.

2.3. Oil Binding Capacity

The Oil-Binding Capacity (OBC) of the oleogel was analyzed according to the method
described by Da et al. [28]. The oleogel samples prepared under various temperature
conditions were collected in 1.5 mL centrifuge tubes. Following high-speed centrifugation at
13,000 rpm for 10 min, the tubes were inverted onto filter paper and allowed to stand for 30
min to ensure complete drainage of any remaining liquid oil. The OBC was calculated using
the provided formula 1, and the experiment was repeated three times with the average of
the results taken. Additionally, the oleogel samples were kept at room temperature for 0,
14, and 28 days to compare the differences in OBC among the different samples.

c—a o
OBC = —;— % 100% 1)

where ¢ denotes the weight of the oleogel and tube after centrifugation (g), b denotes the
weight of the oleogel and tube before centrifugation (g), and a denotes the weight of the

empty tube (g).

2.4. Texture Analysis

A texture analyzer (TA. XT Plus, Surrey, UK) test was performed to determine the
textural properties of the oleogels [29]. The samples prepared at 80 °C, 100 °C, and 120 °C
were left at 25 °C for 24 h before measurement. The texture analyzer was set with the
parameters of a test speed of 1 mm/s and a compression distance of 10.00 mm. Each
sample was tested three times, and the average value was taken. The oleogel samples were
then kept at 25 °C for 0, 14, and 28 days, followed by hardness measurements under the
same conditions.

2.5. Polarized Light Microscopy

The microstructure of the oleogel was observed using a polarized microscope (Olym-
pus, BX53M, Tokyo, Japan). To observe the crystalline morphology of the oleogel at different
heating temperatures, the samples were photographed at 25 °C using a 100 x magnification
(10x eyepiece and 10 x objective) under the polarizing microscope. An appropriate amount
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of the oleogel was taken and placed on a clean slide. The slide was then covered to ensure
even distribution of the oleogel.

Image] software (NIH, Bethesda, MD, USA) with the FracLac plugin was used to
calculate fractal dimension (Db), average length (L), and lacunarity (A) in two-dimensional
space for quantitative analysis. The box-counting method was employed to calculate these
parameters. The formula for the box-counting method is as follows:

~ logNe
loge

Db = 2

2.6. X-ray Diffraction Analysis

The crystalline shape of the oleogel samples was analyzed by the X-diffraction tech-
nique (XRD-6000 type, Shimadzu, Kyoto, Japan) by referring to the method of Blake
et al. [30]. The instrument test conditions were set as follows: Cu target as the radiation
source (wavelength A = 1.5401 A), operating voltage 40 kV, operating current 40 mA, scan-
ning step size 0.02°, scanning rate 2° /min, emitting and antireflecting slit 1.0 mm, receiving
slit 0.1 mm, test temperature 25 °C, and scanning range of 5.0-55.0° at 20 angle.

2.7. Differential Scanning Calorimetry

Samples were prepared for differential scanning calorimetry (DSC-822, Mettler Toledo,
Zurich, Switzerland) measurements by placing 5 mg of oleogel in an aluminum pan. Each
sample was kept at 120 °C for 5 min until completely melted to eliminate crystal memory.
The temperature was reduced to —65 °C of cooling rates of 5 °C/min and 10 °C/min. After
holding for 5 min, the temperature was raised to 30 °C at the same heating rate. Melting
and crystallization curves of the samples under different oil treatments were recorded.
The onset dissolution temperature (Ton-m), the melting peak temperature (ITm), the onset
crystallization temperature (Ton-c), and the crystallization peak temperature (Ic) of the
samples were measured utilizing the DSC curves provided by the TA Instruments Universal
Analysis Software. All measurements were repeated three times.

2.8. The Crystallization Kinetics of Oleogel

The heat flow rate obtained during the crystallization process during DSC measure-
ments was integrated against time using Origin software. The Avrami equation was used
to study the crystallization kinetics of the oleogel under isothermal conditions, and the
relative crystallinity X(t) at time t was obtained, which is of the following form:

X(t) =1 —exp(—kt") 3)

where X(t) is the crystallinity at time t; t is the crystallization time; k is the complex
crystallization rate constant; and n is the Avrami index.
Equation (1) was obtained by deforming the sample according to its relative crys-
tallinity X(t):
In[In(1 — Xt)] = Ink + nlnk 4)

2.9. Rheological Measurement

Analysis of the rheological behavior of the oleogels was performed using a rotational
rheometer (Kinexus Pro+ Rheometer, Malvern, London, UK). Strain scanning experiments
were carried out on 40.0 nm diameter flat plates with a plate spacing of 1 mm, a constant
frequency of 1 Hz, and a strain range of 0.01-10% at room temperature to determine the
linear viscoelastic region. Shear viscosity experiments were carried out at shear rates
between 0.1-100 s™!. Frequency scanning experiments were carried out at frequencies
between 0.01 and 10 Hz with a fixed strain and the rheological behavior of the oleogel was
analyzed using the power law equation.
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G =a(w)P (5)

where G’ is the storage modulus (Pa), a (Pa-b) is a parameter used to describe the rheological
behavior, w is the frequency (rad/s), and b is a dimensionless flow behavior index.

2.10. Statistical Analysis

Significant differences between means were determined using Duncan’s analysis of
variance (ANOVA), and multiple comparisons between treatments were analyzed using
ANOVA with significant differences at the 5% level (p < 0.05). Each experiment was
repeated thrice, and results were expressed as mean =+ standard deviation. Statistical
analysis was performed using Origin 2021.

3. Results and Discussion
3.1. Concentration Phase Diagrams

This study investigated how different types of oils influenced the oil phase transition
content in 3-amyrin oleogel at various preparation temperatures. The results showed that
-amyrin was successfully used to prepare oleogels at high and appropriate temperatures.
Additionally, various oils exhibited similar oleogel formation trends at different temper-
atures (Figure 1a). When the preparation temperature is below 80 °C, the samples did
not exhibit any thickening or gelation, and the formation of a gel-to-oil phase was not
feasible. This lack of oleogel formation can be attributed to the fact that 3-amyrin is unable
to establish a stable three-dimensional network structure at lower temperatures, thereby
struggling to impede the flow of liquid oil [31,32]. As the preparation temperature rises,
the intermolecular forces lead to the aggregation of 3-amyrin particles, forming a three-
dimensional network structure. This network structure hinders the flow of lipophilic liquid,
resulting in the gelation of the entire system [33]. However, when the temperature reaches
140 °C, the increase in temperature causes the unsaturated fatty acids in the vegetable oil
to be oxidized and degraded [34].

The minimum concentration required to form an oleogel reflects the gelling ability
of B-amyrin in different types of oils. The temperature during the preparation process
affects the critical concentration required to form an oleogel. At a preparation temperature
of 80 °C (Figure 1b), the critical concentration of f-amyrin for LO-based oleogel is 3%,
while for SO and RO, it is 3.2% and 3.5%, respectively. The highest critical concentration is
observed for CO at 3.7%. With an increase in the preparation temperature, there is an overall
decreasing trend in the critical concentration of gel-forming oil. Consequently, within a
specific temperature range, higher temperatures necessitate lower critical concentrations
for the formation of an oleogel, implying a reduced quantity of gelating agent necessary to
achieve gelation.

The type of oil significantly influences the critical concentration required for the
formation of oleogels. At a preparation temperature of 100 °C, compared to other oil
types, the critical concentration for oleogels formation in RO and CO are reduced to 3.0%
and 3.4%, respectively. LO has the lowest 3-amyrin concentration, with the essential
concentration for a stable oleogel being 2.4%. From 100 °C to 120 °C, the viscous sol-gel
state distribution range rose substantially. Other than for LO, which showed no change, the
other four oils showed a slightly decreasing trend in critical concentration, but LO still had
the lowest gelling concentration and PO and CO had greater critical concentrations. This
result is consistent with the findings of Han et al. [1] and may be attributed to the higher
content of linoleic acid in LO, which has the highest degree of unsaturation. This high
unsaturation level is favorable for 3-amyrin to undergo one-dimensional growth, helix
formation, and twisting, resulting in a more stable and robust three-dimensional network
structure [33,35-37]. On the other hand, CO and PO are rich in short-chain saturated fatty
acids, which overall decrease the ability to bind oils and lower the critical concentration for
gel formation. Therefore, the gel network structure formed by the self-assembly of oils rich
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in long-chain unsaturated fatty acids and $-amyrin in a binary system exhibits enhanced
stability at the appropriate preparation temperature.

4.0
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Figure 1. Gel property analysis of 3-amyrin-based oleogel. (a) The appearance of 4% B-amyrin-based
oleogels at different preparation temperatures; (b) shows the qualitative phase diagram of different
concentrations of 3-amyrin-based oleogel under different oil conditions: liquid (no gelation occurred),
viscous sol (viscous solution, with fluidity), and gel (i.e., free-standing gel).

3.2. Oil Binding Capacity and Hardness Analysis

Hardness and Oil Binding Capacity (OBC) are used to evaluate the ability of oleogels
to achieve structural properties similar to solid fat using a minimal amount of oleogela-
tors, without significantly impacting the sensory characteristics of the product [38]. As
temperature rises, oleogel OBC increases significantly (Figure 2a—c). The network struc-
ture of an oleogel may catch more liquid oil as the temperature rises, increasing OBC.
Figure 2d—f indicates a significant increase in hardness as the preparation temperature rises.
Particularly, at a preparation temperature of 80 °C, the CO-based oleogel, which is rich in
saturated fatty acids, exhibits a low hardness value of 4.35 g. However, at a preparation
temperature of 120 °C, the hardness value of the CO-based oleogel increases to 17.44 g.
In addition, according to Figure S1, it can be concluded that the correlation coefficient
between temperature and hardness values is greater than 0.98, showing a linear positive
correlation. The reason for this could be that as the temperature increases, during the same
cooling process, non-covalent bonds spontaneously assemble into aggregates, increasing
the entanglement of the three-dimensional network formed by (3-amyrin. Therefore, the
flow of liquid oil is restricted, leading to the appearance of solid-like properties.
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Figure 2. Physical stability of oleogels. (a—c) The changes in oil binding capacity values of oleogels
prepared from 4% (-amyrin with LO, SO, RO, PO, and CO at temperatures of 80 °C, 100 °C, and
120 °C for 0, 14, and 28 days. (d—f) Hardness values of oleogels prepared from 4% 3-amyrin with LO,
SO, RO, PO, and CO at 80-120 °C temperatures on days 1, 14, and 28. Different capital letters indicate
significant differences between the same samples at different stor-age times (p < 0.05). Different
lowercase letters indicate significant differences between samples of different oil types for the same
storage time (p < 0.05).

The hardness and OBC of oleogels are both significantly influenced by the unsaturation
and the fatty acid chain length of the oils [32]. At a preparation temperature of 120 °C, the
hardness values of oleogels prepared with LO, SO, and CO are 28.79 g,28.73 g, and 17.44 g,
respectively. The corresponding OBC values are 72.08%, 65.47%, and 59.59%, respectively.
According to Table S1, the oleogel formed by C18:3-dominated LO is more tightly structured
compared to oleogels prepared from other oil types and thus has significantly higher
hardness [39]. This can be attributed to the unique conformation of the C18:3, which
enables it to be more tightly encapsulated within the 3-amyrin network. Additionally, the
presence of polyunsaturated fatty acids promotes chain—chain interactions between the
-amyrin molecules, enhancing the structural and physical stability of the oleogel [4].

On the other hand, the oil type can also affect the physical properties of the oleogel
through polarity differences. According to Table S2, it can be concluded that the total
polar component (TPC) content is higher in LO at 16% [23], while it is only 4% in CO [40].
That finding provides evidence of a positive correlation between TPC and the degree of
oil unsaturation. It may be because oils enriched with higher levels of polar compounds
increase the thermally induced oxidation process, promoting the formation of hydrogen
bonds between the solvent and the oleogelator. This contributes to the structural integrity
of the gel matrix, thereby improving the stability of the textural morphology of the oleogel.

Oil types can affect the storage stability of oleogels. As the storage time increases,
the OBC and hardness exhibit a decline at 80 °C and 100 °C. Notably, the OBC of the
CO-based oleogel decreases significantly, potentially due to its higher content of saturated
fatty acids [41]. At a preparation temperature of 120 °C, the OBC and hardness of the
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LO-based oleogel remain relatively stable as the storage time increases. This finding aligns
with the reported literature, which suggests a positive correlation between the degree of
unsaturation in oils and the stability of oleogel hardness [33,42]. In conclusion, the OBC and
hardness tended to be consistent over a certain storage time, and the fatty crystal network
structure of the oleogel prepared from the long-chain oil type with high unsaturation had
the best mechanical strength and better storage stability.

3.3. Polymorphism of Different Oleogels

The microscopic images of the oleogel were obtained using polarized light microscopy
in Figure 3, aiming to explore the impact of different oil types on the microstructure of the
-amyrin oleogel’s crystal network. As shown in the image, oleogel crystal shape and size
differ at 80 °C. The CO-based oleogel has irregular long needle-like fibrous aggregated
crystals, while the PO-based oleogel has bigger spherical crystals. The RO-based oleogel
has a chrysanthemum shape, and the SO and LO-based oleogels have fine needle-like
aggregated structures like those described by Frolova et al. [33]. Interestingly, at a prepara-
tion temperature of 100 °C, there is a significant alteration in the crystal morphology of
the PO-based oleogel, with a predominant presence of uneven fibrous aggregates. As the
preparation temperature is raised to 120 °C, all of the oleogels, except for the CO-based
oleogel, exhibit similar features in terms of crystal morphology and arrangement. They un-
dergo a transition from relatively dispersed crystals to a dense and uniformly stable crystal
network, with consistent spacing between the crystals. In conclusion, as the preparation
temperature increases, the crystal types of different oleogels transform into needle-like and
fine fibrous structures, with the crystals gradually distributed more uniformly.

Figure 3. Microphotographs of oleogels prepared at different temperature conditions (80 °C,
100 °C, 120 °C). (A1-A3) CO-based oleogel, (B1-B3) PO-based oleogel, (C1-C3) RO-based oleogel,
(D1-D3) SO-based oleogel, (E1-E3) LO-based oleogel. Scale bar: 100 pm.
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Table 1 analyzes the fractal dimension (Db), average length (L), and lacunarity (A)
of microscopic structures in different oleogels, investigating how oil types influence the
uniformity of crystal network distribution in the oleogels. Smaller L-values mean better
OBC of oleogel internal crystals and more oil-binding surface area. Larger Db values allow
for quick nucleation and production of more crystals inside of the oleogel, resulting in
smaller, denser, uniformly distributed crystal clusters that confine more liquid oil to a
denser, more uniform crystal network. When the Db value is smaller and the A value
is larger, crystals tend to aggregate, resulting in wider crystal spacing. This hinders the
connectivity of the crystal network and results in weak interparticle interactions between (3-
amyrin particles [27,43]. Over time, this may decrease the hardness of the oleogel, decrease
the OBC, and lead to phase separation of the oleogel [44,45].

Table 1. Average length fractal dimension (Db), average length (L), and lacunarity (A) of microstruc-
tures in oleogels prepared with different types of oils. Different lowercase letters within the same
column indicate significant differences between samples of different oil types at the same preparation
temperature (p < 0.05). Different uppercase letters within the same column indicate significant
differences between samples of the same oil type at different temperatures (p < 0.05).

Types Temperature (°C) Db L (um) A
80 1.27 £ 0.03 Ca 35.08 £ 1.15 Ad 0.57 £ 0.00 Ab
LO 100 1.38 + 0.05 Ba 30.96 +1.70 Ad 0.25+0.02Bd
120 1.46 +0.02 Aa 21.09 £ 6.56 Bc 0.08 £ 0.00 Cd
80 0.82 £ 0.03 Cc 61.10 +£2.82 Aa 0.86 + 0.02 Aa
CcO 100 0.97 £ 0.04 Bd 52.10 £ 6.52 Aa 0.85 £ 0.01 Aa
120 1.07 +0.02 Ad 50.54 £ 6.14 Aa 0.78 £ 0.03 Ba
80 1.02 £ 0.01 Ca 42.54 +1.21 Ac 0.59 &+ 0.04 Ab
SO 100 1.27 £+ 0.05 Ab 35.05 £ 0.72 Bed 0.36 £ 0.02 Bed
120 1.23 £ 0.12 Bbc 31.23 + 1.28 Bbc 0.13 £ 0.04 Cc
80 1.07 £ 0.04 Bb 45.59 £ 6.96 Abc 0.84 +0.02 Aa
RO 100 1.11 £ 0.02 Ac 41.08 £ 1.55 ABbc 0.45 £ 0.02 Bc
120 1.29 £ 0.06 Ab 30.35 + 5.83 Bbc 0.29 £ 0.03 Cbc
80 0.85 £ 0.04 Bc 50.74 +2.67 Ab 0.86 &+ 0.02 Aa
PO 100 1.06 £ 0.07 Acd 46.89 + 2.34 ABab 0.68 £ 0.08 Bb
120 1.14 £ 0.23 Ac 36.43 + 8.57 Bb 0.28 £0.02 Cb

Based on the results in Table 1, the internal arrangement of crystals in the oleogels is
temperature dependent. As the preparation temperature increases, the Db value increases
gradually, while the A and L values decrease. This can be attributed to variations in the
van der Waals forces between oils and 3-amyrin molecules, resulting in differences in
the size and structure of the 3-amyrin crystals [1]. When comparing oleogels formed by
different oil types at the same preparation temperature, it was observed that the LO-based
oleogel had the smallest A and L and the largest Db value. This can be explained by the
fact that, compared to oleogels prepared with other oils, the LO-based oleogel contains a
higher amount of polyunsaturated fatty acids. This leads to smaller and more uniformly
distributed crystal clusters in the oleogel, making it easier to achieve a stable gel effect.
This further supports the reason for the changes in storage stability results.

Comparing the XRD spectra of 3-amyrin (Figure S2), different oils, and p-amyrin
gels based on various oil types (Figure S3), it is evident that the long-spacing peaks of
f-amyrin diminish or vanish when it is dissolved in different edible oils. This can be
attributed to the rearrangement and recrystallization of 3-amyrin crystals as they aggregate
in the presence of oils. Comparing the oleogel results of different oil types, it was observed
that the amorphous peak areas were similar among the five oleogels in the wide-angle
range (20 > 15°). However, the d-spacing of the oleogels varied, with the LO-based oleogel
having the shortest d-spacing and the CO-based oleogel having the highest d-spacing. The
observed phenomenon may be attributed to the distorted spatial structure of unsaturated
fatty acid molecules in long chains, which affects the electron absorption capacity of
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the carbonyl group. As a result, a higher number of methyl groups exhibit asymmetric
stretching and vibration, leading to the LO-based oleogel having stronger van der Waals
forces and forming a stable oleogel [46]. Crystal morphology analysis revealed that different
oleogels displayed a prominent diffraction peak at 20 = 19.93 (corresponding to a d-spacing
of 442 A—4.6 A). This suggests that the triglycerides in the oleogels primarily adopt a
-form monoclinic subcell structure [29]. It is likely that the interaction between the
triglyceride molecules and dissolved 3-amyrin in the oil induces a modification of the
crystal morphology [47]. By comparing the relative crystallinity (RC) of the oleogels at
different preparation temperatures (Table S2), it is evident that, except for the CO-based
oleogel, which shows insignificant changes in RC, the relative crystallinity of the other
oleogels tends to increase. This observation suggests that the difference in crystallinity is
primarily due to the degree of exposure of alkyl groups in the liquid oil, which may be
related to the spatial structure of the molecules formed through crystal cross-linking and
entanglement during the gelation process [41]. Additionally, at a preparation temperature
of 120 °C, the relative crystallinity of 4 wt% CO (70.87%) and PO (77.85%) is lower compared
to 4 wt% LO (86.91%) and 4 wt% RO (79.21%). This can be attributed to the higher degree
of unsaturation in the liquid oils, resulting in a higher degree of crystallinity, which is in
line with faster crystal growth rates in crystallization kinetics.

In summary, the various characteristic indices reflected by XRD patterns are influenced
by different oil types and preparation temperatures in oleogels. At a certain preparation
temperature, the higher the degree of unsaturation of long-chain fatty acids in different
vegetable oils, the stronger the effect of the bent spatial arrangement, resulting in greater
mechanical strength of the formed oleogels.

3.4. Thermal Behaviour of Oleogels

DSC was used to investigate the thermal behavior of oleogels prepared from different
oil types at various cooling rates. The results from Figure 4 and Table S3 indicate that all
five oleogels exhibited broad melting and crystallization characteristics. When comparing
the Ton values under different crystallization rate conditions, it was observed that both
the melting and crystallization peaks became narrower with increasing temperature rates.
Additionally, the Tm values under melting conditions shifted towards higher temperatures
as the temperature rate increased. This shift is likely due to the rapid melting of crystals
at higher temperature rates, consistent with the findings of Han et al. [1]. Moreover,
oleogels derived from long-chain unsaturated fatty acids have a broad range of dissolution
temperatures. This is attributed to the gradual and continuous transition from a gel to a sol
state, rather than an abrupt transformation.

On the other hand, from the crystallization graph, it can be observed that long-chain
unsaturated fatty acids exhibit a wide range of crystallization peaks with relatively low
peak heights. This is likely due to the 3-amyrin molecules behaving as uniformly dispersed
amorphous entities within the oil. Interestingly, by comparing the AHm (enthalpy of
melting) and AHc (enthalpy of crystallization) values of oleogels from different oil types,
it can be inferred that the thermal stability of oleogels based on LO is poor. This could be
attributed to the potential interactions between minor components and unsaturated fatty acids
present in the oil formulation, which might affect the melting and crystallization processes.

The crystallization process can be further described using the Avrami model. By
fitting the crystallization data to the Avrami model, the values of the Avrami exponent
(n) and apparent rate constant (k) were determined, along with the correlation coefficient
(R). Based on Table 2, the applied model could adequately describe the experimental data
(R? > 0.85), and both the n and k values were influenced by the cooling rate and the
type of oil used. The n reflects a parameter related to the time dependence of nucleation
and the dimensionality of crystal growth. The n for the oleogels ranged from 2 to 4,
indicating a transition from two-dimensional plate-like growth to instantaneous nucleation
and spherical crystal growth for the majority of the crystals. Comparing different oleogels,
the LO-based oleogel shows the highest n value, indicating an increasing trend with longer
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chain length. This suggests a transition from spherical to rod-like crystal growth in this
oleogel. Additionally, the variation in the value of k indicates changes in the crystal growth
rate and nucleation process within the oleogel, resulting in changes in crystal size and
type [24,29]. As the cooling rate increases, the k also increases. Specifically, for the LO-based
oleogel, k increases from 0.03 to 0.07. This implies that, in a single-component system,
samples crystallize faster at higher supercooling temperatures. These results indicate that a
higher content of unsaturated fatty acids in the oil phase promotes the formation of more
and finer crystals. However, the rate of oleogel formation is not directly correlated with the
strength of oleogel formation.
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Figure 4. Melting and crystallization curves of different oleogels at 120 °C preparation temperature.
(a,b) Melting and crystallization curves of LO—based oleogels, CO—based oleogels, SO—based
oleogels, RO—based oleogels, and PO—based oleogels at 10 °C/min. (c¢,d) Melting and crystallization

curves of five different oleogels at 5 °C/min.

Table 2. Modified Avrami model parameters of oleogels formed by different oil types and B-amyrin
as a function of their crystallization cooling rates.

5°C min—1 10 °C min—1
Type n K (min—1) R? n K (min—1) R?
LO 296 £0.13 0.03£0.02 095+£0.02 3.03+047 0.07£0.03 0.98 £ 0.01
CcO 2.75+0.19 ND 0.85+0.02 2.80+£0.02 0.02+0.01 0.8740.00
SO 259 +0.18 0.01£0.00 096=£0.01 2664032 0.03+0.02 0.98+0.01
RO 2794+£0.07 0.02+£000 098+0.02 2974+030 0.02+0.01 097 +£0.02
PO 2.75+0.12 ND 097 £0.01 231+£0.07 0.01£0.01 090%+0.11

3.5. The Rheological Properties of Oloegels

Rheological analysis was conducted on the oleogels to ascertain their relevant proper-
ties. As depicted in Figure 5a, within the LVR region, the storage modulus (G') consistently
exceeds the loss modulus (G”), demonstrating that the oleogel prepared with -amyrin
is predominantly a “solid”-dominant sample. Comparing the LO-based oleogel with the
CO-based oleogel, the LO-based oleogel exhibits a wider linear viscoelastic region. Addi-
tionally, the LO-based oleogel has a higher G’ value, indicating that it possesses greater
strain stability. This suggests that the gel network formed by intermolecular interactions in
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the LO-based oleogel is stronger, leading to the extension of the linear viscoelastic region.
The point at which the transition occurs from the elastic deformation region to the plastic
deformation region, as the strain value increases, is known as the linear yield stress (v0).
For the LO-based oleogel, Y0 is 0.04, while for the CO-based oleogel, it is 0.02 (Table S3).
This indicates that the LO-based oleogel is less susceptible to changes in stress values,
suggesting a stronger gel strength than other oleogels. As the stress values exceed the LVR
range, both the average G’ and G” values decrease, indicating a gradual breakdown of the
gel’s network structure. Once the stress value surpasses the critical stress value (Ac), where
G’ = G”, all samples exhibit elastic softening and viscosity thinning, resulting in a plastic
flow. This is consistent with the results of Figure S4. The Ac values for the LO-based and
CO-based oleogels are 19.95 and 1.26, respectively (Table S3). This suggests that oleogels
formed by oils rich in saturated fatty acids are more prone to fracture under lower strain
conditions [48]. Interestingly, for the CO-based oleogel, the G’ value suddenly decreases un-
der high stress. This suggests that the oleogel exhibits excellent spreadability, making it an
ideal choice for novel edible coatings [49]. In addition, comparing the stress—strain curves
of oleogels prepared from different types of oils reveals that the strain value increases with
an increase in the degree of unsaturation.
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Figure 5. Rheological profiles of oleogels prepared with different oils and 4% p-amyrin under
the preparation condition of 120 °C. (a) Shear strain sweep curve, (b) stress-strain curve, and
(c,d) dynamic frequency sweep plots.

Frequency sweeps (Figure 5c) at a preparation temperature of 120 °C reveal that, except
for the CO-based oleogel, all other oleogels exhibit G’ > G” behavior. At high-frequency
values, there are no crossover points, indicating strong oleogel characteristics. Calculation
using the power-law model (Equation (6)) yields relatively large “a” values and small “b”
values (Table S4), reflecting good deformation stability of the oleogels. The G’ values of
the oleogels remain unaffected by frequency. However, the CO-based oleogel is the only
one showing frequency dependence and a high “b” value, indicating the weakest oleogel
structure. Moreover, computing the loss tangent (tand = G”/G’) can provide additional
evidence for the overall viscoelastic behavior of the oleogels (Figure 5d). At a frequency
of 0.1 Hz, the tand values for the LO-based and CO-based oleogels are 0.099 and 1.23,

respectively. This indicates that a higher degree of unsaturation and a greater content of
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polyunsaturated fatty acids (PUFAs) can enhance the strength of the crystal network within
the oleogel [50]. These findings further support the idea that the internal network of the
oleogels consists of non-covalent interactions, forming a physically crosslinked gel network.
Additionally, the CO-based oleogel exhibits the lowest G’ value, which can be attributed
to the formation of a rod-like crystal structure through the combination of saturated fatty
acids and p-amyrin. This observation aligns with the micrographs of the oleogel and the
relative crystallinity values obtained from XRD analysis (Table S2).

3.6. Correlation Analysis of Oleogels

Through correlation analysis, a deeper understanding of the influence of different oil
types on the characteristics of oleogels can be gained. From the perspective of fatty acids,
C18:3 shows a positive correlation with OBC (R = 0.97), RC (R = 0.83), and G’ (R = 0.92).
Additionally, the increase in hardness, OBC, RC, and G’ value is positively correlated with
the degree of lipid unsaturation (Figure 6). On the other hand, C12:0 exhibits a negative
correlation with AHm (R = —0.98) and hardness (R = 0.71). This result indicates that
oleogels prepared from longer-chain and highly unsaturated oils exhibit higher strength,
whereas oleogels prepared from oils with shorter chains and higher saturation levels
have lower strength. The potential reason is that an LO-based oleogel rich in long-chain
and unsaturated fatty acids can facilitate interactions between 3-amyrin particles [45].
Simultaneously, the result implies that oleogels with higher rheological properties exhibit
strong gel strength, characterized by high stability and a solid texture [51]. On the other
hand, there is a strong negative correlation between L and RC (R = —0.94), OBC (R = —0.81),
and hardness (R = —0.89). Conversely, L shows a positive correlation with A (R = 0.94).
These findings suggest that crystal size plays a role in influencing the ability of 3-amyrin
to bind liquid oil, thereby impacting the texture of the oleogel. An increase in the void
fraction is associated with a larger crystal size in the oleogel. The negative correlation
between crystal size and gel strength in oleogels has been substantiated in various research
studies [33].
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Figure 6. Correlation plots of key parameters (blue indicates negative correlation, red indicates
positive correlation).
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4. Conclusions

This study represents the first utilization of 3-amyrin as a gelator to construct plant
oil-based oleogels, demonstrating the feasibility of using 3-amyrin alone as a gelator.
Additionally, we investigated the physicochemical properties of 3-amyrin-based oleogels
prepared at different temperatures and with different oil types, aiming to evaluate the
influence of oil type and preparation temperature on gel characteristics. The results revealed
that 3-amyrin has the capability to impart specific structure to oils and form oleogels, with
a critical concentration as low as 2-4%. The gel properties were found to be influenced
by the preparation temperature as well as the chain length and degree of unsaturation of
the lipids. Especially at higher suitable preparation temperatures, lipids with longer-chain
unsaturated fatty acids can form stable oleogels when combined with -amyrin. Through
polarized light microscopy, storage stability, physical properties, and rheological results, it
is evident that LO-based oleogels exhibit small and dense 3-amyrin crystals, resulting in
the highest gel strength and stronger storage stability. In contrast, in CO-based oleogels,
crystal aggregation leads to weaker gel strength and poorer stability. Correlation analysis
indicates a positive correlation between C18:3 and hardness, OBC, and G/, while C12:0
shows a negative correlation with G’. These findings hold promising practical applications
as they allow for the design of stable organic oleogels with varying mechanical properties
by modifying the preparation conditions and lipid types. This provides the latest insights
for the utilization of pentacyclic triterpenes as bioactive compounds in food applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods13060876/s1, Figure S1: Relationship between hardness
and preparation temperature, Figure S2: XRD pattern of -amyrin, Figure S3: XRD patterns of
oleogels. (A) XRD patterns of different edible oils, (B-D) prepa-ration temperatures of 80 °C, 100 °C
and 120 °C respectively, Figure S4: Viscosity profiles of 3-amyrin-based oleogels prepared with
different oil types; Table S1: FO, CO, SO, RO, PO (g/100 g) Major fatty acid composition and
total polar fraction (TPC%), Table S2: Relative crystallinity (%) of oleogels at different preparation
temperatures, Table S3: Thermal behavioral characteristics of oleogels prepared with different oil
types with 4% (-amyrin, Table S4: Physical properties of the oleogels. Including linear ultimate stress
(v0), supercritical strain values (Ac, stress values for G’ = G”), and (G’ = a wb) under the power-law
exponent where a(Pa-b) and b are dimensionless flow behavior exponent.
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Abstract: In Africa, the number of children under 5 years old who suffer from stunting and wasting
are, respectively, 61.4 and 12.1 million, and to manage situations like these, emergency food products
like RUTF and RUSF (ready-to-use therapeutic/supplementary food) are very useful. The aim
of this study was to develop an RUSF biscuit using the low-cost food resources usually present
in Sub-Saharan Africa (Burundi and the DRCongo in our case study); we conducted chemical
characterization, nutritional evaluation, and a stability trial simulating the usual storage conditions
in a rural context to demonstrate that RUSF can be functional also using low-cost ingredients and
a simple method of production. The obtained recipes showed good potential in supplying protein
integration—17.81% (BUR) and 16.77% (CON) (% as food) were the protein contents—and the
protein digestibility values were very high (BUR: 91.72%; CON: 92.01%). Moreover, 30% of the daily
requirement was achieved with less than 50 g of both recipes in all the considered ages. Finally, a
good shelf-life was demonstrated during the 35-day testing period at 30 °C, considering moisture,
texture, and lipid oxidation evolution. Recipes like these, with appropriate changes, could be very
useful in all contexts where child malnutrition is a serious problem.

Keywords: child malnutrition; RUSF; protein biscuit; food security; low-income countries;
low-cost integration

1. Introduction

Malnutrition is one of the biggest problems in low-income countries. A total of 45% of
the 5.9 million deaths of children under 5 years worldwide can be linked to undernutrition,
which is often connected in turn to other causes like infections and parasitosis [1]. The risk
of death for a malnourished child is 11 times higher than for a well-nourished child [2]. It
is known that malnutrition compromises not only physical development, but also men-
tal/brain development, which is fundamental for the integral development of any human
being [3]. For this reason, Black et al. [4] consider the problem of child malnutrition in
developing countries not just related to mortality, but particularly to the negative influence
on their development, especially regarding the brain; therefore, malnutrition in the first
few years of life affects cognitive development, as well as motor and social-emotional
development [5]. Other effects of undernutrition, in the longer term, include mental illness,
hypertension, diabetes, and impaired working capacity, with consequences for individual
health and the standard of living of the affected individuals throughout their life [6,7].

Malnutrition is often linked to household food insecurity (HFI) [8], which is defined
as the lack of physical, social, and economic access to sufficient, safe, and nutritious food to
meet the needs and food preferences for an active and healthy life [9].
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The problem of HFI, despite some improvements, continues to be very worrying,
overall, in Africa. In fact, the FAO declared that three-quarters of the population in Africa
do not have access to a healthy diet in which appropriate quantities of all needed nutrients
are supplied [10]. Moreover, their diets are characterized by monotony and a lack of food
rich in nutrients, which are particularly critical for children [11]. In fact, UNICEF et al. [12]
indicated that 6.7% (45.4 million) of children under five years old suffer from wasting, and
22% (149.6 million) of them suffer from stunting globally.

Stunting is a result of malnutrition indicated by a low height-for-age (HAZ) level;
wasting, on the other hand, is indicated by a low weight-for-height (WHZ) level; and,
lastly, severe acute malnutrition (SAM) is a type of malnutrition defined by the WHO
and UNICEEF [13] as causing at least one of the following: a low WHZ, a mid-upper arm
circumference of < 115 mm, or clinical signs of bilateral oedema.

On the African continent, the number of children under five years old that suffer
from wasting and stunting are, respectively, 12.1 million and 64.1 million, with 3.1 million
that suffer from SAM. Considering Burundi, the percentages for stunting and wasting in
the same category of children are 57.6% and 4.8%; in the Democratic Republic of Congo
(DRCongo), stunting affects 40.8% of children, with a wasting percentage of 6.4%. These
numbers are particularly worrying if the critical levels (very high) for children in a popula-
tion are considered: 30% for stunting (40% for alarming) and 15% for wasting (medium:
5-10%, low: 2.5-5%) [12].

To manage situations like those already described, it is appositely thought that high-
energy and high-nutrient foods can be a good help. Emergency food products, to be useful,
must be ready without preparation requirements when consumed, have a long shelf-life, be
easy to distribute everywhere, and, obviously, have high energy and nutrient contents [14];
they must also cover the nutritional needs of different ages, supplying energy content as
protein (10-15%), as fat (35-45%), and as carbohydrates (40-50%) [15]. For these reasons,
depending on the different situations, ready-to-use nutritional food (RUF) can be divided
into ready-to-use therapeutic food (RUTF) and ready-to-use supplementary food (RUSF):
the first supplies all of the energy and nutrients necessary for malnourished people’s
growth to rapidly catch up; the second supplies only part of a proper diet [16,17]. The
classic example of RUTF is Plumpy’Nut, a paste composed of peanut flour, sugar, plant
fat, and milk powder and enriched with minerals and vitamins [18]. RUSF products are
very diverse, and often they are also made with some local food sources, particularly those
rich in protein and fat with relatively lower costs [19]. For example, a bread enriched with
different concentrations of oyster mushroom powder (Pleurotus plumonarius), a rich source
of high-quality proteins and essential amino acids, was developed in Nigeria by Okafor
et al. [20]. Agrahar et al. [21] evaluated the enrichment with chickpea flour of the recipe
for laddoo, a traditional lemon-sized ball-shaped sweet composed of roasted cereal or
legume flour, fat, and sugar, which is very well accepted by people in India and the Middle
East. A very common shape to present a therapeutic or supplementary food in is that of a
biscuit, since this food shape is easy to be appreciated and consumed by children [22]. High-
energy biscuits (HEBs) are very well documented as supplements (because they can easily
have protein-rich ingredients and vitamin-mineral premixes added in the formulation) for
emergency feeding programs in situations of nutritional deficiencies or a lack of access to
basic facilities [23]. The WHO [24] developed the BP-100 biscuit, a milk-based RUTF used
by humanitarian agencies and governmental and non-governmental organizations to treat
SAM in any cultural setting. Varghese and Srivastav [25] developed a low-cost, high-energy,
and nutritious cookie (RUSF) prepared with soy protein isolate, moringa powder, roasted
jackfruit seed powder, and a vitamin—mineral premix with the aim of satisfying 30% of the
Recommended Dietary Allowance (RDA) requirement for undernourished adolescents in
India. A comparison with Plumpy’Nut and two cookies prepared with peanuts, pistachios,
maize, and moringa was carried out in Benin for protein and mineral content by Kouton
et al. [26]. A study conducted by Fetriyuna et al. [27] evaluated the introduction of peanut
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into some RUSF biscuits as a protein and lipid source, in conjunction with mung bean, taro
flour, and banana nagka.

The objective of this study was to develop an RUSEF, using the relatively low-cost
food resources that are readily available in Sub-Saharan Africa, with particular focus on
Burundi and the Democratic Republic of Congo. In this context, Project C3S (Production of
Appropriate Food: Sufficient, Safe and Sustainable), promoted by Universita Cattolica del
Sacro Cuore (Piacenza), has established pilot centers with the aim of fostering agricultural,
technological, and nutritional progress in rural communities of low-income countries.

The initial recipes were developed based on a previous study [28], where three proto-
types, with the same objective as this paper, were prepared and characterized. The protein
content (12-13%) was deemed insufficiently high, and thus, in the new recipe of the current
study, only whole chicken eggs and peanut flour were retained as essential ingredients.
The incorporation of raw soy flour and Niebe flour (Vigna unguiculata) was driven by the
necessity of enhancing the protein content, while the substitution of sunflower seed oil
with palm oil in both recipes and the elimination of wheat flour in the DRCongo recipe
were implemented in order to reduce costs. The newly developed biscuits (one for Bu-
rundi, and one for the DRCongo) were characterized for their chemical and nutritional
composition and tested for stability (with reference to moisture and peroxide content, and
texture), simulating typical storage conditions in the target rural context. The new RUSFs
are designed to have an impact on children’s nutrition (1-10 years), taking into account
their consumption possibilities and the local diets, as well as to be low-cost. The concept
has significant potential, contingent upon the implementation of appropriate alterations to
the ingredients, in contexts characterized by poverty and rurality where a low-cost RUSF is
a necessity for children’s nutritional support, provided that the aforementioned trials in
the countries cited above are successful.

2. Materials and Methods
2.1. Experimental Plan

The development of the RUSF biscuits included the following steps.

Ingredient selection and preparation.

Recipe development, with “La Nuova Dieta Ragionata—2003 (3.6.0)” software.
Biscuit preparation.

Chemical characterization and nutritional evaluation of two final prototypes.
Sample production of two final prototypes for shelf-life trial.

Monitoring time evolution for moisture, peroxide content, and texture.
Evaluation of economic aspects.

2.2. Ingredient Selection and Preparation

All the ingredients were sourced from the ethnic market of Piacenza (Italy), with
particular attention paid to their availability in Burundi and the DRCongo, particularly in
the areas where Project C3S has active projects. Additionally, their costs and traditional
varieties and uses were considered. This information was obtained from numerous lo-
cal informal dietary questionnaires (which do not require ethical approval) within the
project [29] (Table 1). Soy flour and Niebe flour (Vigna unguiculata) were prepared by
milling the raw grains in “Model 4—Laboratory Mill—Thomas—Wiley” to a particle size
of 2 mm.
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Table 1. Brand of selected ingredients and their prices (USD/kg) in Burundi and DRCongo (April

2021).

Product Brand (In Piacenza Market) Price Burundi (USD/kg) Price DRCongo (USD/kg)
Whole chicken egg Terra (Lidl) 2.80 2.93
Raw soy seeds Calleris 0.73 0.66
Raw Niebe (Vigna unguiculata) Calleris 0.67 0.43
Peanut flour Kava Foods 1.90 0.58
Rice flour Adea 0.84 1.08
Wheat flour (type 1) Cerealpuglia 0.73 2.00
Brown sugar Tate & Lyle Demerara 0.88 1.40
Palm oil Blue Bay 091 1.00
Baking powder Paneangeli 1.48 2.11

2.3. Recipe Development and Preparation

Using “La Nuova Dieta Ragionata—2003”, a professional software for dieticians,
an evaluation was conducted in accordance with Mourey [30] for data pertaining to the
nutritional requirements of children. The software database was utilized to assess the
chemical characteristics of ingredients, except for Niebe chemical characteristics, which
were assessed through laboratory analysis. This evaluation led to the conclusion that a
recipe with a protein content of at least 16% and a fat content of the same percentage should
be included in the composition of the food. In order to adhere to the aforementioned
requirements while maintaining a low price, certain ingredients were substituted, added,
or omitted in comparison to the Reggi [28] recipe. Sorghum flour, sweet potato flour,
egg yolk, and wheat flour (the latter only present in the DRCongo recipe) were removed.
Sunflower seed oil was substituted with palm oil, and raw soy flour and raw Niebe flour
were incorporated. In accordance with the aforementioned requirements and utilizing
the software, a series of preliminary recipes were devised and subjected to evaluation
in order to ascertain the optimal combination of taste and texture. The preparation of
prototypes involved the formation of dough through the manual kneading of the dry and
wet ingredients for a period of 5 min. Subsequently, the biscuits were shaped (diameter:
3 cm, height: 0.5 cm) and baked in a convection oven (180 °C for 11 min), resulting in
biscuits with an approximate weight of 7.1 g each. According to the results of all evaluations,
two final biscuits were obtained, one for Burundi and one for the DRCongo (Table 2).

Table 2. Composition of biscuits for Burundi and DRCongo (% of wet matter).

Ingredients BUR (Burundi) CON (DRCongo)
Whole chicken egg 20 22
Raw soy flour 13 10
Niebe flour 10 15
Peanut flour 16 20
Rice flour 10 10
Wheat flour (type 1) 8 -
Brown sugar 15 15
Palm oil 6 6
Baking powder 2 2

2.4. Chemical and Nutritional Characterization

The proximate composition analyses of the two final prototypes were conducted
using the following methods: AOAC Official Method 942.05 for ashes, Method ISO 712 for
dry matter, AOAC Official Method 920.29 for ether extract (fat), AOAC Official Method
996.11 (using dosage kit K-TSTA, Megazyme International, Bray, Ireland) for starch, AOAC
Official Method 2009.01 for fiber, AOAC Official Method 990.03 for proteins, and the
method described by Directive 71/250/EEC, 15/6/1971, for reducing sugars [31-33]. For
the nutritional characterization, the following methods were employed, respectively, for
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protein digestibility and urease activity: AOAC Official Method 971.09 and Directive
71/250/EEC, 15/6/1971 [31,33]. Once the quantity of biscuits required to fulfill 30% of
the protein requirement for children aged between 1 and 10 years had been estimated, the
software “La Nuova Dieta Ragionata—2003"” was employed, utilizing the requirements
suggested by Mourey [30], for a theoretical evaluation of the biscuits” potential to meet the
vitamin A, Fe, and Zn requirements.

2.5. Shelf-Life Trial

In order to assess the quality stability of the two biscuits under standard climate
conditions, a room-temperature storage test was conducted in Burundi and the DRC using
a simple plastic bag packaging. For both recipes, 6 samples of biscuits packed in plastic
(PE) lab bags closed with rubber bands were stored in a thermostat at 30 °C in darkness
and analyzed at time 0 and after 7, 14, 21, 28, and 35 days. At each time, the biscuits were
analyzed for their shelf-life in terms of moisture and peroxide contents, as well as their
texture. The moisture content was analyzed using the ISO 712 method [32], following
milling with a kitchen mixer. The peroxide content of the fat extracted was evaluated using
the method described by Calligaris et al. [34], in accordance with the procedure described
in Annex III to Regulation 2568/91/EEC [35]. The peroxide contents are reported as meq
O, /kg oil. The texture of the biscuits was evaluated according to the method described by
Kaur et al. [36], utilizing the Texture Analyzer TVT 6700 with the following settings: height
of sample—10 mm, starting distance between sensor and sample—5 mm, starting speed—
1 mm/s, test speed—3 mm/s, starting force—50 g, data rate—333 pps. Two parameters
were evaluated for texture: hardness (g strength) and fracturability (mm).

2.6. Data Analysis

The data for chemical and nutritional parameters (average of triplicate analyses) were
compared using the Student test, while the data for stability were compared by ANOVA,
with the influence of time and recipe factors also analyzed. Tukey test was employed for
post hoc analysis to differentiate the averages. All analyses were conducted using IBM
SPSS Statistics (Version 25, SPSS Inc., Chicago, IL, USA). GraphPad Prism 8.0.1 was used
for the shelf-life graphs. The results are presented as mean values =+ sd, p < 0.05.

3. Results
3.1. Chemical and Nutritional Characterization

The results presented in Table 3 indicate no significant differences between the two
recipes with regard to all the parameters. Moreover, it can be observed that a relatively
high content of protein (17.81 and 16.77) and fat (19.69 and 20.06) was achieved. The urease
activity was found to be very low for both biscuit samples.

Table 3. Proximate composition (% as food), protein digestibility (%), and urease (mg N /g min at
30 °C) of the experimental biscuits. Values reported as mean =+ sd.

Nutrients BUR CON
Dry matter 94.35 4+ 0.05 94.17 4+ 0.02
Ash 3.06 4 0.002 3.05 4 0.004
Protein 17.81 + 0.03 16.77 £0.12
Fat 19.69 £ 0.04 20.06 + 0.02
Starch 26.37 + 0.06 22.16 + 0.01
Fiber 6.63 £ 0.04 6.95 £+ 0.02
Soluble fiber 1.56 + 0.05 1.11 +£0.02
Insoluble fiber 5.07 £ 0.01 5.84 + 0.04
Redox sugars 0.19 £+ 0.02 0.34 £+ 0.03
Protein digestibility 91.72 + 0.01 92.01 4+ 0.03
Urease 0.028 4 0.003 0.020 4 0.001
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The weight of a single biscuit is 7.1 £ 0.1 g, and the mass of biscuits needed to cover

30% of daily protein is shown in Table 4.

Table 4. Biscuit weight needed to cover 30% of the daily protein requirement for children 1 to 10 years
old (as defined by Mourey [30]).

. , Protein BUR BUR CON CON
Children’s Age Requirement (g/d) (e/d) (Number of (e/d) (Number of
1 & & Biscuits) Biscuits)
1-2 years 43 24.14 3.44 25.64 3.61
2-3 years 458 25.72 3.62 27.31 3.85
3—4 years 5.39 30.26 4.31 32.14 4.53
4-5 years 5.24 29.42 414 31.25 44
5-6 years 6.27 35.20 4.96 37.39 5.27
6-7 years 6.21 34.87 491 37.03 5.22
7-10 years 8.18 4593 6.47 4878 6.87
Table 5 shows the calculated fulfilment of some micronutrients, according to the daily
intake of biscuits.
Table 5. Calculated fulfilment of micronutrients (vitamin A, Zn, Fe) by the biscuit amounts shown
in Table 4 (requirements by Mourey [30]; micronutrients supplied by “La Nuova Dieta Ragionata—
2003").
Children’s Vit. A Needs Vit. A Covered (%) Zn Needs Zn Covered (%) Fe Needs Fe Covered (%)
Age (ug/Day) BUR CON (mg/Day) BUR CON (mg/Day) BUR CON
1-3 years 400 6.19 7.19 4 16 17.75 39 24.61 27.95
4-6 years 400 7.67 8.94 6 13.16 14.66 4.2 28.33 32.14
7-10 years 500 8.51 9.9 7 15.57 17.43 59 27.96 31.69

3.2. Economic Considerations

In terms of economic considerations, it is essential to recognize that the analysis
presented here has solely focused on the quantity and the retail price/kg of individual
ingredients utilized in two recipes, without an evaluation of all the other production costs
(machineries, energy, staff, and packaging) and the possible weight loss or processing
waste. Subsequently, the prices of the ingredients were collected during the study (April
2021), and the production costs associated with the ingredients purchased were calculated
and compared for the two biscuits in both countries. In Burundi, the cost of ingredients
for the recipes was found to be 1.471 USD/kg and 1.386 USD/kg, and in the DRCongo
1.312 USD/kg and 1.388 USD/kg, respectively. However, the cost of the two biscuits would
be slightly higher in Burundi, with a difference between the two recipes. In Burundi, BUR
would be the cheapest (—5.78%), while in the DRCongo it would be the most expensive
(+5.48%).

3.3. Shelf-Life Trials

With regard to moisture content (Figure 1), the two recipes demonstrated no significant
differences over the entire duration of the study, with the same storage times. There were
no relevant differences within the same recipe in terms of evolution over time. The sole
exception was observed at 21 days for both samples. However, this discrepancy is likely
due to a packaging issue with the PE bags used for the 21-day samples.

It can be reasonably assumed that the closure problem also affects the peroxide
content (Figure 2), which shows a faster oxidation for BUR compared with CON. In fact,
the BUR samples exhibited an increase between 14 and 21 days, while the CON samples
demonstrated a similar increase but between 28 and 35 days. Nevertheless, the peroxide

153



Foods 2024, 13, 1614

values for BUR remained consistently low, suggesting that this trend could be considered
almost constant with an oxidation level slightly lower than that of CON.

moisture

— BUR

— CON

Time: p-value <0.001
Recipe: p-value = 0.651
Time x Recipe: p-value =0.280

% as food
o =~ NN W B~ 01 OO ~N oo

| | | | | |
0 7 14 21 28 35

days (30°C)

Figure 1. Behavior of moisture content for both recipes during shelf-life trial. a, ab, c—significant
differences in the same recipe are indicated with these different letters.

peroxides

— BUR

—— CON

Time: p-value = 0.002
Recipe: p-value = 0.447
Time x Recipe: p-value =0.002

meq O5/kg oil

0 I I I I I
0 1 14 21 28 35
days (30°C)

Figure 2. Behavior of peroxide content for both recipes during shelf-life trial. *, a, b—significant

differences in the same recipe are indicated with different letters, and significant differences between
recipes are indicated with *.
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The texture analysis yielded two distinct parameters: fracturability (Figure 3) and
hardness (Figure 4). The fracturability did not significantly vary between the two recipes
throughout the entirety of the trial period, aligning with the observed trend in moisture
content. In contrast, a significant difference was observed between the two biscuits, with a
lower fracturability (higher value in mm run by the sensor before breaking) for BUR than
for CON. Concordant trends were observed for the hardness, with constant values over

time and higher values for BUR.

fracturability
1.5

0.0 I I I I I
0 7 14 21 28 35

days (30°C)

Figure 3. Trends of fracturability for both recipes during shelf-life trial. Significant differences

between recipes are indicated with *.

— BUR
—— CON

Time: p-value = 0.048
Recipe: p-value <0.001
Time x Recipe: p-value = 0.553

hardness
8000+
—— BUR
— CON
6000 hl*
§ I e a*r- lue = 0,033
¢ 4000- Rlen:ie;e:p-;‘;-a\lzleu;<.0.001
1) 1 | Time x Recipe: p-value = 0.066
o))
2000+
0 I I I I I
0 7 14 21 28 35
days (30°C)

Figure 4. Trends of hardness for both recipes during shelf-life trial. ¥, a, b—significant differences in
the same recipe are indicated with different letters, and significant differences between recipes are

indicated with *.
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4. Discussion

The age group most affected by malnutrition, defined as a lack of proper foods
(and thus nutrients), is 3-5 years old. During this period, children require more specific
dietary components than at other ages, while often, in the Sub-Saharan Africa context, the
weaning transition due to slow digestive tract adaptation and the lack of available baby
foods can result in inadequate nutrition. Such deficiencies in childhood can have adverse
consequences, including an increased incidence of infections; developmental impairment,
particularly in the brain and cognitive functions; a heightened risk of poor academic and
future occupational performance; and an elevated prevalence of chronic diseases [37]. In
an attempt to address the issue of malnutrition, many different therapeutic foods have
been developed. One such example is Plumpy’Nut, which is currently being used for child
nutrition care in a significant number of developing countries [18]. However, this type of
product has certain limitations. Its availability and subsequent distribution are irregular,
which hampers a good nutritional recovery process. Furthermore, its characteristics do not
align with the typical eating habits of the population, increasing the risk of rejection [38].
One potential solution could be the use of RUSF and RUTF prepared with local available
ingredients [26]. This, in fact, can stimulate local economies and increase sustainability,
which also has a more beneficial social impact [39], like the possibility of household
production and selling preventive food in local markets [40].

In light of the aforementioned considerations, the selected ingredients for the two
biscuit recipes are the best compromise between cost effectiveness and nutritional value.
The objective is to produce a biscuit that is both rich in nutrients and affordable, with the
aim of providing 30% of the daily protein requirement for children. The cost of RUSF and
RUTF represents a significant challenge for their availability in low-income countries [41].
For these reasons, milk and other dairy products, and their protein supply, were replaced
with the use of egg, soy flour, Niebe flour, and peanut flour. Milk powder represents
the most expensive ingredient used in BP-100 [25], a conclusion that was also reached by
Sandige et al. [42] and Dibari et al. [43].

Our economic evaluation demonstrates that two distinct recipes are necessary to main-
tain the lowest possible cost in Burundi and the DRCongo. For instance, the incorporation
of wheat flour into the DRCongo recipe would have increased the cost by 5.48%.

Our nutritional evaluation of the biscuits has confirmed the possibility of producing
an RUSF suitable to meet 30% of the daily protein requirement with a daily biscuit portion
of a maximum of 50 g. This quantity is low enough to be easily consumed and at an
affordable cost, allowing the biscuits to be used as a convenient snack between normal
meals consumed throughout the day [16,17].

With regard to macronutrients, the BUR and CON biscuits exhibited protein contents
of 17.81% and 16.77%, respectively, which were both higher than those of Plumpy’Nut
(16.35% [26]) and BP-100 (12.3% [25]), two of the most prevalent and utilized RUFs in low-
income countries. This is also true of the biscuits produced by Varghese and Srivastav [25]
(13.46%) and Kouton et al. [26] (16.18%; 16.12%). Our driving criterion was the use of
low-cost ingredients to enhance the protein content, while also considering the amino
acid composition of soy and egg, which is regarded as highly beneficial. The Biological
Value (BV) and Protein Digestibility-Corrected Amino Acid Score (PDCAAS) of these two
products are, respectively, 100 and 1.00 for egg, and 74 and 1.00 for soy [44].

In terms of fat content, the values for BUR and CON (19.69%; 20.06%) were lower
than those observed in BP-100 (24.8%), cookies (25.97%) developed by Varghese and Srivas-
tav [25], and T1 and T2 (respectively, 37.35% and 43.25%) developed by Kouton et al. [26].
In any case, the fat content of our two prototypes is clearly above the 12% of fat defined
as standard for high-energy biscuits by USAID [45]. The high lipid values in the recipes
are intended to satisfy dietary needs, particularly those pertaining to polyunsaturated
fatty acid, given the paucity of such nutrients in routine diets. The relatively low values
observed in BUR and CON can be justified by their supportive and non-therapeutic nature.
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With regard to the fiber content, the two recipes are distinguished by a remarkably
high level of fiber (BUR: 6.63%; CON: 6.95%), which is above the standard maximum
defined by USAID [45] for high-energy biscuits (2.3%). This outcome can be attributed to
the incorporation of pulse ingredients in the recipes.

With regard to the ash content (BUR: 3.06%; CON: 3.05%), both biscuits exhibited
a slightly lower level than the minimum (3.5%) recommended by USAID [45], but this
discrepancy can be attributed to the absence of additional minerals not readily available in
local markets. The ash content of the two recipes is also lower in comparison with the three
biscuits based on mushroom powder (3.51%; 3.89%; 4.23%) of Cornelia and Chandra [14].

The analysis of urease activity revealed values of, respectively, 0.028 (BUR) and
0.02 (CON) mg N/g min at 30 °C, which are ten times lower than the limit defined as
0.23 mg N/g min 30 °C [46]. This evidence demonstrates the capacity of biscuit baking to
denature antinutritional factors, such as trypsin inhibitors [47], which are often present in
legumes.

The protein digestibility of the biscuits was found to be very high (BUR: 91.72%;
CON: 92.01%), which is a significant advantage in terms of suitability for feeding malnour-
ished children.

With regard to the estimated micronutrient content, the two prototypes were not
comparable with the similar products presented by Varghese and Srivastav [25] or Fetriyuna
et al. [27], who used vitamin and mineral premix in the formulation. It is evident that
the two biscuits are unable to fulfil the daily requirements of vitamin A, Zn, and iron for
the different age groups. In fact, they can only cover 6-10% of the vitamin A daily need,
13-18% of the Zn daily need, and 25-32% of the Fe daily need. A comparison of the two
recipes revealed that CON is the richest one in terms of micronutrients.

With regard to the stability trial, the moisture content of both prototypes remained
almost constant, without significant increase, throughout the 35-day period at 30 °C. There
were also no significant differences between the two recipes. A comparison with Romani
et al. [48] reveals a comparable trend in the temporal evolution of moisture content at
similar temperatures, although the data indicate a higher level (3.9-4.1%) in BUR and
CON. The humidity in the prototypes also remained below the maximum levels defined by
USAID [45] for high-energy biscuits (4.5%), as well as the levels observed in six prototypes
created by Beshir et al. [49] with lupin flour (5.32%; 5.50%; 6.38%; 5.75%; 5.44%; 5.37%).

With regard to the peroxide content, the closure problem influenced the trends for the
two prototypes, which demonstrated a discernible difference in the rate of lipidic oxidation.
This was evidenced by the fact that BUR reached a level higher than 10 Meq O, /kg oil at a
faster rate than CON, which is considered the starting point for an increase in consumer
rejection of similar baking products by Calligaris et al. [34,50]. The latter study [50] defines
the rejection area for 70% of the consumers as being between 13.7 and 19.7 Meq O, /kg
oil, which are levels that were never achieved by the two biscuits during the course of
the study. In addition, a comparison with Romani et al. [48] indicates that the maximum
peroxide levels in BUR and CON are lower than the maximum levels achieved in similar
products tested by these authors (14 Meq O, /kg oil).

The final parameter analyzed to assess the product shelf-life was the texture. Two
parameters were identified that permit a more detailed explanation of the texture profile:
hardness, expressed in g strength, and fracturability, expressed in mm walked by the sensor
from minimum to maximum strength (hence, a higher mm indicates a lower fracturability).
During the aforementioned period, neither of these two texture parameters exhibited
any significant change in either biscuit. However, BUR was found to be harder and,
correspondingly, less fracturable than CON. This difference, which does not affect the
perception of palatability, can be attributed to the inclusion, in the first prototype, of wheat
flour, which represents the sole significant difference between the two formulations. The
formation of the gluten network can significantly contribute to the hardness of the biscuit.
Similar results were obtained by Lages Rodrigues et al. [51], who conducted a similar
texture trial.
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5. Conclusions

The two biscuit recipes developed for a low-cost ready-to-use supplementary food
(RUSF) in the areas followed by Project C3S of Universita Cattolica del Sacro Cuore (Piacenza)
demonstrate promising results in terms of protein and lipidic integration for the prevention
and care of malnutrition in children. The shelf-life test demonstrated that biscuits packaged
in a simple PE plastic bag would remain stable for up to 35 days at 30 °C, a temperature
compatible with the environmental conditions of Sub-Saharan Africa. The biscuits can be
produced with an accessible recipe and with locally available, affordable ingredients, allowing
for straightforward distribution, consumption, and further household production in the event
that the context does not permit the establishment of industrial facilities.

The subsequent stage of research may entail a feeding trial, with the objective of
evaluating the impact of these products on malnourished children.
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Abstract: Along the food production chain of animal, fish, and vegetable products, a huge amount of
by-products are generated every year. Major nutritional, financial, and environmental advantages can
be achieved by transforming them into functional ingredients for food formulation and fortification.
In this review, we investigated various conventional and emerging treatments recently employed
to obtain functional ingredients rich in proteins, fibers, and bioactive compounds from vegetables,
fish, meat, and dairy by-products. The optimal enrichment level in food as well as the nutritional,
techno-functional, and sensory properties of the final food were also discussed. Novel technologies
such as ultrasounds, microwaves, and high pressure have been successfully adopted to enhance the
extraction of target compounds. The functional ingredients, added both in liquid or powder form,
were able to improve the nutritional quality and antioxidant potential of food, although high levels
of fortification may cause undesired changes in texture and flavor. This review provides important
considerations for further industrial scale-up.

Keywords: animal; fish; vegetables; fruit; waste; loss; antioxidants; phenolics; functional foods

1. Introduction

One component of the Green Deal that concentrates on the food system is the Farm to
Fork approach, which employs the circular economy model to increase the sustainability
of food production. Improving the utilization of food waste, surplus, and by-products
within the framework of food supply chains would be necessary to close the loops cre-
ated [1]. Ultimately, three-quarters of edible food meant for human consumption is lost
or wasted annually worldwide within the production and supply chain, amounting to
around 1.3 billion tons [2]. These losses result from the entire food value chain, which
starts with harvesting and continues through postharvest, industrial, and commercial
processing before ending with consumer consumption. Additionally, by-products of food
processing that are side streams obtained after target products are produced throughout all
food production sectors also count as food losses [3]. Food processes such as vegetable oil
extraction, starch, juice, and sugar production and fish and meat processing, resulting in
animal waste side streams such as bones, offal, and hides, and whey protein from cheese
processing generate waste or by-products at extremely intriguing volumes. A large portion
of these products is typically thrown out during processing or traditionally used as compost
or animal feed [4]. More recently, however, there has been investigation into their potential
as alternate energy sources [5].

Currently, utilizing by-products for food fortification has emerged as a substitute
strategy. Specifically, when food processing by-products contain significant amounts of
favorable and valuable compounds like proteins, vitamins, minerals, fiber, and essential
fatty acids, they can be applied in the food and pharmaceutical industry, thereby increasing
their potential to be included in the human diet [5,6]. In addition, it is anticipated that
the human population will grow by 2050, highlighting the need to create a sufficient
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food supply to ensure that food production will be possible in the future [7]. Efficient
by-product usage has garnered significant attention in recent times due to its potential to
improve sustainability, reduce waste disposal, and generate value-added goods for the
food sector [8]. By-products from fruits and vegetables, for instance, are known to have a
significant quantity of dietary fiber and bioactive components with significant biologically
active components like phenolic and antioxidant compounds [6]. Likewise, the by-products
of meat and dairy processing can provide valuable substances such as proteins, lipids,
chitin, collagen, and whey proteins that can be used for food fortification [9,10]. While
there has been previous discussion on the use of fish by-products in food fortification, there
has not been much recent discussion about the relationship between fish by-products and
new food processing techniques. This review not only emphasizes how crucial it is to
pretreat fish by-products, but it also offers recommendations for the best way to use these
substances in food formulation.

Many biochemical, chemical, physical, or mechanical techniques have been used to
extract bioactive molecules, provided that the procedures are selective, microbiologically
safe, and do not change or modify the compounds. The extraction field is expanding
rapidly these days, and as a result, there is a lot of interest in finding ways to expedite the
extraction process, boost quality, and protect bioactive compounds [11]. This topic is novel
given that there is a growing body of research and interest in the innovative extraction
techniques that can be used to successfully recover and stabilize bioactive compounds with
improved functional characteristics from by-products of the food industry as well as food
applications that successfully integrate high-value compounds into food systems. As a
result, a more sustainable and environmentally friendly food system can be developed. In
this review, we aimed to provide an overview of the most recent developments and/or
technologies in the valorization of food processing by-products from vegetables, meat, fish,
and dairy value chains, with a focus on the production of protein-, fiber-, and bioactive-rich
functional ingredients and their incorporation into food. Comprehensive terms (‘fish AND
by-product’ (1075), ‘vegetable AND by-product’ (703), brassica AND by-product’ (117),
‘legume AND by-product’ (72), meat AND by-product’ (790), and ‘dairy AND by-product’
(606)) were used to obtain a broad selection of articles published in the period from 2020
to 2024 from the Scopus database. Consequently, a total number of 147 articles were
considered for full screening and discussion (Figure 1).

Paper screened for food application and related

to protein, fiber and/or bioactive compounds
TOT articles: 147

Figure 1. Flow chart of the methodology applied for screening of articles.
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2. Characterization of Food Processing By-Products Based on Their Nutritional Benefit,
Treatment, and Food Application

2.1. Protein

The demand for protein greatly increased both to meet consumers’ needs for healthy
diets and to face undernourishment in some poor countries. Moreover, life cycle assess-
ment of meals derived from animals and plant-based, high-protein alternatives has been
demonstrated to broaden the supply of sustainable high-protein food options, making these
products more economically attractive [12]. Here, the importance of extracting proteins
from alternative sources such as vegetable and animal by-products is discussed.

Leaves, stalks, press cakes, spent grains, and aquafaba are among the most common
fruit and vegetable by-products obtained during food processing. These by-products repre-
sent an alternative source of proteins. Therefore, they can be valorized by transformation
into food ingredients either in liquid form or powder. The extraction of vegetable oil from
seeds, nuts, or fruits, usually obtained through screw-pressing or employing solvents,
provides a large amount of residues, also called press-cake or meal, that can be ground and
used as a protein-rich ingredient in quantities of ~30—40% [13-15]. The removal of lipid
fraction from by-products can also be a pre-treatment for further purification processes to
obtain a high protein concentration or improved functional properties. The conventional
process is the wet method, consisting of alkaline extraction followed by isoelectric precip-
itation. Basically, ground meal is dispersed into water with a sample-to-solvent ratio of
about 1:10-1:15. Later, sodium hydroxide (NaOH) is added to achieve an alkaline pH, i.e.,
between 9 and 12, which allows to solubilize/extract proteins while removing insoluble
fibers [16]. Mild treatments (pH 9-10) have been adopted for rapeseed cake and quinoa
okara to obtain stable emulsions with low particle size [17,18]. Harsh treatments (pH > 10)
may lead to protein denaturation, therefore reducing recovery yield. In some cases, a
stronger alkalinization (pH 12) was necessary to increase protein and polysaccharide sol-
ubilization, such as for spent brewer’s yeast, which is characterized by strong and thick
cell walls, and to improve emulsion stability [19]. The time-temperature relationship of
alkaline treatments may vary from 30 min at 55 °C to 2—4 h at 2025 °C [17,19]. Generally,
temperatures above 60 °C may induce protein denaturation and gelation, reducing the
protein concentration of the final ingredient. The time should be adequate to obtain protein
dispersion without achieving protein saturation level. Afterward, protein precipitation is
induced by adding hydrochloric acid (HCI) to adjust the pH towards the isoelectric point,
which is usually between pH 3 and 5 for plant proteins [17]. Besides this, innovative non-
thermal technologies such as ultrasound (US) and fermentation have been investigated to
increase the protein content of the final food ingredient. Cavitation phenomena generated
by US induce protein denaturation favoring solubilization [18,20]. Kasapoglu et al. applied
US homogenization (405 W for 2.5 min) and obtained a coconut oil by-product-based drink
with a protein content double the amount found in other commercial beverages [20]. On
the other hand, a high-intensity US treatment (75% pulse amplitude for 10 min) applied
to alkalized okara solution allowed it to have a protein concentration four times higher
than the untreated control solution, demonstrating that the application of this green tech-
nology may induce conformational changes in the protein structure favoring hydrophobic
interactions among proteins, which tend to aggregate and precipitate during the resting
phase [18]. Additionally, fermentation was recently exploited by Castellanos-Fuentes et al.
as a strategy to increase protein and fiber content while decreasing sugars as well as to
improve the physicochemical and functional properties of the soy meal-based food ingre-
dient [13]. Valorization strategies based on fermentation of vegetable by-products were
deeply discussed by [21].

As an alternative to wet methods, dry fractionation allows to produce protein-rich
ingredients separating the fine (protein-rich) and the coarse (starch-rich) fractions without
water and chemical consumption and maintaining proteins in their native state. On the
downside, the final ingredient is characterized by the presence of antinutrients and low
purity. For example, Squeo et al. employed this technique with defatted durum wheat
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cake using an air classifier to increase the protein yield, yet the protein content did not
exceed 31% [22]. Therefore, the advantages and disadvantages of introducing an additional
protein concentration step should be carefully evaluated along the production process of
the food ingredient.

To this end, many authors did not perform any protein concentration but employed
the whole by-product flour as a protein source food ingredient. As for Brassica species [23—
25] and black gram [26], by-products were stabilized (e.g., blanching and drying), milled,
and sieved, with a protein concentration obtained ranging from 23 to 31%.

Emulsions, pasta, bakery goods, snacks, beverages, ice creams, and burgers are among
the various food applications that have been recently investigated. Different by-product
sources such as artichokes bracts, tomato seeds and skin, and broccoli leaves have been
used to enrich pasta (up to 30% of enrichment). In some cases, it was possible to improve
the protein content and the amino acid composition of pasta. However, the higher the
enrichment level, the higher the cooking loss, an important parameter that should not
exceed 10% to have an acceptable product [23,27,28]. Soy- and broccoli-based ingredients
(53% and 29% protein, respectively), when used in a concentration of 5-6%, were able
to improve the protein and mineral content of gluten-free bread as well as color, specific
volume, and bake loss [13,24]. For muffins from cauliflower by-products [25] and protein
bars from durum wheat cake [22], the optimal enrichment level was assessed at 10% both
in terms of nutritional quality (higher protein and fiber content) and physicochemical
parameters (e.g., color and hardness). It was possible to almost triple the enrichment level
using nut by-products while maintaining good acceptability, as was tested for cashew
kernel, soy okara, and peanut meal in the formulation of vegan burgers and snacks,
respectively [14,29,30]. Protein-rich ingredients obtained from different by-products such
as rapeseed cake [17], quinoa okara [18], aquafaba [31], and spent brewer’s yeast [19] were
investigated to develop emulsions. The concentrations varied from 0.1 to 6% when the
food ingredient was added in the powder form and from 20 to 35% for liquid. In general,
the emulsions showed good stability and low particle size. Canned chickpea aquafaba was
also found as a good egg white replacer for meringue production [32].

Fish by-products provide great sources of protein (>75%), making them suitable for
preparing and fortifying functional food products. Lately, they are used to cover a wide
range of food applications, such as fish sausage, fish balls, coating films, emulsions, umami
compounds, and ready-to-eat paste. Protein from fish by-products is subjected to hydrolysis
before utilization and various concentrations (0.1-27%) have been applied to fortify food
products like yoghurt and pasta. Conventionally, there are two main methods for protein
extraction and hydrolysis, namely alkaline and enzymatic treatments.

Alkaline treatment can effectively solubilize protein, and it has been applied to fresh,
frozen, and fermented by-products [33,34]. Samples are usually soaked with different
concentrations of NaOH for various time slots. For example, alkaline treatment with 3%
NaOH for 1 h was suitable to increase the concentrations of calcium and phosphorus
in fortified fish sausage [33]. On the other hand, enzymatic treatment is widely applied
using different types of enzymes (i.e., alcalase, protamex, flavourzyme, neutrase, trypsin,
and papain). The raw material is typically minced and mixed with water. The pH and
temperature are then adjusted to incubation conditions. After incubation, enzymes are
inactivated. The mixture is centrifuged to separate the liquid phase. This liquid is mainly
dried using a spray dryer or a freeze dryer to obtain hydrolysates.

The incubation temperature for alcalase is usually near 60 °C, and the pH is 7.6-8
for 85-180 min. Under these conditions, the protein content was increased in fortified
biscuits and soup with fish by-product hydrolysates [35,36]. Additionally, in deep-fried
battered squid containing brown stripe red snapper, alcalase hydrolysate showed efficiency
in the reduction in oil binding capacity and increase in crispness [37]. Alternatively, a
hydrolysis reaction can be achieved using a combination of enzymes depending on the
desired target, such as protamex and flavourzyme at 50-55 °C for 2.5 h to improve the
quality of fish sauce [38], or a mix of protamex (pH 7.0, 50 °C), alcalase (pH 8.0, 55 °C),
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neutrase (pH 7.0, 45 °C), and flavourzyme (pH 6.6, 50 °C) in a snack designed for physically
active people [39]. Zhang et al. reported that trypsin and alcalase hydrolysates had
stronger ABTS scavenging activity than papain and neutrase hydrolysates, suggesting the
former as potential natural antioxidants [40]. Fortified yoghurt with 0.15% of flavourzyme
hydrolysates from parrotfish by-products had considerable values for color, texture, and
overall acceptance values [41]. Papain hydrolysate from yellowfin tuna red was employed
as a fortifying and stabilizing agent in a mayonnaise emulsions system, replacing 50% of
egg yolk. The resulting emulsions expressed a high quality with low particle size and
enhanced oxidative and physicochemical stability [42].

Besides conventional hydrolysate production, some authors reported the use of cheap,
eco-friendly, low-energy consumption technologies to speed up the enzymatic hydrolysis
of proteins. For instance, US was used as pretreatment before the addition of the protamex
enzyme, improving the extraction yield (76.34%) of umami compounds [43]. Moreover, the
combined impact of natural deep eutectic solvents (NADES) and US pretreatments was
studied as an extraction medium at 190 °C for the subcritical water hydrolysis of shrimp
waste to be used as a biodegradable film with a high amount of protein [44].

In addition, there is increased attention on emulsions and microencapsulation pre-
pared and stabilized with fish by-products including oil, gelatin, protein extracts, or protein
hydrolysates as ready-to-use products or further application such as surimi. Gelatin has
been isolated and investigated as a potential emulsifying, foaming, and thickening agent.
Extracting gelatin has been subjected to various methods, including hot water-pretreated
gelatin, acetic acid-pretreated gelatin, sodium hydroxide-pretreated gelatin, and enzyme-
pretreated gelatin [45]. The quality and gel strength might differ depending not only on the
mechanisms of extraction but also on the type of fish. Yang et al. applied pH shifting using
0.1 M NaOH and 0.05 M acetic acid on different fish skin to extract gelatin and further use
it for fish oil-loaded gelatin-stabilized emulsions [46]. Gelatins and emulsions of catfish
and silver carp had higher gel strengths and lower creaming index values than marine
fish skin gelatin [46]. Similarly, high-value gelatins with strong gel values and significant
emulsifying capacity were obtained through pepsin enzyme pretreatment after the removal
of non-collagenous protein, fat, and minerals. The authors also claimed it has potential as a
foaming agent for ice cream and marshmallows [45].

Pink perch surimi by-products were employed to obtain protein hydrolysate for
further microencapsulation. The protein hydrolysate conditions were optimized using
response surface methodology (RSM). RSM was chosen as an excellent statistical method
for determining the optimal process conditions by decreasing the number of experimental
trials while covering the interactions between parameters and decreasing the time and
cost of tests. The protein hydrolysate produced had the highest yield (17%), good func-
tional properties, and moderate antioxidant activity using the alcalase enzyme under the
following conditions (57.9 °C, 85.8 min, with 0.15% (v/w) enzyme to substrate ratio) [47].
Furthermore, the antioxidant activity of microencapsulated, optimized protein hydrolysates
was preserved; their bitterness and fishy odor were significantly decreased; and their over-
all acceptability was increased [47]. Optimizing protein hydrolysis conditions of surimi
processing by-products proved a great potential to fortify various food formulations and
provide value-added products. Correspondingly, surimi protein hydrolysate was produced
with enzymatic interaction using alcalase and trypsin. The produced hydrolysate was
added to silver carp surimi to prevent protein oxidation and enhance the gel properties [48].
Direct extraction of protein by thermal coagulation gave better physicochemical prop-
erties than enzymatic protein hydrolysates when preparing emulsions [49]. In another
study, a simple pH shifting using 2 mol/L NaOH and HCl was applied for salmon by-
products to obtain lyophilized protein powder. Subsequently, the latter was mixed with
sodium alginate to encapsulate probiotics to improve its viability under pasteurization
and gastrointestinal conditions [50]. Likewise, the encapsulation efficiency of corn oil was
enhanced when using Sardinella aurita protein isolate spray-dried solution (4%) combined
with maltodextrin [51]. Catfish protein concentrate extracted from catfish by-products with
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0.5 N NaHCOj3 was used to enrich microencapsulated highly nutritional fish oil with >17%
protein [52].

It is worth noting that protein content was improved in pasta enhanced with 10%
seabass by-product concentrates, which were obtained simply by dipping in saline solution
(8%) and drying in the oven at 60 °C for 24 h [53-55]. Moreover, high-protein cereal bars
and nuggets based on fish by-products were washed, minced, and cooked at 60 °C and
180 °C, respectively [56,57]. Pressure-cooking was applied to Nile tilapia by-products
followed by pressing and drying at 90 °C for 24 h to obtain fish flour with high protein
content (55.41%) [58].

Meat by-products including bones, heart, kidney, liver, tongue, skin, horns, hoofs,
blood, tendons, visceral organs, and gastrointestinal tract can be valorized as well consider-
ing their content of high-value protein [6,59,60]. Valorizing these by-products to produce
protein for food applications is typically subjected to enzymatic hydrolysis.

As in fish by-products, flavourzyme, papain, bromelain, and alcalase are the most-used
enzymes. Alcalase showed a higher degree of hydrolysis compared to other commercial
ones due to its ability to break peptide bonds [61]. It was the most effective enzyme for
the generation of antioxidant peptides, followed by neutrase, papain, and pepsin [62].
On the other hand, flavourzyme was the best alternative for the formation of flavor com-
pounds [61]. The required incubation conditions for each enzyme must be respected. Da
Silva Bambirra Alves et al. also used alcalase to prepare chicken blood meal hydrolysates
at optimal conditions of 50 °C, pH 8.5, and enzyme/substrate (E/S) ratio of 6.5% [63].
Mattohti et al. used a mix of neutrase (100 U/mg, 45 °C, pH 7.0), alcalase (400 U/mg, 50 °C,
pH 9.5), papain (1000 U/mg, 55 °C, pH 6.5), and Pepsin (300 U/mg, 37 °C, pH 2.8) in the
preparation of hydrolysates with antioxidant characteristics from horse bone marrow [62].

Meat by-product pre-treatment is usually applied prior to hydrolysis. For example,
de Souza Fontes et al. subjected goat viscera to a heat treatment at 90 °C for 15 min in
a water bath to inactivate the endogenous enzymes to inhibit competition for the active
site of the proteins during enzymatic hydrolysis [64]. Likewise, fat was removed from
meat by-products either using solvents [62] or heated water [65]. This step enhances the
accessibility of enzymes to the active site during the hydrolysis process and raises the
protein content [66].

Recently, innovative technologies have emerged to produce high-value enzymatic
hydrolysis products. For instance, high-voltage electrostatic field and US, alone or in
combination, improved the extraction rate of protein, the degree of hydrolysis, and flavor
sub-stances in meat and bone residue [67]. High-pressure pretreatment also increased the
production of protein hydrolysates from chicken bones [61].

Collagen is another important ingredient that can be isolated from meat by-products.
This can be achieved through an alkaline procedure, and then, biomodifications can increase
its digestibility. Prokopova et al. isolated collagens to produce gelatins from broiler chicken
stomachs using a mixture of 0.2 mol/L NaCl, 0.06 mol/L NaOH, and petroleum ether
and ethanol [68]. Lukin prepared high-quality lyophilized collagen hydrolysate using
protepsin. Subsequently, the produced collagen had great practical importance in the
sausage formulation, obtaining the best results at 15% enrichment [69].

Meat by-products can be a source of flavoring for further food applications. Formula-
tion and concentration of volatile compounds in flavoring supplemented with hydrolysate
from goat and chicken were studied by [61,64]. The pH affected the aroma profile, resulting
in a strong meaty flavor at pH 4 and sweet fatty flavor and a goat aroma at pH 6 [64].
Alternatively, protein fractions (soluble and insoluble extracts in sodium citrate buffer
0.1 M pH 5) obtained from porcine spleens were successfully employed as emulsifying
(soluble protein) and thickening (insoluble) agents for sausage production [70]. Protein
precipitates by pH shifting from chicken by-products were used to formulate edible coating,
achieving fat uptake reduction during deep frying of chicken drumsticks [71]. The addition
of dry powder of chicken feet and heads served as a feasible approach to enhance physico-
chemical characteristics and improve the overall quality of forcemeat formulations [72].
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Whey is the primary dairy by-product composed of mainly water (94%), lactose,
proteins, and fats. «-lactalbumin and é-lactoglobulin account for 70-80% of all the proteins
in whey mass. Other constituents include immunoglobulins, lactoperoxidase, bovine serum
albumin, and bovine lactoferrin [73]. The two major methods used by the dairy industry to
handle whey are fermentation and membrane separation (e.g., ultrafiltration). Pires et al.
applied ultrafiltration (4045 °C; 3.0-3.5 bar) to produce symbiotic kefir products from
sheep’s and goat’s whey concentrates, obtaining a product with a high protein content
(7.8-16.4%) [74]. Likewise, Pavoni et al. applied similar conditions to ovine whey [75].

Himashree et al. studied the substitution of water by different concentrations of
whey (0-100%) in bread. It resulted in high protein and fat content, decreased acrylamide
concentration, and improved textural properties [76]. Kusio et al. used whey protein
concentrate (76.8%) to produce high-protein, fat-free dairy desserts. Rheological properties,
appearance, and antioxidant activity were enhanced in the final product [73]. Similarly,
Dinkgi et al. used whey protein concentrate to produce a probiotic beverage with high
phenolic compounds and antioxidant activity [9]. The following (Tables 1-4) provide deep
details about the ingredient preparation and their application on various food products
regarding protein.

Table 1. Fruit and vegetable processing by-products with protein benefits and their food applications.

By-Products Ingredient Preparation Food Application Properties References
. Non-thermal patented treatment o .
Artichoke bracts and (Patent n°001426984) —» freeze Fresh pasta (3% Good protein netw.o.rk, [77]
tomato . enrichment) T sensory acceptability
drying
Pepper placenta, Air drying (17 h, 3040 °C) — fat Pasta (10-30%
pepper defatted seeds,  extraction (from seeds, solvent) — enrichment)o 1 Protein, fiber [28]
tomato seed /skin grinding
Broccoli leaf Blanching (th water, 1 m}n) — Past.a (2.5-5% T AA compomtlon, 0 23]
freeze drying — grinding enrichment) cooking loss
1 Protein, minerals,
. . ) o 1 antioxidant activity
Broccoli leaf frl:iz;zcd};mii (hgt V:?;ed?nl I(I(I)Hg)n:n) Glute;;gfé:;ii? (5% and anti-AGE activity, [24]
ymg — & & 1 specific volume, bake
loss
1 Protein, fiber, TPC,
TFC,
antioxidant activity, 1
Cauliflower stems, Blanching (2-3 min) — drying Muffins (10-30% fzrl:eccic;}zni’o Z\ckllirodlﬂf;se’ [25]
leaves, stalks (60 °C, 16 h) — grinding (0.8 mm) enrichment) pes Lo
chewiness, springiness,
cohesiveness,
| sensory acceptability
(max 10%)
Freeze drying — grinding
(0.25 mm) — ergosterol removal: ~ Spray-dried emulsions 7T Viscosity, stability.
Mushroom stems dispersion (3:100) in 96% ethanol (5% enrichment) 1 yield, | oxidation (78]
(residue) — drying (30 °C, 72 h)
Fat extraction (solvent) —
Broken cashew g.rmdlr.lg (0'2_5 mm).—> wate}r Vegan burgers (27% + Solubility,
kernels dispersion (1:15) — isoelectric replacement) good sensory [30]
precipitation (pH 3-4.5, 15 min) — acceptability

drying
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Table 1. Cont.

By-Products Ingredient Preparation Food Application Properties References
1 WAC, 1 starch
e . . digestibility, |
Elaiciféir; Mllhr}g Zofgarcr’izr)latlon Extrudates phenolics (flavonoids, [26]
yp o proanthocyanidins,
saponins)
Water dispersion (1:10) —
alkaline extraction (pH 9, 30 min, . o s
Quinoa okara 55°C) — US Emt;ﬁl%?i (i;)6 g T Pioteli’i fibeli’z TES, [18]
precipitation (75% amplitude, 30 s enricime particie size
on—15 s off, 10 min) — air drying
1 dark red color, |
. 5 .. Gluten-free extruded expansion, T
Soy okara Drying (1(()8 3520, g 21)[:) grinding snacks (8-40% nutritional/sensory [29]
o enrichment) quality
(29-40%)
1 Foaming and
Chickpea: broth, 1:2 (w/v) — Meringue (egg whit emulmfglal?(;gnpropertles,
Aquafaba cooking (100 kPa, 35 min) — erngue (€8s € cness, [32]
freezing (liquid) replacement) fracturability, similar
color,
J alveoli
Pre-soaking: chickpea: water, 1:3
(w/w) (5°C, 16 h) — . aro 1 .
Aquafaba Cooking: chickpea: water, 1:2 Emulsl1on (25 3)5 o T Gel-like bihawor, + [31]
(w/w) (118 °C, 70-80 kPa, 30 min) replacemen cos
— filtration — freezing
Soaking (chickpea: water, 1:4, w/v, Good egg white
8-10 h) — cooking (chickpea: . replacer,
Aquafaba water, 1-5, w/w, 45 min) — VX:;:EE?S Cl;iirrl;e(ref)g 1 foam particles, | [79]
cooling — filtration (liquid) — p foam stability, |
freezing hardness, gumminess
J Carbohydrate,
Walnut cake and . N Low-fat mayonnaise protein, fiber, T ES, |
sesame cake Fat extraction — grinding (2-4%) hardness, adhesiveness, 15]
1 sensory properties
1 Protein, fiber
Water dispersion (1:10) — (cellulp > lignin), T
Soybean sterilization (15 min, 120 °C) — Gluten-free bread specific volume, [13]
extruded-expelled meal fermentation —s fr ’ o drvin (6% enrichment) T iron bio-accessibility,
ermentatio ceze drymg 1 crumb color, T
aeration
Fat extraction (solvent) = air Snack protein bar f E;St?grﬁgefslse? !
Durum wheat cake classification (grader wheel speed prot ’ ’ [22]
3000 rpm, airflow 50 m?/h) (10-50% enrichment) yellowness, 1 caramel
P, flavor
Fat extraction (cold press) —
grinding — water dispersion (1:10) Full-fat and low-fat
Coconut oil by-product (60 °C, 1 h) — homogenization vegan ice-cream (1-3% 1 Protein and fat, | cost [20]
(10,000 rpm, 5 min) — US (405 W, enrichment)
2.52 min) — filtrated liquid
Peanut meal Fat extraction (press) Gluten-free snacks 1 Protein, 1 shelf life, [14]

(26% enrichment)

1 crispiness
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Table 1. Cont.

By-Products Ingredient Preparation Food Application Properties References
Fat ex.tract1c.)n (cold press) - 1 ES (pH 5-6),
water dispersion (1:9) — alkaline + protein yield (pH 4.2)
Rapeseed press cake extraction (pH 10.5,4 h) — Emulsions (0.05-5%) P yieid ipti %.2), [17]
. . S J droplet size (pH
isoelectric precipitation (pH 3-6.5) 6-6.5)
— freeze drying '
Cooking (20 min, 100 °C) —
Spent brewer’s grain filtration — homogenization — Protein beverage 1 Protein [80]
pasteurization (5 min, 80 °C)
Vacuum drying (40 °C, —0.7 bar) T Mannoprotein
, — grinding — water dispersion Emulsions solubility,
Spent brewer’s yeast (1 h) — alkaline treatment (20% enrichment) T viscosity, 1 structure [19]
(pH 9-12,20-25 °C, 2 h) stability, color changes
‘— followed by, ‘}” low, “1” high.
Table 2. Fish processing by-products with protein benefits and their food applications.
By-Products Ingredient Preparation Food Application Properties References
Removal of non-collagenous protein
and fat with 1 mol/L of NaOH —
mn;;e}l} g‘e;nc:i\{?fl Wlt? 0'% mct).l/L of (1) Gel strength: PEG >
ifferent extraction AAG > HWG > SHG
methods: (2) Foaming properties
(a) Hot water-pretreated gelatin Fish oil emulsions with emulsio ng\lz)iscgsit ’
Tilapia head (HWG) gelatin solutions . [SCOSTLY, [45]
. . . emulsion activity, and
(b) Acetic acid-pretreated gelatin (2-10 mg/mL) . A
(AAG) emulsion stabilization
. . ability: PEG > HWG >
(c) Sodium hydroxide-pretreated AAG > SHG
gelatin (SHG)
(d) Pepsin enzyme-pretreated
gelatin (PEG)
J Salt content and
. Alkaline treatment (NaOH at 3-6%) FISh sausage intensity of fermented
Fermented fish bone and thre king times (0, 1, and fortification with fish smell 33]
residue (FFBR) ©sod > ﬁ) s properly treated 1 Calcium and
bio-calcium (0-36 g) phosphorus
contents
Hydrolysates production: -,
alcalase (60 °C for 3h/pH 7.6) — T Intensities of c.olor,
Seabass spray drying Biscuits toasted, and fish
(Dicentrarchus labrax) Fish meal production: steam boiling (2.5-5% enrichment) -, ﬂavors{' [81]
heads and bones . . . nutritional enrichment
(20 min) — pressing — oven drying in protein and PUFAs
(60 °C for 30 h) — grinding P
Hot air oven drying — Bg Al’;oge;rl; t(a3i?11e'c916a?11% 0
Asian tiger shrimp US and Biodegradable film oC /gUPT /NADES:
(Penaeus monodon) NADES — subcritical water (2-6%) for mackerel / [44]

shells

hydrolysis (150230 °C, 3 MPa,
20 min) — filtration

fish samples

average molecular size
of protein molecules <
1000 Da
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Table 2. Cont.

By-Products Ingredient Preparation Food Application Properties References
pH shifting: (2 mol/L NaOH) for Stabilized gels to
30 min/pH 11 — filtration — encapsulate probiotic o .
Salmon heads, fins, centrifugation — (2 mol/L HCI) emulsions (4%, w/v T Emu151fylcrl1g ability 50
tails, and viscera pH55 — complex protein . an . [50]
e . . . ho emulsion stability
precipitation — centrifugation — solution; 2%, w/v
dialysis — freeze drying alginate).
Hydrolysates production: alcalase
(60 °C for 3h/pH 7.6) — spray
Tuna (Thunnus alalunga) dryin Biscuits . .
heads 8 Fish meal produ?:]tioi: steam boiled (2.5-5% enrichment) T Protein and moisture [35]
(20 min) — pressing — oven drying
(60 °C for 30 h) — grinding
Hydrolysates production:
Canned sardine waste, protamex, 0.50% — incubation No strong or
mix of sardine meat, (50 °C, 2.5 h) — addition of 0.7%; Fermented fish sauce leasant%lavor [38]
and flavourzyme — adjusted to 15% salt (50-100%) wp li ’
by-products and 14% Aspergillus oryzae koji — T quality sauce
fermentation
Washing (0.3% NaHCO3, 0.3% salt)
— slicing — seasoning — grinding
Tra fish (Pangasius — balls forming — blanching Fish balls T Protein content, 82]
hypophthalmus) (40 °C, 10 min — 2 cooking methods texture, color
applied for 3-6 min, (1) steaming
(100 °C) (2) blanching (80-100 °C)
1 Optimal cooking
time,
swelling index, and
Blge Whl.tm,g Protein isolate obtained Pasta (5-15% Water .
(Micromesistius . o . absorption; 1 cooking [83]
commercially (92%) enrichment) )
poutassour) loss;
T protein content,
firmness, and
adhesiveness
Mix of catfish oil,
Abdomi Qil extraction: Abdominal fat Microencapsulated chlorella powder, and
ominal fat of . . S - . . . .
striped catfish wgshmg and. draining — fish 0{1 enrlche'd with striped catfish protein
. chopping — heating (5h, 70 °C — fish protein concentrate 40%, 20%, [52]
(Pangasianodon filtration — oil purification — concentrates and and 40% had the best
hypophthalmus) e op . o
microencapsulation by spray drying chlorella powders protein
content (17.02%)
Scales demineralization of gelatin: Hieh-protein financier
washing (10% w/v NaCl) — washing ang dIe)e fried puffed
— treated with 2 M lactic acid 5 f tin) P
Fish bones and scales solution — washed (yield of 76%) (5 8 gelatin), panna 1 Protein concentration [84]
Flour: boiling bones for 30 min — c.otta (6 g gelatin),
. & s whipped cream (24.6 g
drying (90 °C, 24 h) — grinding lati
(0.6 mm) gelatin)
Nile tilapia 1 Protein content
(Oreochromis niloticus) Pressure-cooked — pressed — Instant food products (55.41-39.86%) of Nile (58]
and croaker ground — drying — re-grinding and seasoned flours tilapia backbone and
(Cynoscion virescens) head flour
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Table 2. Cont.

By-Products Ingredient Preparation Food Application Properties References
Enzymatic hydrolysis (chopped Best enrichment (0.15%)
head mixed with water (1:2), neutral with a viscosity value
pH with 0.2 N NaOH — of 2.432 N-s/m?,
Parrotfish (Chlorurus conditioning (50 °C, 5 min) — Yoghurt (0.1-3% syneresis 49.67%, WHC [41]
sordidus) head flavourzyme (0.2 AU/g) addition — enrichment) 37.4%, pH 4.36, TTA
incubation — inactivation/heat — 0.76%, color L* 74.55,
centrifugation — spray color
drying a* —3.76, color b* 8.2
Soup fortification (15%
Enzymatic hydrolysis prote}lln;—rill é)a}zotem
Pink perch (alcalase, 58 °C, 85 min — micrgencay sulalte d
(Nemipterus japonicus) inactivation/heat — . P T Overall acceptability [36]
. . . . protein hydrolysate
head and viscera centrifugation — freeze drying — o .
microencapsulation — freeze dryin (27%), and sun-dried
psu yms whole fish powder
(16%)
High yield (17%), good
functional properties,
Enzymatic hydrolysis and
Pink perch (alcalase, 57.9 °C, 85.8 min, 0.15% Microencapsulation of moderate antioxidant [47]
(Nemipterus japonicus)  (v/w) E/S ratio) — freeze drying — surimi by-product activity;T amount of
microencapsulation essential amino acid
(35%), | bitterness and
odor
Pangas (Pangasius Alkaline extraction and Fish sausages T Crgde protein and
angasius) precipitation (2.5-10% enrichment) lipid content, [34]
pang ' 1 gel strength
Roe, milt, and liver of
plaice 4 Acce -
ptability,
(Pleuroaectes platessa), Washing — mixing —cooking Fish pate T protein content (21%) [85]
herring (Clupea in roe pate
harengus), and cod p
(Gadus morhua)
1 Protein, fat, fiber,
Sea bass Dipped in saline solution 8% — Pasta TE:L?E;%I;II?ZI [54]
(Dicentrarchus labrax) dried (60 °C/24 h) (10% enrichment) availability after
cooking
| Texture properties
except
Sea bass Dipped in saline solution 8% — Pasta for adhesiveness, [86]
(Dicentrarchus labrax) dried (60 °C/24 h) (10% enrichment) T Nutritional profile,
low impact on the
technological quality
Paste with 61.1%:
R T overall acceptability,
Chub mackerel Minced fresh tail offcuts Ready-to-eat fish paste flavor, color, texture, [87]

(Scomber japonicus) tail

(3.5-61.1%)

crude protein; | crude
fat percentage
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Table 2. Cont.

By-Products Ingredient Preparation Food Application Properties References
Gelatin extraction: 2.6% NaCl —
filtration — freeze dying
. Hydrolysate production: T Nutritional value and
Carp skins .
. . protamex, alcalase, neutrase and Snack antioxidant power, [39]
(Cyprinus carpio) . . i
flavourzyme — enzyme inactivation good sensory qualities
— centrifugation — SDS-PAGE
separation — freeze drying
1 Nutritional values,
T protection against
Sea bass Dipped in saline solution 8% — Fresh pasta oxidation, [55]
(Dicentrarchus labrax) drying (60 °C/24 h) (10% enrichment) T w-3 and w-6,
adequate sensory
profiles
Atlantic salmon (Salmo Enzymatic hydrolysis, 1 Emulsion activity in
salar) and . . . the products based on
direct protein extracts by thermal Emulsions . . [49]
cod (Gadus morhua) . . direct protein
coagulation without enzyme .
backbones extraction
1 Efficiency of
extraction
. . best results at degree
.US. enzymatic extraction: hydrolysis (22.73%)
mincing — pH adjusted 2 M and extraction yield
Abeo rohita head NaOH) = US = pH 7.5 (2. M NaQH Umami compounds (76.34%) of umami [43]
or 2 M HCI) — protamex incubation . .
. L . . extract achieved with a
— inactivation — centrifugation — liqui lid ratio of
freeze drying iquid/solid ratio of 3
(v/w), US time 19.20
min, hydrolysis time
140.45 min
. Protein isolates by . 1 Encapsulation
alkaline process: homogenization — Stabilized efficiency, 1 protection
: . adjusting pH 11.0 (2 N NaOH) — A 1P ;
Sardinella aurita . ; . microencapsulated of corn oil, 1 best ratio [51]
centrifugation — precipitation (2 N . L
. . . corn oil protein isolates
HCI) — centrifugation — adjusting .
. and maltodextrin 1:4
pH 7 — spray drying
1 Hardness and
Brown stripe red' . . Deep-fried battered crispness, | gat content
snapper (Lutjanus vitta) Enzymatic hydrolysis by S at 8%,
. . squid with hydrolysate a . [37]
protein alcalase — freeze drying o o |} oil binding capacity,
(2—6 %o and 8 /o) . s
hydrolysate maximum acceptability
scores at 4%
Lyophilized by-product (25 g 1 Delaying protein
protein) — alcalase 2.4 L Gel for silver carb oxidation, 1 initial
Surimi by-products (270,000 U/g) and trypsin surimi gelation properties, | [48]
, — 1nactivate protease 0ss in gelation an
(200,000 U/g) — i i p loss in gelati d
— centrifuge — freeze drying water-holding capacity
Trypsin and alcalase
hydrolysates had
Silver carp Hydrolysate by four enzymes Bighead carp strong
(Hypophthalmichthys (trypsin, alcalase, papain, and (Hypophthalmichthys ABTS scavenging [40]

molitrix) fin

neutrase) — freeze drying

nobilis) fillets fortified

activity and inhibition
of protein oxidation,
1 lipid oxidation
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Table 2. Cont.

By-Products Ingredient Preparation Food Application Properties References
(50%) Replacement of
egg yolk with protein
Hydrolysate by papain hydrolysate: 1
Yellow fin tuna red enzyme: E/S ra’zlo and hyd1'"oly31s . §1e51rab1hty,'
(Thunnus albacares) time as 0.34% and 30 min, Mayonnaise 1 quality of emulsion, | [42]
respectively at 60 °C and pH of 6.5 particle size,
— spray drying 1 oxidative and
physicochemical
stability
Thawing — washing — Ct(;raeai;allzzt(:i(;/o No change in the
Tilapia, salmon, and cooking (BHT at 0.5 mg/kg) — piap o nutrients, sensory and
.. . e concentrate and 10% . . . . [57]
tuna draining — pressing — milling — . microbiological profile
o salmon or tuna protein .
oven (60 °C, 24 h) 1 mineral matter
concentrate)
40% fish waste flour:
T protein, lipid, and ash
1st Heating (180 °C, 100 min) — | carbohydrate
Priacanthus arenatus milling — 2nd heating (200 °C, Fish nuggets (10-40%) 1 hue angle, a*, and b* [56]
40 min) — milling values
T overall liking and
preference
T Gel strength of catfish
and
Chinese long snout Soaking with 0.1 M NaOH (pH 7) — Fish oil-loaded silver carp g?latln§
. L .o o . - than marine fish skin
catfish skin, silver carp ~ soaking in 0.05 M acetic acid (pH 7) gelatin-stabilized . . .
. . . . 5 . gelatins, T amino acids, [46]
skin, salmon skin, and — incubation (55 °C) — emulsions (2-10
Alaska pollack skin filtration — freeze dryin: mg/mL gelatin) T contents of
P ymg & & hydrophobic amino
acids, T molecular
weights
Pepsin soluble collagen
extraction: shark skin mixed with 1 Deterioration indexes
0.1 M NaOH (remove Chitosan—collagen at a ratio of 1:0.8
Blue shark (Prionace non-collagenous proteins) — fat composite coating for chitosan/pepsin, [88]
glauca) skin removal — extraction (0.5 M acetic red porgy (Pagrus soluble collagen,
acid + 0.2% pepsin) — major) meat T physicochemical
centrifugation — indexes
dialysation — freeze drying
‘— followed by, ‘}” low, “1” high.
Table 3. Meat processing by-products with protein benefits and their food applications.
By-Products Ingredient Preparation Food Application Properties References
Soluble proteins extraction
(sodium citrate buffer 0.1 M, pH 5) .
. e . . Good functional
Porcine spleens — centrifuging— spray drying — Sausages . [70]
. . . properties
washing of insoluble fraction —
Pasteurization (80 °C, 45 min)
Separation of organic matter s o
(0.2 mol /L. NaCl, 0.06 mol /L. T Geg‘gr;g:igﬂ(fS ),
Broiler chicken NaOH, 1:1 petroleum Gelatins (25-439 Bloom), [68]
stomachs

ether/ethanol) — conditioning of
collagen (protamex, pH 6.5,
0.1-0.2 wt%) — hot water

digestibility (100%),
melting point, | ash
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Table 3. Cont.

By-Products Ingredient Preparation Food Application Properties References
Homogenization — alkaline
Trimmings, skin, extraction (pH 11.5, 10 min) — 1 Moisture content, |
meat-left-on-bone of centrifugation — isoelectric Edible coating fat uptake, Tfrying [71]
chicken drumstick precipitation (pH 5.5, 10 min) — yield in coated samples
centrifugation
High pressure pretreatment
(121 °C, 4 h) — oven drying . .
Chicken bones (65 °C, 5 h) — enzymatic Flavoring agents T Protein and lipid [61]
. . . content
hydrolysis — Maillard reaction —
autoclaving (113 °C, 10 min).
Grinding — dispersion (1:1) in
Chicken feet and head 10% solution of ascorbic acid — Forcemeat 1 Protein, ash content [72]
drying
Cleaning — crushing —
enzymatic hydrolysis . i
Cattle lips and ears (protepsin, 1:2 E/S, 0.5-1.5 h, (5_2(1;:/)1“2(;12:}?:; ent) T M01sct;1r§£fta1nmg [69]
17-22 °C) — filtration — freeze ° pactty
drying

Cleaning — crushing —
homogenization — enzymes
inactivation (90 °C, 15 min) —
cooling — enzymatic hydrolysis
Goat viscera (alcalase, 0.8% E/S), 240 min) — Meat flavorings 1 Meat aroma [64]
inactivation (90 °C, 15 min) —
cooling — Maillard reaction —
homogenization — autoclaving
(121 °C, 60 min)

‘— followed by, ‘}” low, “1” high.

Table 4. Dairy processing by-products with protein benefits and their food applications.

By-Products Ingredient Preparation Food Application Properties References
Heating of milk (70 °C, 20 min) — Y
Whey coagulation (1% citric acid) — Breasc:lg)s ﬁlttl)l(?[iﬁrx{;fater 1 Protein, fat [76]
filtration

1 Texture and

Whey-protein concentrate (76.8%)  High-protein fat-free appearance, (73]

Whey . . :
obtained commercially dairy desserts | water activity
Ultrafiltration (4045 °C,
Sheep and goat cheese 3.0-3.5 bar — pasteurization . . . .
whey (65 °C, 30 min) — Symbiotic kefir 1 Protein concentration [74]
homogenization — freezing
) . o 1 Protein, free amino
Cow, sheep, and goat - Whey-p rqtem Concentra.te (>60%) Probiotic beverages acids, TPC, antioxidant [9]
whey obtained commercially activity

‘—" followed by, ‘}” low, “1” high.

2.2. Fiber

The importance of dietary fiber (DF) has been related to its numerous health benefits,
such as constipation prevention, cholesterol and blood glucose reduction, and improvement
of gut microflora [89]. The World Health Organization has also established their recom-
mended daily intake as 25 g/day, but many people do not achieve such amounts [90]. Thus,
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researchers and companies have focused their attention on the formulation of fiber-rich
food exploiting by-products as alternative and sustainable sources of DF.

Fruits and vegetables including legumes and cereals are the main sources of DF. DF
can be distinguished into two groups based on their solubility in hot water: soluble and
insoluble dietary fibers. Soluble fibers consist of non-cellulosic polysaccharides such as
-glucan, inulin, pectin, and resistant starch, whereas insoluble fibers include cellulose,
hemicellulose, chitosan, and lignin [91]. Peel, seeds, and pomace from different fruits
(e.g., banana, apple, grape, tomato, and pepper) and vegetables (e.g., carrot, onion, and
lettuce) are commonly used by-products, followed by meals from nuts, cereals, and oilseeds
obtained after fat extraction and spent brewer’s yeast as a by-product of beer production
(Table 5). DF is a very heterogenous group; therefore, their processing and food origin
may influence their functionalities both in terms of physicochemical and fermentable
properties [90]. Most by-products are minimally processed to obtain a shelf stable powder;
thus, freeze or air drying are applied to stabilize the by-product and further grinding
and sieving to achieve a homogeneous powder [29,92-96]. In some cases, disinfection
and/or blanching have been necessary to ensure microbial safety and enzyme inactivation
prior to drying [25,97-99]. Instead, defatted meals from hempseeds [100], walnut and
sesame [15,101], durum wheat [22], and pepper seeds [28] were directly ground. A few
simple steps are sufficient to convert a by-product into a fiber-rich food ingredient with a
fiber content varying from about 10% to 65% depending on the type of plant source.

Additionally, fiber fractions (e.g., pectin, cellulose, and 3-glucans) may be extracted,
obtaining a purer ingredient with a high commercial value [102]. Acid extraction is com-
monly used to extract pectin from agro-industrial by-products. The powdered by-product
is dispersed into water, and then, pH is adjusted to 1.5-2 and heated to 80-90 °C for
45 min up to 3 h. Insoluble material is removed by filtration, and the rest is dispersed into
70-95% ethanol with a sample-to-solvent ratio of 1:2-1:4 to induce pectin precipitation.
Afterward, the precipitate is collected, dried, ground, and sieved [103-105]. As a green
alternative to the use of solvents, US has been employed to extract pectin from celery root
peel [102]. The by-product dispersed into water was subjected to US treatment (40-60 °C
for 10-30 min) with a power level between 40% and 60% to improve extraction efficiency
in a shorter time. After that, water-soluble pectin was extracted by distillation, with 75 °C
as the chosen optimal temperature to ensure enzyme inactivation and the bioavailability of
nutritional compounds.

Cellulose was obtained from oil palm empty fruit bunch after several acid treatments
(pH 4) with acetic acid addition to the by-product dispersed in water and sodium chloride,
for about 2 h at 70-80 °C. The solution was rinsed, dried, and extracted with alkali for
2 h at room temperature [106]. Another study used a harsh alkaline treatment (pH 12) to
degrade the strong cell wall of spent brewer’s yeast and solubilize its components, which
are mainly 3-glucans and mannoproteins, often covalently linked together [19].

Fiber-rich ingredients and fiber fractions are often used in the food industry not only
to improve the nutritional quality of food but also because of their potential functional
properties, such as water-holding capacity and emulsifying and gelling capacities. These
ingredients have been mostly employed for the development of pasta, bread, and other
bakery goods with or without gluten. Pasta was enriched with 5% to 30% of fiber-rich
ingredients, and it also fulfilled the claim “source of fiber” when >10% was replaced with
hempseed flour containing 46% of dietary fibers [100]. The addition of <10% fiber-rich
ingredients allowed to improve nutritional and technological quality, while exceeding
this amount may negatively affect sensory quality and promote cooking loss [94,100]. In
gluten and gluten-free bread, an enrichment level of 3 to 12% provided a higher amount
of nutrients and fermentable sugars to yeasts, thus resulting in higher CO, production
and dough development [96,103,107]. In turn, the higher the substitution level, the weaker
the gluten network [108]. Other bakery goods like biscuits, muffins, and macarons were
enriched up to 20% [98], 30% [25], and 50% [101], respectively. However, they were mostly
considered acceptable when the substitution level did not exceed 10% [25,98,101,109]. It
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is noteworthy that the higher the fiber content, the darker and harder the final products.
The substitution of starch with fibers (or proteins) determines a reduction in the expansion
volume and the porosity, thus resulting in a harder texture. This was highlighted also for
the formulation of extruded and freeze-dried snacks [29,99,110,111].

The gelling, emulsifying, and water-binding capacities of fibers are suitable also for
the development of emulsions and semi-solid foods. Stable and viscous products were
obtained by adding both powder ingredients at 2-6% enrichment [15,18] and liquid ones
at 20-35% [19,31] in emulsions or 15-62% in a yogurt-based beverage [102]. By contrast, a
high enrichment level may strongly affect the odor, thus reducing consumer acceptability.

Fiber derived from fish by-products is becoming increasingly popular due to its
potential benefits, environmental sustainability, and various applications. This type of fiber
is mostly derived from fish skin and bones [45,46] or from shellfish shells [44], where chitin
and chitosan (chitin-derived fiber) are obtained. Recently, the application of chitosan in the
food industry has been focused on the synthesis of biodegradable film or coating material
with valuable properties such as biodegradability, low toxicity, and strong antimicrobial and
antioxidant potential [44,88]. In oenology, chitosan originating from shrimp and crab shells
was tested for wine clarification as a potential replacer of fungus-derived chitosan [112].

The three primary stages of chitin extraction to obtain chitosan from crustaceans are
pre-treatment, deacetylation, and posttreatment. The pre-treatment includes raw material
washing and milling. This step is targeting the removal of mineral using acid washing
and the removal of protein, glycoprotein, and branching polysaccharide using alkaline
washing. In the deacetylation, the acetyl group from the chitin chains is removed using a
high concentration of alkaline at high temperatures for a short time. In the posttreatment,
recovery of deacetylated chitin (i.e., chitosan) takes place using low-concentration acid,
and the chitosan is further precipitated at pH 10, washed, and dried [112]. Nonetheless,
there are some variations in the literature regarding alkaline or acid concentrations, type of
organic acids used, temperature, and time. The most challenging step is to avoid the use
of environmentally unfriendly deacetylation procedures such as the enzymatic approach
since the reaction of deacetylase requires long time. Different cases are detailed in the
literature, with a description of each extraction step and its impact [113].

For example, four different organic acids (malic, acetic, succinic, and hydrochloric acid)
were used to dissolve (1% v/v) commercially available chitosan from shellfish by-products
for further use in wine sedimentation. However, all dissolved chitosan solutions showed
great and fast wine clarification compared to the conventional chitosan from Aspergillus
niger culture [112]. In another study, Asian tiger shrimp (Penaeus monodon) shells were
dried in a hot air oven and milled before chitosan extraction. In detail, the hydrolysate
powder was demineralized for 24 h at room temperature while being continuously stirred
using a solid-to-solvent ratio of 1:10 (w/v) and 1 M HCI. A paste was produced after
centrifugation at 5000 rpm, neutralization, and overnight drying at 45 °C. Afterward,
chitosan was obtained by a deacetylation step using 60% NaOH (w/v) [44]. One gram of
the extracted chitosan was employed to create a biodegradable packaging film, which was
then applied to mackerel fish samples and showed a strong ability to postpone the fish
samples’ oxidation. A high-quality edible coating material was obtained by a composite of
chitosan—collagen, and it extended red porgy fillet shelf life, as reported by [88]. As noticed,
the main use of fiber components from fish by-products concerns are non-dietary (i.e.,
chitosan). Thus, their main application in the food sector is in the field of edible films and
food packaging materials [88]. The following (Tables 5 and 6) provide deep details about
the ingredient preparation and their application on various food products regarding fiber.
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Table 5. Fruit and vegetable processing by-products with fiber benefits and their food applications.

By-Products

Ingredient Preparation Food Application Properties References
o Gluten-free cookies
Addition (or not) of (10-20% enrichment) 1 Fiber, protein, fat;
Grape pomace lyoprotectors — freeze s . [114]
drvi N Filling (17.2 g pomace 1 sensory properties
rying — grinding a
our)
Air drying (60 °C, 12 h) — Muffins (5-20% T Crude fiber, T firmness, T
Carrot pomace 78 . taste, T appearance (10% the [109]
grinding (250 mm) enrichment)
best sensory results)
o 1 Protein, fiber,
Coconut residue Drying — grinding Spr.ead (16% good spreadability, [92]
enrichment) 2
1 sensory acceptability
1 Fiber (+20% at 10%), 1 dark
Biscuits (10-20% color,
enrichment) good sensory
. ) ) acceptability (10%
Disinfection — drying maximum)
Banana peel (63 °C, 24 h) — grinding [98]
(0.8 mm) Bread (10% . %
enrichment) 1 Fiber (+12.5%)
Pasta (5-10% . o o
enrichment) 1 Fiber (+71.4% at 10%)
1 Fiber (source of fiber claim,
>10°/0),
Hemp seed meal Fat extracthn (C.Old press) — Gnoc.du (5-20% T cooking %oss, ] cooking [100]
grinding enrichment) resistance,
| sensory acceptability (bitter
taste, odor)
Banana, pineapple: cutting 1 Fiber, good sensory
Pineapple peel, banana — sanitation — drying Gluten-free muffins acceptability (100%
peel, and pumpkin (60 °C, 8 h) — grinding 17% pineapple peel; 50% [97]
seed Pumpkin seed: roasting enrichment) pineapple peel; 50%
(15 min) — grinding pumpkin seed)
Frankfurt and Spanish
5 . sausage (0.5% grape J Fat reduction, | boar taint,
Grape pomace and skin Grape lz;;rﬂrrizici;suobtamed skin, 3—-6% inulin, J brightness, [115]
y 0.5-1% J hardness
-glucan)
1 Fiber (source of fiber claim,
Drying (40 °C, 24 h) — Biscuits (3-9% >6%), darkness, hardness,
Male date palm flowers o . good sensory [93]
grinding enrichment) s
acceptability
(6% maximum)
1 Fiber, TPC, antioxidant
. s =no capacity;
Walnut oil cake Fat extraction — grinding Macargns (10-50% J sensory acceptability (10% [101]
(0.8 mm) enrichment) .
maximum)
} costs
Cooking (20 min, 100 °C) —
Brewery bagasse filtration (residue) — drying  Bread (6% enrichment) 1 Fiber [80]

(60 °C) — grinding (1 mm)
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Table 5. Cont.

Properties

References

By-Products

Ingredient Preparation

Food Application

Jackfruit core

Pectin extraction: drying
(60 °C, 20-24 h) — grinding
— water dispersion (1:29) —
acid extraction (pH 2, 80 °C,

105 min) — filtration —
ethanol
precipitation — drying
(45 °C, overnight) —
grinding

Vegetable soup

1 Sensory properties

1 Fiber, WAC, dough

[105]

Tomato seed and skin,

peppers,
placenta

Drying (3040 °C, 17 h) —
grinding (0.25 mm)

development, softening; |

Bread (3-12%
stability time,

[96]

Celery root peel

Grinding — water
dispersion (1:5) —
homogenization — US
extraction (25 kHz frequency,
40-60 °C, 40-60% power
level, 10-30 min) —
distillation (75-85 °C, 1-6 h)
— refrigeration (4 °C)

enrichment)
1 redness and yellowness
Ayran Turkish T Pectin, sensory and
o structural properties; 1 flavor,
beverage (15-62% WAC. vi o 1
enrichment) , viscosity; | color,
phase separation; 1 shelf life

[102]

Sugar beet pulp

Sucrose extraction in water
(75 °C, 45 min) — filtration
— cooling — bleaching (pH
11, 120 min) — fiber
extraction (pH 6.5) —
saponins removal (water:
ethanol dispersion 1:4,

overnight) — pectin removal

(pH 1.6,90 °C, 3 h) —
filtration — ethanol

dispersion (1:4, pH 3, 24 h)

— filtration, rinsing —

boiling (20 min, pH 6.5) —

air drying — grinding
(1 mm)

(0.2-0.4% enrichment)

1 Viscosity, hardness (with
pectin);
1 fiber, swelling capacity,
water and oil binding
capacity (w/o pectin)

Gluten-free muffins

depectinized or
not-depectinized
ingredient

[104]

Paprika, pitted pepper,

Not specified

Bread (3-12%
enrichment)

J Gluten network strength

[108]

tomato pomace

Carrot pomace and

beetroot—
apple (7:3)

Drying (40 °C) — grinding

(0.4 mm)

1 Fiber, T WAC (carrot

Pasta (10-30%

enrichment) sensory (color, texture)

properties

pomace), 1 technological and

[94]

pomace

Apple and

Obtained commercially

blackcurrant pomace

| Porosity, hygroscopicity; 1
brittle and fragile texture,

Freeze-dried snacks

(2% enrichment) color changes

[110,111]

Non-compliant broccoli

Washing — cutting —

steam-blanching — (juice

Extruded snacks (3%
enrichment with
pomace, 20-100%

and i ‘
carrots and extraction) — freeze drying

omace — grinding enrichment with whole
P (0.8 mm) vegetable powder)

} Starch content, 1 fiber, |
phenols, | expansion volume

[99]

178



Foods 2024, 13, 2658

Table 5. Cont.

By-Products Ingredient Preparation Food Application

Properties

References

Drying — grinding (0.5 mm)
— pectin extraction: acid
extraction (2 g sample
+40 mL HC, 90 °C, 45 min)
Orange and apple — filtration (removal of
pomace, tomato peel, insoluble
pepper peel, prickly material) — pectin
pear peel, and prickly precipitation: 95% ethanol
pear seed peel dispersion (1:2), overnight —
pectin purification: 70%
ethanol dispersion (x2) —
collection of the precipitate
— drying (65 °C)

Gluten-free bread
(2.5-7.5% enrichment)

T Dough height, 1 CO,
production and retention, 1
specific volume

[103]

Pea fiber obtained Bread (3-7%

P . .
ea commercially enrichment)

1 Fermentation, T CO,
production

[107]

Cleaning — drying (60 °C,
24 h) — grinding (0.2 mm)
— o-cellulose extraction:
NaCl dispersion + acetic acid
(1:50, pH 4, 70-80 °C, 2 h, x 5)
— rinsing— drying (60 °C,
overnight) — NaOH
dispersion (1:25,2 h, room T
°C) — filtration—
washing— drying (60 °C,

. . 24 h) — carboxymethyl . o
Oil palm empty fruit cellulose extraction: Low-fat ice cream (0.3%

bunch . . . enrichment)
aqueous-alkaline dispersion

(1:2), isopropyl alcohol
addition
(Th, room T °C) —
monochloroacetate addition

(45°C,3h) — pH
adjustment with glacial
acetic acid (neutral) —
soaking in methanol (to
remove impurities) —
purification in ethanol

| Viscosity, hardness; |
overrun

[106]

‘— followed by, ‘}” low, “1” high.

Table 6. Fish processing by-products with fiber benefits and their food applications.

By-Products Ingredient Preparation Food Application Properties

References

Shrimp and Chitosan provided

crab shells deacetylation degree of 80-95%

commercially with a Wine clarification

T Faster and greater
sedimentation

[112]

Shells drying — milling (710 pm) — chitosan
extraction — demineralization (1 M HCl) —
Asian tiger centrifugation — deacetylation: chitin

Excellent lipid

shrimp (Penaeus  conversion to chitosan using 60% NaOH (w/v)  Biodegradable film oxidation-delaying

monodon) shells ~ Chitosan film: 1 g chitosan + water (containing
1% acetic acid) — glycerol (plasticizer) —
protein hydrolysates — drying

capacity

[44]

‘— followed by, ‘}” low, “1” high.
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2.3. Bioactive Compounds

A bioactive compound is a substance with a positive or negative biological activity in
the organism depending on the type, the dose, and the bioavailability of the substance [116].
Plants (e.g., fruit, vegetables, cereals, and legumes), animals, fish, and microorganisms
contain various bioactive compounds with proven biological activities such as antioxidant,
anti-inflammatory, anti-diabetic, and antitumor ones; therefore, a sufficient intake may help
to prevent or treat diseases [117].

Phenolics (e.g., phenolic acids, flavonoids, tannins, carotenoids, stilbenes, and lig-
nans), terpenoids (e.g., tocotrienol, tocopherols, carotenoids, limonoids, and phytosterols),
alkaloids, nitrogen-containing compounds, and organosulfur compounds are among the
bio-active compounds mostly found in plants, including fruit, vegetables, cereals, and
legumes [118]. Many researchers have focused their attention on the recovery of bioactive
compounds, especially phenolics, from fruit and vegetable by-products for food enrichment
both to face environmental issues and to meet consumers’ needs for healthy choices. For
this purpose, various by-products have been already exploited, such as peel, stems, leaves,
pomace, pods, press-cakes, as well as non-compliant fruit and vegetables.

Many studies added the by-product directly in the liquid or powder form into the
food formulation without applying any isolation and purification of bioactive compounds.
In general, by-products are washed, disinfected, cut, and blanched. Blanching is needed to
inactivate enzymes that may degrade and oxidize bioactive compounds, such as polyphenol
oxidase, peroxidase, and myrosinase. Hot water (98-100 °C for 1-5 min) or steam blanching
are commonly used [24,25,99,119-121]; however, some authors demonstrated the potential
of microwaves [122,123]. Later, by-products are stabilized by air drying or freeze drying
or even sun drying, as reported by Traffano-Schiffo et al., and then ground to a fine
powder [124]. The particle size of powders may affect not only the techno-functional
properties of the ingredient when it is wholly included in the food formulation but also the
extraction efficiency of bioactive compounds [119]. Depending on the extraction method,
it is important to consider different parameters including but not limited to sample-to-
solvent ratio, type of solvent, food matrix, treatment time, and temperature [118,121].
Novel extraction methods such as ultrasounds, microwaves, and high pressure (HP) have
gained popularity in this field because of higher extraction efficiency and their lesser use
of hazardous solvents and energy than conventional ones, which include, for example,
Soxhlet, magnetic stirring, shaking, or maceration [118].

No toxic solvents such as ethanol and water, at different ratios from 0% [121,125] to
96% ethanol [126,127], are suitable for the extraction of hydrophilic compounds such as
phenolics and glucosinolates, whereas deep eutectic solvents are a potential alternative
to harmful solvents (e.g., hexane, acetone, and petroleum ether) for carotenoids extrac-
tion [128]. The sample-to-solvent ratio must be adequate to avoid saturation effects as
well as the waste of solvents. Most sample dispersions were prepared in a ratio of 1:10-30,
with few exceptions [102,126,129-131]. By contrast, 1:4 was found to be the optimal lig-
uid/liquid ratio to obtain a phenol-rich extract from olive mill wastewater, using ethyl
acetate as solvent [132].

As regards time and temperature, conventional methods usually take longer (up to
5 days) [133] and apply high temperatures, near 80 °C [131]. In general, the higher the
temperature, the shorter the time. However, long extraction times and high temperatures
are deleterious for thermolabile bioactive compounds [134]. On the other hand, novel
technologies allow to reduce time and temperature to a maximum of 2 h and 60 °C [102,128].
In the case of ultrasounds, low frequencies (2040 kHz) are commonly used to improve
extractability. Traffano-Schiffo et al. showed that a high-intensity ultrasound (500 W)
increased the extraction of phenolics from cowpea pods [124]. High-pressure processing
(300-600 MPa) was also successfully applied for the extraction of lycopene from tomato by-
products to enrich extra-virgin olive oil, directly used as a green solvent [135]. The results
were very promising, and the pressure seemed to not affect carotenoid recovery. After

180



Foods 2024, 13, 2658

treatment, the extract rich in bioactive compounds is separated from insoluble material by
filtration or centrifugation and then stabilized either by drying or freezing.

A wide range of food products have been enriched with bioactive compounds, from
bakery and pasta products to snacks, beverages, and emulsions. Most of the authors devel-
oping bakery and pasta products used the whole by-product powder with an enrichment
level varying from 2.5% [136] to 15% [137] for pasta and from 5% [24,138] to 50% [101]
for bakery goods. However, 10% is usually the maximum to obtain a product with good
technological properties and sensory acceptability. The food matrix helps to prevent the
thermal degradation of bioactive compounds during cooking [121]. Another strategy to
protect these compounds is encapsulation. Kaderides et al. encapsulated pomegranate peel
polyphenol using orange bagasse fibers as a carrier agent for spray drying and obtained
cookies with a higher phenolic content and antioxidant activity despite bitter flavor and
astringent taste [139]. Moreover, encapsulated systems, e.g., microemulsions [140], nanopar-
ticles [141], and hydrogels [124,142], allowed the increase in bio-accessibility of bioactive
compounds. Similarly, emulsion-based foods such as yogurt [102,143], butter [144], dress-
ing [145], ice cream [146], and mayonnaise [133] registered an increase in bioactive content,
bio-accessibility, and antioxidant activity, in some cases improving also color and flavor.

Bioactive-rich extracts have been widely applied for liquid food formulations such as
instant drinks [120] and soups [95], fermented soy milk [147], kombucha [79,148], smooth-
ies [131], distilled spirits [149], wine [150], and beer [151], with the aim to improve the
nutritional quality and antioxidant activity of the final product. The antioxidant potential
of bioactive compounds, mainly phenolics, has been exploited to enhance the oxidative
stability of vegetable oils from rapeseed [130], soybean [129,152], olive [135], sesame [153],
and sunflower [132].

Valorization of fish by-products for their bioactive compounds focuses mainly on
extracting high-quality oil rich in nutrients, especially polyunsaturated fatty acids such as
EPA and DHA, which have been recommended to be included in a routine diet to maintain
good health. These bioactives from fish by-products are characterized by antioxidant,
anti-obesity, antitumor, anti-inflammatory, and anti-allergenic activities as well as a pro-
tective action against cardiovascular disease. Bioactive oil is usually extracted from the
side streams of fish by-products, including backbones, heads, gills, and viscera. These
by-products may be subjected to freeze drying prior to oil extraction [154-157]. Differ-
ently, several by-products are processed wet [156,158,159]. Occasionally, by-products are
submitted to a cooking step at 95 °C for 12 min before pressing [160].

Food-grade solvents (i.e., hexane and ethanol) are widely used for oil extraction.
Some traditional methods are applied, such as Soxhlet [158,159] or the Bligh and Dyer
method [156]. Alternatively, some mild processes include US, microwave-assisted extrac-
tion (MAE), pressure extraction, and super-critical fluid extraction [155-157,161].

Different studies have reported the effects of raw material treatment and extraction
methods on the oil yield and its nutritional characteristics. For example, Kalogianni et al.
reported the highest antioxidant activity measured by DPPH and ABTS assays in oil
extracted using supercritical fluid extraction starting from freeze-dried samples [156]. The
authors performed the extraction at 37 °C and 20 MPa pressurized with CO, for 30 min
with a flow rate of 3 mL/min. Their findings also highlighted significant amounts of total
PUFA (20.7%) represented mainly by EPA and DHA with a considerable oil yield [156].
The use of MAE for freeze-dried by-products of salmon allowed the recovery of >60%
of oil in <19 min [155,157]. MAE oil was characterized by a healthy lipid profile due to
the high content of EPA and DHA as well as high antimicrobial and anti-inflammatory
properties [155]. High-quality crude oils were produced by pressing cooked by-products
of tuna, seabass, seabream, and wild sardines. The oil derived from tuna, seabass, and
seabream had low levels of anisidine value, peroxide, and free fatty acid content. Seabass
and sea-bream oil had the highest x-tocopherol content, whereas sardine oil had the highest
concentration of EPA and DHA (32.8%) [160].
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Furthermore, fortifying food products with omega-3-rich oil offers the potential to
scale up and valorize the use of fish by-products. For instance, a functional flavored yogurt
was incorporated with fish by-product oil derived from Nile perch, containing 20.5%
omega-3 fatty acids (consisting of 3% EPA, 6.2% DPA, and 9.0% DHA) [162]. Consequently,
the target daily consumption of omega-3 fatty acids was met, and there was no observable
impact of the fish oil on flavor [162]. Similarly, pork sausage was fortified with oil extracted
from skipjack tuna heads and viscera. The overall acceptance, ABTS+, DPPH radical
scavenging activity, and antimicrobial properties of the sausage were improved, with
significant increases in EPA (4.15%) and DHA (21.96%) [154]. Deep-fried chips enriched
with fish by-product oil and artichoke bract powder had a booster in their nutritional
quality. They showed reduced triglycerides, cholesterol, and LDL levels, along with
increased average lipid content and essential fatty acids [158]. The incorporation of fish
oil and artichoke powder also effectively improved their vulnerability to oxidation. These
findings are likely due to the capacity of these enriched chips to block lipid peroxidation,
enhance antioxidant status, and obstruct lipolysis and the subsequent insulin-induced
inhibition of free fatty acid release. Thus, reducing the associated risk of cardiovascular
diseases [158].

Regarding dairy by-products, whey is a source of protein with high biological value
as well as branched chain amino acids, essential amino acids, and high-sulfur-containing
amino acids, which support antioxidant activity. They promote glutathione synthesis,
enhance probiotic bacteria growth, and protect from oxidative stress due to their antioxidant
effect [9]. The application of whey for antioxidant purposes was studied by Alwohaibi
et al. by valorizing different dairy by-products. The study was focused on using sweet
whey, sweet buttermilk, and skimmed milk to produce a functional dairy—millet beverage
fermented with Lactobacillus paracasei as an adjunct culture [163]. Four fermented milk
beverages (water-based, whey-based, buttermilk-based, and skimmed-milk based) were
developed and analyzed for several characteristics, including their antioxidant properties.
All fermented milk beverages produced using the dairy by-products exhibited significant
antioxidant properties in comparison to the water-based fermented beverage. Additionally,
all samples had a low glycemic index and glycemic load [163]. The following Tables 7-9
provide deep details about the ingredient preparation and their application on various
food products regarding bioactive compounds.

Table 7. Fruit and vegetable processing by-products with bioactive benefits and their food applications.

By-Products Ingredient Preparation Food Application Properties References
T Oxidative stability
Fat extraction — freeze drying — during frying,
Longan peel 80% ethanolic extraction — solvent Soybean oil tocopherols; [152]
evaporation | peroxides, conjugated
dienes, TBARS
1 TPC, antioxidant
Black currant Freeze-dried vegetable activity; 1 dark color,
Obtained commercially snacks (1-5% | water activity, | [164]
pomace . .
enrichment) porosity, 1 hardness,
crispiness
Broccoli: drying (35 °C, 48 h) — Fresh pasta (10%
Pomegranate peels, grm.dmg 0.5 .m.m) pc.)megranat.e: broccoli and 3-6% olive 4 Phenols, flavonoids;
Lo washing and disinfection — drying and . . ;
olive oil pomace, 5 1. | microbial growth; [165]
broccoli root and leaves (50 °C, 48 h) — grinding (0.5 mm) pomegranate 71 shelf life
olive: drying (35 °C, 72 h) — by-products
grinding (0.5 mm) enrichment)
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Table 7. Cont.

By-Products Ingredient Preparation Food Application Properties References
Pom.egrar}ate, broccc?h: washmg — 4 Phenols, flavonoids,
Pomegranate peels, disinfection — cutting — drying o S .
. . 5 . Fresh pasta (3-8% antioxidant activity,
olive oil pomace, (45 °C) — grinding (0.5 mm) . . . [166]
. . . 5 - enrichment each) shelf life (especially
broccoli root and leaves Olive: drying (45 °C) — grinding
(0.5 mm) pomegranates)
Washing — cutting — freeze-drying
— grinding (<2 mm) — carotenoid
extraction: dispersion (1:20) in
THF+0.01% BHT+ magnesium HPP-treated . .
. 2. . . J Particle size, T
carbonate —-homogenization — US microemulsions (7 carotenoid
Papaya peel treatment (30 min) — mg/g soy- . . [140]
. . . . bio-accessibility
centrifugation — re-extraction with  bean/sunflower/coconut .
. (sunflower, soybean oil)
acetone (pellet) — supernatant oil)
collection — diethyl ether addition
— organic phase collection —
filtration — vacuum drying
Washing — cutting — grinding — Kheer dairy-based 4 Flavor, color
Coconut husk MW blanching (2450 MHz-900 W, dessert (5-15% i’ [122]
. . . (10% maximum)
40-160 s) — cooling — grinding enrichment)
1 Phenols, flavonoids,
. e Gluten-free bread chloroger.lic.: acid,
Apple pomace Drying — milling (5-15% enrichment) .phlorlzm, N [138]
1 antioxidant activity;
1 sensory acceptability
1 Phenols, T
Apple pomace Freeze drying — UV sterilization Fermented soy milk antioxidant activity, [147]
1 viable cell count
s . T thermal stability
Lemon peel Grinding Flavoring gel 1 safety, quality [167]
Cutting — blanching (98 °C, 1 min) Instant drink (2-6% T T.Pcf V1tam1n. C.’
Mango peel ", drying (50 °C, 4 h) enrichment) 1 antioxidant activity, [120]
yms ’ T acidity
Pomegranate: drying (40 °C, 48 h) T Retention of
— grinding (0.1 mm) — water encapsulated phenolics,
Pomeeranate peel dispersion (1:32) — US treatment Cookies (enrichment at 1 antioxidant activity,
g‘. . p ’ (50 W, 35 °C, pulse 7 s on—6 s off, 5000 ppm of phenolic 1 bitterness, [139]
orange juice residue ! o . . .
10 min) — homogenization with concentration) astringency,
hydrated orange fibers (1:9) — 1 color, odor,
encapsulation (spray drying) J texture
. Distilled spirit T TP.C’ DPPH (mango),
Banana, pineapple, gin/vodka good
. . . (sample-to-solvent, .
squash, mango, Washing — cutting — drying 1:10, solvent: 40°% substitute for [149]
calamansi, potato peels ethanol/gin/vodka/tequila) food-compatible
solvents
Drying (40 °C, 24 h) — grinding — T Ox.ldatlve stability
. . . during storage and
Star fruit peel phenol extraction (sample: acetone, Sesame oil (200-1000 frying (1000 ppm) [153]
1:20, 4-24 h, 30 °C, x2) > solvent ppm) . 4
evaporation good alternative to
synthetic antioxidants
Washing — peeling — deseeding —
Non-compliant melon cutting — juice extraction — Melon-based wine 1 TPC, antioxidants, [150]

decantation (1 °C, 24 h, SO,
addition) — must

7T fruity, floral aroma
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Table 7. Cont.

By-Products

Ingredient Preparation

Food Application

Properties

References

Grape seed, olive stone

Flour obtained commercially

Crackers (10-30%
enrichment)

1 TPC, 1 dark color, |
sensory acceptance,
J hardness (olive stone)

[168]

Olive mill wastewater

Filtration — liquid-liquid extraction
with ethyl acetate (1:1-5, 4-70 °C,
0.25-24 h) — organic phase
separation — solvent evaporation

Olive and sunflower oil
(0.3% enrichment)

T lipophilicity and
bioactivity of phenols,
T thermal stability,

J oxidation

[132]

Olive wastewater (oil +
brine)

Centrifugation

Stuffing or paste for
olives (63% enrichment
oil fraction) and pickled

vegetable (brine)

1 Phenols,
1 sensory properties

[169]

Olive leaf

Drying (T °C room, 15 d) —
dispersion (1:10) in vinegar —
homogenization — maceration (T
°C room, 5 d) — filtration

Low-fat vegan
mayonnaise

1 Phenols (oleuropein),
1 oxidative stability,
71 shelf life, 1 color, taste

[133]

Olive leaf

Washing — drying (120 °C, 8 min)
— grinding — water dispersion
(1:20— US extraction — filtration
(liquid extract) — freeze drying

Ripened sausage
(0.02-0.08%)

1 Weight loss, 1
oxidative stability, |
hardness,

T microbial safety,
natural additives
(nitrite substitute)

[125]

Red onion peel

Washing — drying (40 °C) —
grinding (1 mm) — UV sterilization
— dispersion (1:14) in 70% acidified

ethanol — US treatment (40 kHz,
25 °C, 40 min, 100 W) —
centrifugation (liquid extract)

Ricotta cheese (1-3%
enrichment)

T Phytochemical
content,
1 antioxidant activity
1 texture, color

[170]

Onion skin

Washing — drying (50 °C, 12 h) —
grinding (0.5 mm)

Pasta (2.5-7.5%
enrichment)

T Phenol (quercetin,
phenolic acids),
1 antioxidant,
anti-inflammatory
activity

[136]

Onion skin

Washing — drying (T °C room, 14 d)
— grinding (0.2 mm)

Extrudates (3-9%
enrichment)

1 Quercetin, T TPC,
antioxidant activity

[171]

Tomato by-products

Dispersion (1:10) in DES-LA (deep
eutectic solvents/lactic acid, 1:2) —
US (40 kHz, 30 °C, 1-2 h) —
centrifugation (liquid extract) —
extract: chitosan solution (40:60,
w/w)

Edible films (40%
liquid extract)

T Thermal stability,
hydrophilicity;

1 free radical
scavenging rate, |
oxidation,

1 shelf life

[128]

Tomato seeds and skin

Blanching — freezing — HPP
extraction (by-product+ oil,
300-600 Mpa, 10 min) — agitation
(45 °C, 45 min)

Extra virgin olive oil
(10-20% enrichment)

T Lycopene recovery,
good sensory
acceptability (10%)

[135]

Tomato pomace,
linseed meal

Tomato: grinding — drying (45 °C,
10 h)
Linseed: cold pressing

Gluten-free pasta
(10-15% enrichment)

1 Fiber, lipid, tocols,
phenols, 1 antioxidant
capacity

[137]

Artichoke bracts and
tomato

Non-thermal patented treatment
(Patent n°001426984) — freeze
drying

Fresh pasta (3%
enrichment)

1 Phenols, antioxidant
activity

[77]
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Table 7. Cont.

By-Products Ingredient Preparation Food Application Properties References
Freeze drying — grinding — UV T Nutritional quality,
sterilization — dispersion (1:10) in T phytochemicals,
Black carrot pomace 70% acidified ethanol — US Yoghurt (1-2% antioxidant activity, [143]
p treatment (40 kHz, 25 °C, 40 min, enrichment) T color, appealing (2%
100 W) — centrifugation (liquid best
extract) formulation)
T Carbohydrates,
Drying (60 °C, 5 h) — grinding protem.s, vitamins,
R . minerals,
(0.4 mm) — water-in-oil emulsion Butter (21% L -

Carrot pomace .. . . . 1 oxidative stability, [144]
(addition of other ingredients + enrichment) . ial h
homogenization 5 min, 20 °C) | microbial growth,

! | spreadability,
good acceptability
Freeze drying — grinding (0.5 mm)
— carotenoid extraction: dispersion
Red chili by- (1:100) in 60% acetone-40% Soybean oil (0.05-0.5 J Oxidation, [129]
products petroleum ether (20 min stirring, ppm enrichment) T thermal stability
protect from light) — centrifugation
— solvent evaporation
1 Ash, | fat,
1 lipid oxidative
. Drying (60 °C, 16 h) — grinding Sausage (50-270 mg stability (180-2700 mg
Bell pepper residue (0.25 mm) GAE/kg meat) GAE/kg), [172]
natural additives
(nitrite substitute)
1 Phenols, flavonoids,
1 antioxidant,
Coffee husk ‘cascara’ Obtained commercially Kombucha (10 g/L) antlbactegell_ll activity, | [173]
balanced aroma and
taste
1 Antioxidant activity,
Outer leaves of lettuce, 1 phenols, flavonoids,
onion peels, banana . .. hyperglycemia and
peels, whey protein, Freeze drying — grinding Instant soups hyperiipidemia, [95]
and brewery yeast T bone health, 1 feces
weight
Washing — cutting — dispersion 5
(1:50) in 80% ethanol (pH 6, 80 °C, . T TPC (+50%),
. . : Vegetable smoothie T antioxidant capacity,
Beet leaves 40 min) — centrifugation — solvent . . [131]
. 5 . (30% enrichment) 1 shelf life (+1 week),
evaporation (40 °C) — resuspension ., .
. 1 nutritional retention
in water
MW hy(.:lrodlffusmn and Wide range of texture
Green tea leaves and gravity/US/MW/ .
; Gluten-free hydrogel properties, [142]
branches, hops autohydrolysis (ethanol/water, 4 thermal stabilit
55-200 °C, 2-120 min) y
Sun drying — grinding (0.25 mm)
— water dispersion (1:15) — US L.
treatment (20 kHz, 500 W, 10-20 min, aztlTvlth 1 gg;ﬁ:ljjé‘t \
Cowpea pod 20-80% amplitude) — Hydrogels Y ! [124]

centrifugation — filtration (liquid)
— freeze
drying

compactness (in the
presence of proteins)
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Table 7. Cont.

By-Products Ingredient Preparation Food Application Properties References
Sesame, Grinding (1 mm) — sterilization Ice cream (2% T TPC’ antioxidant
pomegranate, and (110 °C, 10 min, 1.5 atm) enrichment) activity (grape seed), [146]
grape seed ! T T viable probiotics
Grinding (0.4 mm) — dispersion Dipped-bottom
(1:10-30) in 95% ethanol — US mushroom | Oxidation,
Peanut skin treatment (10-60 min) — filtration (0.005-0.05 mg/mL) + antioxidant ac t/ivit [127]
— solvent evaporation (40 °C) — and sacha inchi oil y
re-suspension in 95% ethanol (0.01-0.05-1%)
Grinding (0.32 mm) —
dispersion (1:4) in 75% ethanol (T °C
room, 30 min, x4) —
filtration — vacuum-
concentration (50 °C) — freeze Rapeseed oil (30% Dy
Rapeseed meal drying — phenols extraction: water enrichment) | Oxidation [130]
dispersion (1:50, 20 min) — US
treatment (20 kHz, 10-35%
amplitude, 2-8 min) —
centrifugation — filtration
. Washing — disinfection — cutting Bevgage (()82’5 e 1 Carotenoids, sulfur
Broccoli stalks, . . broccoli, 17.5% carrots) .
. — MW blanching (700 W, 2 min, x2) . compounds, 1 shelf life [123]
non-compliant carrots ... .. . (pasteurization, HPP,
— cooling in ice — juice extraction (HPP, US treatment)
US treatment)
Steaming (120 °C, 11 min) — drying
(80 °C, 48 h) — 0-100% methanol 1 GLS protection
Kimchi cabbage leaves extraction — US treatment . (gastric phase),
and cortex (0-30 min, 0-40% amplitude) — Nanoparticles 1 GLS release in [141]
centrifugation (liquid) — freeze intestine
drying
T Sulforaphane,
1 alcohol content, |
Broccoli by-product Obtained commercially Beer (0.1% enrichment) bitterness, 1 color, 1 [151]
off-flavors, | sensory
properties
1 Glucosinolates, TPC,
. ]3.1an.chmg — freeze dr.ymg — Biscuit (10% flour, carotenoids, color
Non-compliant and grinding(powder) — dispersion 30 mL extract /k (flour), [121]
broccoli stems (1:15) in 0-50% ethanol (40 °C, 1 h) dough) & 1 stickiness, |
— centrifugation (liquid extract) & workability (liquid
extracts)
J} TPC, antioxidant
Brassica leaves Washing — d}‘ymg (60 °C, Kombucha (7 g/L) activity (than. black tea), [148]
overnight) | aroma, bitterness,
T color, appearance
1 Glucosinolates,
Cauliflower stalks and ~ Cutting — blanching (100 °C, 5 min) Pizza (10-30% ;ﬁ;(:;esrtlgg]ss, [16]
leaves — freeze drying — grinding enrichment) g00d rheological
properties (10%)
Source of phenols and
Fermented broccoli GLS, | broccoli flavor
Broccoli stalks Washing — cutting — brine (fermentation), | pH [174]

stalks

good sensory
acceptability
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Table 7. Cont.

By-Products Ingredient Preparation Food Application Properties References
1 phenols
Broccoli stem and Grinding (liquid nitrogen) — freeze Salad dressing (1% bio-accessibility [145]
leaves drying enrichment) (modulated the
presence of oil)
1 Quercetin, TPC,
T antioxidant capacity,
Fruit and vegetable Quercetin extract powder obtained Bars (0.02-0.08% J water activity, [175]
waste commercially enrichment) T lightness, hardness,
good sensory
acceptability (0.06%)
Washing — drying (60 °C, 5h) — .
Fruit and vegetable grinding — dispersion (1:3) in 96% F1sh.meal (300 ppm 1 Antioxidant activity,
o . . enrichment coffee e e . [126]
by-products ethanol (65 °C, 3 h) — filtration — . inhibits lipid oxidation
. sediment extract)
concentration
‘—" followed by, ‘}” low, “1” high.
Table 8. Fish processing by-products with bioactive benefits and their food applications.
By-Products Ingredient Preparation Food Application Properties References
. 1 EPA (4.2%), DHA (22%),
Skipjack tuna . Freeze drying — fat extraction 1 ABTS, DPPH,
(Katsuwonus pelamis) . Pork sausage [154]
by-products (oil) 1 overall acceptance,
yP 1 antimicrobial properties
Three mild processes: pressure
(PE) for fresh by-products, 1 Antioxidant activity,
5 supercritical fluid extraction . . DPPH, ABTS (SFE oil),
Mullet roe by-products (SFE), and solvent extraction Fish oil 71 oil yield (SE oil), [156]
(SE) for freeze-dried 1 EPA (20.7%), DHA (24.3%)
by-products
1 Oil yield (<19 min),
Freeze drying — powder — no effect on DHA, linoleic,
Fish by-products microwave-assisted extraction Bioactive fish oil EPA, 1 antimicrobial, [157]
(MAE) antioxidant,
anti-inflammatory activities
1 Antioxidant, antibacterial,
Catfish by-product Fat extraction (US treatment) Nanoerilulglons antl—lnﬂfa I.nmato1.‘y properties, [161]
(2 wt% oil) no toxicity against normal
skin cells
Freeze drying — powder — . o
. 1 Oil recovery (69% heads,
MAE: 14.6 min, 291.9 W, .
Salmon (Salmo salar) backbone; 92% viscera),
backbones, heads 80.1 g/L for backbones; Bioactive fish oil T cytotoxic, antioxidant [155]
Visce;a , 10.8 min, 50.0 W, 80.0 /L for anti-inﬂarr{mator and’
heads; and 14.3 min, 960.6 W, antimicrobial pro y,er ties
99.5 g/L for viscera prop
Tuna (Thunnus obesus) T DHA, EPA’ cohe§ tveness
and sea bass 4% Saline solution (5 min) — (tuna), 1 brightening (sea
Pasta (3% enrichment) bass), | hardness, [176]

(Dicentrarchus labrax)
by-product

drying (50 °C) — grinding

fracturability, | weight gain,

swelling index
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Table 8. Cont.

By-Products Ingredient Preparation Food Application Properties References
1 Phospholipids, n-3 PUFA
Northern shrimp Wet by-products — oil i f:?iszziﬁgﬁgz;is;gil
(Pandalus borealis) extraction (Soxhlet, Bioactive shrimp oil cells [159]
by-product hexane/acetone, 2:3) regulated adipogenesis and
lipogenesis
1 linoleic, linolenic, EPA,
DHA,
Sardine (Sardina . . . | reducing triglycerides, LDL
pilchardus) gill and Qil extraction (Soxhlet) Chips (25 mL fish oil to cholesterol, [158]
. 0.5 kg wheat) - e
viscera 1 nutritional, antidiabetic,
antihyperlipidemic,
histoprotective effects
Omega-3 daily intake was
Nile perch (Lates Qil extraction — centrifuging . achieved through a single
niloticus) by-products (recover of omega-3 FA) Yoghurt (3.5 g oil) serving (150 g) of fortified [162]
yoghurt
1 Free fatty acid, peroxide,
TOTOX, anisidine value
Tuna, seabass, Grinding — cooking (95 °C, (tuna, seabass, seabream)
seabream, wild 12 min — pressing — Crude oils T a-tocopherol (seabass, [160]
sardines by-products centrifuged (crude oil) seabream),
1 EPA, DHA (32.8% sardine
oil)
‘— followed by, ‘}” low, “1” high.
Table 9. Dairy processing by-products with bioactive benefits and their food applications.
By-Products Ingredient Preparation Food Application Properties References
Pasteurization (72 °C, 15s) — Sweet whey fermented 1 Antioxidant
Sweet whey, sweet . o ) .
. cooling — rennet addition — milk beverage, sweet properties,
buttermilk, and ) .. . . .. [163]
skimmed milk coagulation — draining — aging buttermilk FMB, and 1 glycemic index,
(4 °C, 24 h) — churning skimmed milk FMB glycemic load

‘— followed by, ‘}" low, “1” high.

3. Conclusions

The increasing demand for more nutritious, healthy, and sustainable food products
has moved the attention of researchers and companies to find alternative sources of macro-
and micro-nutrients, especially proteins, fibers, and bioactive compounds. Food processing
by-products from animal, fish, and vegetable origin represent a valuable alternative. The
effective use of by-products can help to increase resource efficiency, lower the burden of
waste disposal, and produce useful inputs for the food industry. Besides conventional
extraction methods, novel technologies may be adopted to produce functional high-quality
ingredients in the form of powders or liquid extracts. Protein-, fiber-, and bioactive-rich
ingredients allow the improvement of the nutritional quality of fortified food. Among
them, bioactive compounds (e.g., phenols, carotenoids, omega-3 fatty acids, etc.) can both
provide health benefits for the organism and increase the oxidative stability and the shelf
life of the final food. Depending on the type of food, proper enrichment levels should be
carefully evaluated to obtain the optimal physicochemical properties.
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Abstract: Heat-moisture treatment (HMT) is a widely used method for modifying starch properties
with the potential to reduce the digestibility of high-amylose starch (HAS). This study aimed to opti-
mize the HMT conditions for HAS and apply the resulting HMT-HAS to triticale noodles to develop
low-glycemic-index products. HMT significantly increased the resistant starch (RS) content and
decreased the rapidly digestible starch (RDS) content of HAS. The treatment conditions—temperature,
heating time, and moisture content—were found to significantly influence the starch composition.
Optimal HMT conditions were determined using response surface methodology: a temperature
of 108 °C, a heating time of 5.8 h, and a moisture content of 25.50%. Under these conditions, the
RS content of HMT-HAS was 60.23%, nearly double that of the untreated sample. Increasing the
level of HMT-HAS in triticale noodles led to significant decreases in short-range order, relative
crystallinity, and viscosities, while the RS content increased from 12.08% to 34.41%. These findings
suggest that incorporating HMT-HAS into triticale noodles effectively enhances starch digestive
resistance, supporting the development of functional, low-glycemic-index triticale-based foods.

Keywords: starch digestibility; resistant starch; starch structure; heating time; relative crystallinity;
pasting property; infrared spectroscopy

1. Introduction

High-amylose maize starch, abbreviated as high-amylose starch (HAS), could decrease
blood glucose levels, increase satiety, improve the gut microbiota, and reduce the risk of
obesity and cardiovascular disease [1]. HAS contains a much higher content of resistant
starch (RS) than low- or normal-amylose starch, which makes it digested and absorbed by
the body at a slower rate, thereby lowering the glycemic index (GI) of food and improving
the postprandial glucose and insulin responses [2]. Therefore, HAS has been considered a
good raw material for the development of low-GI foods.

Heat-moisture treatment (HMT) is a physical modification technique that involves
treating starch at high temperatures (90-130 °C) with low moisture content (15-35%) for a
certain period. During HMT, the movement of water molecules is intensified by thermal
energy to modify the internal structure of starch [3]. HMT may affect the sensitivity of
digested enzymes to starch, depending on the source and variety of the starch as well as
the treatment conditions [4]. For example, starch, particularly HAS, is apt to be converted
into forms with low GI by HMT [5]. Animal studies have indicated that HMT-HAS exhibits
stronger resistance to enzyme digestion in the mouse digestive tract [6] and could effectively
reduce plasma cholesterol levels in ovariectomized rats [7]. Therefore, optimizing the HMT
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conditions for HAS is essential for regulating the GI, promoting the application of HMT
technology, and enhancing the utilization of HAS.

Noodles are a popular staple in the world, especially in China, and are generally
regarded as a high-GI food. To the best of our knowledge, we are the first to report on the
development of low-Gl triticale noodles as an alternative product. Triticale (x Triticosecale
Wittmack), a hybrid grain from wheat (Triticum sp.) and rye (Secale cereale L.), has been
increasingly incorporated into various foods such as bread, biscuits, tortillas, pasta, and
noodles due to its high nutritional value and health-promoting properties [8]. Previous
research, such as Lorenz et al. [9], has demonstrated the suitability of triticale for noodle
production based on its cooking and sensory properties. Additionally, studies have ex-
plored the nutrients, polyphenols, and sensory qualities of triticale noodles [10,11], with
Liu et al. [12] advancing the development of the gluten network in triticale whole-wheat
noodles using enzymes like glucose oxidase, xylanase, and laccase. Compared to traditional
wheat noodles, triticale noodles offer superior nutritional value and bioactivity, attributed
to higher contents of protein, minerals, vitamins, and phenolics [13]. Despite the growing
interest in low-GlI foods for managing postprandial blood glucose, limited research has
focused on reducing the GI of triticale noodles. Although numerous studies have investi-
gated the effects and mechanisms of HMT on the physicochemical properties and starch
digestibility of various starches, the results have been inconsistent. Therefore, optimizing
HMT conditions for HAS, and considering factors like heating time, temperature, and
moisture content, remains crucial to enhancing the RS content.

Therefore, in this study, we optimized the HMT conditions for HAS by response sur-
face methodology using RS content as the response variable and then incorporated the HAS
produced by HMT at optimal conditions into the triticale noodle preparation to attenuate
the starch digestibility of the noodle. Meanwhile, some physical characteristics, including
microstructure, crystalline characteristics, pasting properties, and short-range order, were
also explored to better understand the change in the noodle’s starch characteristics because
of the addition of HMT-HAS. This investigation may be helpful in developing low-GI
triticale products to meet the needs of diabetes patients and increase the added value of
triticale as well.

2. Materials and Methods
2.1. Materials and Reagents

The triticale cultivar (ND2201) was obtained from Huinong Fumin Technology Co., Ltd.
(Beijing, China). High-amylose maize starch (1945, 71% amylose) was purchased from Kehe
Biotechnology Co., Ltd. (Shanghai, China). Amyloglucosidase and x-amylase were purchased
from Aladdin Corp. (Shanghai, China). Phenol and 3,5-dinitrosalicylic acid were acquired
from Suyi Chemical Reagent Co., Ltd. (Shanghai, China) and Lanji Technology Development
Co., Ltd. (Shanghai, China), respectively. All other reagents of analytical grade were supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. HMT of HAS

HAS was heat-moisture treated as follows: The moisture content of HAS in a reaction
vessel was adjusted to 15-35% by adding distilled water, followed by standing at room
temperature for 24 h, and then the sealed vessel was heated in a drying oven (DHG-9055A,
Yiheng Technology, Shanghai, China) at a certain temperature (90-130 °C) for a certain
period of time (2-6 h). Subsequently, the vessel was cooled for 30 min, and then the samples
treated with heat and moisture were dried at 45 °C for 12 h. Finally, the dried samples were
ground (Q-250A, Bingdu Electrical Appliance, Shanghai, China) and passed through an
80-mesh sieve to obtain the HMT-HAS samples.
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2.3. Optimization of HMT Conditions for HAS
2.3.1. Single-Factor Experimental Design

Three independent variables, i.e., moisture content, treatment temperature, and heat-
ing time, were investigated for their effects on the starch digestibility of HAS. The ex-
periments were designed as follows: (1) The temperature and time were 110 °C and 4 h,
respectively; the moisture content was 15%, 20%, 25%, 30%, or 35%. (2) The moisture
content and time were 25% and 4 h, respectively; the temperature was 90 °C, 100 °C,
110 °C, 120 °C, or 130 °C. (3) The moisture content and temperature were 25% and 110 °C,
respectively; the time was 2, 3,4, 5, or 6 h.

2.3.2. Response Surface Experimental Design

To obtain the optimal HMT conditions for HAS, on the basis of the preliminary single-
factor experiments, moisture content, treatment temperature, and heating time were set
as the independent variables, with RS content as the response variable. The Box-Behnken
design was conducted using Design Expert 13 (Stat-Ease, Minneapolis, MN, USA). The
factors and levels of the response surface experiment are shown in Table 1.

Table 1. Factors and levels of response surface experiment.

Factors
Levels B: Treatment T t C: Heating Ti
A: Moisture Content (0/0) . 1rea meno empera ure . ea lng imme
°Q) (h)
-1 20 100 4
0 25 110 5
1 30 120 6

2.4. Preparation of Triticale Noodle Samples

The triticale noodles were prepared as follows: Briefly, 100 g of the flour (consisting
of triticale and HMT-HAS) containing 0%, 10%, 20%, 30%, 40%, or 50% HMT-HAS was
blended with 60 mL of water and kneaded into a uniform dough. Subsequently, the dough
was set to rest for 30 min at 30 °C, followed by being cut into noodles that were 1 mm thick,
5 mm wide, and 20 cm long. After being freeze-dried, some of the noodles were ground
into a powdert, passing through an 80-mesh sieve. Both the ground and unground noodles
were sealed and preserved in a desiccator at room temperature until used.

2.5. Scanning Electron Microscopy Analysis

As per the method supplied by Lv [14], the microstructural characteristics of freeze-
dried noodle samples were explored using a scanning electron microscope (S-480011, Hi-
tachi, Tokyo, Japan) with a magnification of 800 x at an accelerating voltage of 20 kV.

2.6. Analysis of Short-Range Order

The short-range order of the freeze-dried noodle powders was investigated using
Fourier transform infrared spectroscopy (670-IR+610-IR, Varian, Palo Alto, CA, USA), as
reported by Zhang [15]. The scan was performed in the range of 4004000 cm~! with a
resolution of 4 cm~!. The spectra were obtained by scanning 32 times with KBr as the
background and analyzed using OMNIC 9.7 (Thermo Fisher Scientific Inc., Waltham, MA
USA). The spectra were deconvoluted and normalized in the range of 900 to 1250 cm ™!,
with a peak width of 40 cm ! and an enhancement factor of 1.9.

2.7. X-ray Diffraction Analysis

Following the method of Li et al. [16], the X-ray diffraction patterns of the freeze-dried
noodle powders were determined using an X-ray diffractometer (D8 Advance, Bruker AXS,
Karlsruhe, Baden-Wiirttemberg, Germany) at 40 kV and 40 mA with Cu-K« radiation. The
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scanning region ranged from 5° to 40° (20) at a scanning speed of 2°/min. The relative
crystallinity was calculated using the X-ray diffractometer software (Topas 4.0).

2.8. Determination of Pasting Properties

The pasting properties of the freeze-dried noodle powders were analyzed with a rapid
viscosity analyzer (TechMaster RVA, Perten, Segeltorp, Sweden). A mixture of 1.5 g of the
noodle sample and 25 g of distilled water was put into an aluminum box for RVA. The
program parameters were set as follows: equilibration at 50 °C for 1 min, heating to 95 °C
at a rate of 12 °C/min, holding at 95 °C for 2.5 min, and then cooling to 50 °C at a rate of
12 °C/min and holding for 2 min. The rotational speed of the helical rotor was 960 rpm for
the first 10 s and then reduced to 160 rpm.

2.9. Analysis of Total Starch Content

The total starch content was analyzed using the acid hydrolysis method outlined in the
“National Food Safety Standard—Determination of Starch in Foods (GB5009.9-2016)" [17].

2.10. Analysis of In Vitro Starch Digestibility

The RDS, SDS, and RS contents were analyzed following the method reported by
Englyst et al. [18] with minor modifications. In brief, 200 mg of the sample was thoroughly
mixed with 15 mL of sodium acetate buffer (0.2 mol/L, pH 5.2) and then incubated in a
boiling water bath for 15 min. Following a water bath at 37 °C for 5 min, the sample was
hydrolyzed with 5 mL of x-amylase (290 U/mL) and 5 mL of amyloglucosidase (15 U/mL)
at 160 rpm and 37 °C. After hydrolysis for 20 and 120 min, 1 mL of the hydrolysate
was immediately blended with 4 mL of a 66% anhydrous ethanol solution. Following
centrifugation (Allegra X-30R, Beckman Coulter, Brea, CA, USA) at 6000 rpm for 10 min,
the level of glucose in the supernatant was measured using the DNS method.

2.11. Statistical Analysis

The data were presented as the mean + standard deviation for three replications. Signifi-
cance analysis was carried out using SPSS 19.0 (IBM, Armonk, NY, USA) at the p < 0.05 level.
Graphs were constructed by Origin 2018 (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Single Factor Analysis for HMT
3.1.1. Effect of Moisture Content

Starch digestibility has been demonstrated to be dependent on the parameters in
HMT, including moisture content, treatment temperature, and heating time [19]. Table 2
shows the effect of moisture content during HMT on the starch composition of HAS. HMT
led to an evident change in the contents of RDS, SDS, and RS. Moreover, the contents of
those different types of starches varied significantly with the moisture content. Compared
to the untreated counterpart, the RDS content decreased by 21-50% and the RS content
increased by 31-80%, with the highest RS and lowest RDS contents observed at 25% of
moisture content. The impact of HMT on starch digestibility may be attributed to starch
structural and morphological changes under high temperature and low moisture content,
such as crystallite disruption, crystallite reorientation, amylose-lipid interaction, starch
chain interaction, and formation of fissures and cracks on the granule surface [19]. In
our study, the reasons for native starch showing the highest RDS content were likely as
follows: HMT can cause the formation of ordered molecular aggregation architecture, which
increases crystalline perfection and improves resistance to enzymes [20]. In addition, it has
been reported that there is up to 1.0% lipid contents in typical washed cereal starch [21].
Therefore, the starch-lipid complex, which does not fit into the active sites of x-amylases,
may be formed during HMT, as reported by Liu et al. [22], who also found the formation
of the starch-lipid complex after HMT despite the low lipid content (0.5%) in buckwheat
starch. At high temperatures, the intensified movement of water molecules disrupts the
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ordered structure of starch, causing migration and rearrangement. This leads to enhanced
interaction between the amorphous regions and the starch molecular chains, thereby
obstructing the entry of amylase into the interior of the starch granules and inhibiting starch
digestion [23]. When higher moisture levels were used, the disruption of starch structure by
HMT might be intensified rather than rearranged [24]. When the moisture content exceeded
25%, with more water molecules at high temperatures, starch gelatinization intensified,
leading to structural disruption of starch and increased attachment sites for amylase, thus
promoting starch digestion. Therefore, a moisture content of 20% to 30% was selected for
the response surface experiment.

Table 2. Starch digestibility of HAS under HMT with different moisture contents.

Moisture Content (%) RDS (%) SDS (%) RS (%)
untreated 45.76 +0.152 23.26 + 0.61°¢ 30.98 + 0.67 f
15 3247 +0.14°¢ 27.09 +0.09 2 4044 +0.14¢
20 30.57 + 0.08 d 24.55 + 0.48 P 4487 +0.41°¢
25 22.79 + 0.85 f 21.30 £ 0.724 55.91 + 0.132
30 29.58 4+ 0.21 ¢ 20.62 +0.354 49.80 + 0.47 0
35 36.01 + 0.69 P 20.78 +0.82 d 4321 +0.444

Values are presented as mean =+ standard deviation (1 = 3), and values with different lowercases in the same
column are considered significantly different (p < 0.05). HMT: heat-moisture treatment. HAS: high-amylose
starch. RDS: rapidly digestible starch. SDS: slowly digestible starch. RS: resistant starch.

3.1.2. Effect of Treatment Temperature

The effect of temperature during HMT on the starch composition of HAS is shown
in Table 3. Similarly, the temperature also significantly affected the contents of RDS, SDS,
and RS. The sample by HMT at 100 °C exhibited the lowest RDS content, about half of
that in the untreated counterpart. Meanwhile, HMT at 100 °C induced an increase in RS
content, 1.8 times higher than the untreated one. It may be due to the intensified movement
of water molecules under thermal energy, promoting the perfection of crystalline structure
and the formation of more stable starch-lipid complexes. When the temperature was
higher than 90 °C, the RDS content as well as the RS content at different temperatures
was comparable, although significant. It may be attributed to the stable starch structure,
in accordance with the findings of Wang et al. [25]. Increasing the temperature leads to
a more stable starch structure through the processes of gelatinization and retrogradation.
The stability arises from the disruption of the crystalline regions in the starch granules
and the formation of a more amorphous, gel-like structure that is less prone to reverting
to its original state [26]. Considering the reduction in cost and starch discoloration at
excessively high temperatures, temperatures ranging from 90 °C to 110 °C were selected
for the response surface experiment.

Table 3. Starch digestibility of HAS under HMT at different treatment temperatures.

Treatment Temperature (°C) RDS (%) SDS (%) RS (%)
untreated 45.76 +0.152 23.26 +0.61 2 30.98 £ 0.67 ¢
90 33.81 +0.22° 23.96 +0.07 2 4223 4+0.24°¢
100 2236 4+ 0.87 4 22.34 +091° 55.30 = 0.12 P
110 23.62 £0.15°¢ 20.73 £0.40°¢ 55.65 = 0.51 ab
120 23.18 4 0.97 «d 2091 +£091°¢ 55.91 4+ 0.13 2b
130 23.02 4 0.23 <d 20.76 £ 0.10 € 56.22 +0.14 2

a-d; yalues with different lowercases in the same column are considered significantly different (p < 0.05).

3.1.3. Effect of Heating Time

Table 4 displays the effect of heating time on the starch composition of the HMT-HAS.
The contents of RDS, SDS, and RS varied significantly with time. As the time increased,
the RS content greatly increased, reaching a maximum of 62.06% at 6 h, approximately
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two times that in the untreated sample. On the contrary, the RDS content sharply decreased
from 45.76% (the untreated sample) to 19.31% (the sample with HMT for 6 h). This
phenomenon may be attributed to the enhanced interaction between the amorphous regions
and molecular chains under the influence of water and heat with prolonged HMT time,
therefore reinforcing the stability of the internal structure and hindering the entry of
digestive enzymes [27]. In the preliminary study, we observed that HMT for more than 6 h
could cause starch discoloration and a burnt smell, thereby limiting the treatment time to
4 to 6 h for the response surface experiment.

Table 4. Starch digestibility of HAS under HMT at different heating times.

Heating Time (h) RDS (%) SDS (%) RS (%)
untreated 45.76 +0.152 23.26 + 0.612 30.98 + 0.67 ©
2 2590 4+ 0.15P 19.98 + 0.85b 54.12 +0.73 4
3 24.60 +0.28 © 20.94 + 0.44 P 54.46 +0.26 9
4 21.84 +0.204 22.25 + (.27 2 5591 + 0.13 ¢
5 20.62 + 0.88 ¢ 20.49 +0.78° 58.89 + 0.90 P
6 19.31 + 0.48 f 18.63 £ 0.73 62.06 + 0.252

f. values with different lowercases in the same column are considered significantly different (p < 0.05).

3.2. Response Surface Analysis of HMT Conditions

The HMT conditions were optimized by response surface methodology. The results
are shown in Table 5. Through regression analysis, the relationship between the RS content
and the independent variables (treatment temperature, heating time, and moisture content)
was presented by a quadratic polynomial equation as follows:

RS = 55.67 + 6.05A + 3.56B + 2.20C + 0.58AB + 0.45AC + 0.96BC — 3.33A% — 2.43B% — 3.86C>

Table 5. Box-Behnken design arrangement and results of response surface experiment.

Run A: Treatment Temperature (°C) B: Heating Time (h) C: Moisture Content (%) RS (%)
1 100 4 20 44.15
2 90 5 30 44.14
3 90 5 20 40.94
4 110 4 25 52.21
5 110 5 30 56.91
6 100 5 25 56.37
7 100 5 25 55.45
8 100 6 20 49.92
9 100 5 25 56.39
10 100 5 25 55.76
11 90 6 25 46.44
12 110 5 20 51.91
13 100 6 30 56.51
14 100 4 30 46.92
15 110 6 25 59.93
16 90 4 25 41.03
17 100 5 25 54.36

The variance analysis for the regression equation is displayed in Table 6. The regression
model is highly significant (p < 0.01), with a non-significant lack of fit, indicating the
reasonableness of the regression model and its good fit. Thus, this model could be used
to predict the relationship between HMT conditions and RS content. The determination
coefficient (R?) and adjusted coefficient (R? Adj) of the equation were 0.9938 and 0.9858,
respectively, indicating a high degree of fit between the predicted and actual values. Among
these factors, A, B, C, A%, B?, and C? were highly significant (p < 0.01), BC was significant
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(p <0.05), and the rest were not significant. According to the F-values, the influence of
HMT conditions on the RS content of HAS was treatment temperature > heating time >
moisture content.

Table 6. Variance analysis for regression equation.

Degree of

Variation Source  Sum of Squares Freedom Mean Square F-Value p-Value Significance
Model 588.16 9 65.35 124.35 <0.0001 o
A 292.94 1 292.94 557.40 <0.0001 *
B 101.46 1 101.46 193.06 <0.0001 o
C 38.54 1 38.54 73.34 <0.0001 *
AB 1.33 1 1.33 2.54 0.1551
AC 0.81 1 0.81 1.54 0.2544
BC 3.65 1 3.65 6.94 0.0337 *
A? 46.74 1 46.74 88.93 <0.0001 o
B2 24.90 1 24.90 47.38 0.0002 o
2 62.71 1 62.71 119.32 <0.0001 o
Residual 3.68 7 0.5255
Lack of Fit 0.90 3 0.2993 0.4305 0.7427
Pure Error 2.78 4 0.6952
. 591.83 16
Total Deviation R2=09938 R2;=09858 C.V.%=142

* significant (p < 0.05); ** highly significant (p < 0.01).

Based on the response surface analysis, the optimal HMT conditions for the highest
RS content in HAS were as follows: treatment temperature of 108.25 °C, heating time of
5.82 h, and moisture content of 25.54%, with a predicted RS content of 60.43%. Considering
operability, the treatment conditions were adjusted to a temperature of 108 °C, a time
of 5.80 h, and a moisture content of 25.50%. Validation experiments in triplicate were
conducted on the optimal treatment conditions, and the average RS content was 60.23%,
close to the predicted value, indicating the reliability and practicality of the model.

3.3. Macroscopic and Microscopic Structures

The macroscopic and microscopic structural images of triticale noodles with different
levels of HMT-HAS are depicted in Figure 1. At the macroscopic level, pure triticale noodles,
due to the presence of bran, exhibited a relatively rough surface, a dark appearance, and a
brownish color. The addition of HMT-HAS lightened the color of the noodles, gradually
transitioning towards white, and the surface became smooth and elastic, making it more
readily accepted sensorially. At the microscopic level, the addition of HMT-HAS led to
a smoother surface for the noodles. However, as the protein content decreases, gluten
networks may have difficulty forming, and the gel structure gradually becomes loose, even
showing tiny pores, in agreement with the findings by Zhang et al. [28]. This microscopic
change inevitably affects the texture and mouthfeel of the noodles.

3.4. Short-Range Order

The Fourier transform infrared spectra of the triticale noodles with different levels of
HMT-HAS are illustrated in Figure 2, revealing similar peak distributions among the spectra
with varying addition levels and HMT-HAS. The broad band at 3381 cm~! was related
to the stretching vibration of O-H, while the characteristic peaks at 2929 and 1652 cm™!
corresponded to the C-H deformation vibration of the glucose element and the bending
vibration of O-H in water, respectively, which is associated with the amorphous region of
starch [29]. The peaks at 1157, 1109, and 1082 cm~! were attributed to the asymmetric C-O
and C-C skeleton stretching vibrations [29,30]. However, the triticale noodle samples showed
a peak at 1540 cm ™!, corresponding to the stretching vibration of protein amide I [31], which
did not exist in HMT-HAS. The IR bands at ca. 1047 and ca. 1022 cm~! are sensitive to the
amount of ordered and amorphous structures of starch, respectively, so the absorbance ratio
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of the two bands could be used to evaluate the short-range order of double helices [29]. Our
preliminary data have shown that the short-range order of HMT-HAS (0.860) was significantly
lower than that of triticale flour (0.964). Therefore, we tried to determine how the short-range
order changes when adding HMT-HAS to the triticale noodle. As shown in Table 7, with
the increasing level of HMT-HAS, the absorbance ratio at R;s; .,,-1 and Ry,; .,,-1 decreased
from 0.936 to 0.883, suggesting a notable weakening of the short-range order of starch in the
noodles. In other words, there was an inverse relationship between the amylose content and
the content of the short-range ordered structure, consistent with the findings of Shi et al. [32]
and Karwasra et al. [33]. Starch with a high content of amylose tends to have relatively low
short-range order, possibly because amylose interferes with the formation of double-helix
structures between amylopectin molecules.
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Figure 1. Photographs of triticale noodles with different levels of HMT-HAS: (a) macro images;
(b) SEM micrographs. The levels of HMT-HAS are 0% (A), 10% (B), 20% (C), 30% (D), 40% (E), and
50% (F).
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Figure 2. Fourier transform infrared spectra of triticale noodles with different levels of HMT-HAS:
(a) transmittance spectra; (b) deconvoluted spectra.
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Table 7. Absorbance ratios at Rys; ;-1 and Rygp; -1 in Fourier transform infrared spectroscopy.

Samples R1051 cm-1/R1021 em-1
0% HMT-HAS 0.936 4 0.001 2
10% HMT-HAS 0.909 + 0.002 b
20% HMT-HAS 0.894 + 0.002 ¢
30% HMT-HAS 0.892 = 0.000 ©
40% HMT-HAS 0.889 4 0.001 ©
50% HMT-HAS 0.883 + 0.005 4

HMT-HAS 0.860 4 0.002 ¢

27¢: values with different lowercases in the same column are considered significantly different (p < 0.05).

3.5. X-ray Diffraction and Relative Crystallinity

The X-ray diffraction patterns and relative crystallinity of the triticale noodles with
different levels of HMT-HAS are displayed in Figure 3. The crystalline structure of starch
generally includes three main types (A-, B-, and C-type) on the basis of their characteristics
and X-ray diffraction patterns [34]. Triticale starch exhibited a typical A-type crystalline
structure, with diffraction peaks at 15°, 17°, 18°, and 23° (20), whereas HMT-HAS showed
single peaks at 5.6°, 15°, and 17° and a merging of doublet at 22° and 24°, still exhibiting
a B-type structure, although partly changed by HMT. Additionally, HMT-HAS showed a
peak at 20°, indicating the presence of a V-type crystalline structure. Undoubtedly, after
the addition of HMT-HAS, a prominent V-type diffraction peak appeared at 20°. Moreover,
with the level of HMT-HAS increasing, the peak became more pronounced, indicating an
increase in the content of amylose-lipid complexes [35]. Due to the increasing level of
HMT-HAS, the content of amylose in the noodles increased, and the amorphous region
expanded. Consequently, the relative crystallinity decreased from 29.22% to 21.63%.

21.63%
50% HMT-HAS ’

40% HMT-HAS 21.83%
22.48%

30% HMT-HAS

20% HMT-HAS 25.19%

10% HMT-HAS 28.32%

0% HMT-HAS 29.22%

HMT-HAS 19.57%

5 10 15 20 25 30 35 40

20 (°)
Figure 3. X-ray diffraction patterns of triticale noodles with different levels of HMT-HAS.

3.6. Pasting Properties

The pasting properties of a food reflect the changes in viscosity during the heating-
cooling process in the presence of water, and viscosity development is closely related to the
formation of a tightly packed array of swollen and deformable granules and the leaching
of amylose [36]. These changes, mainly induced by the alteration of starch structure, may
affect the sensory characteristics and starch digestibility of the food product.

As shown in Table 8, the addition of HMT-HAS significantly reduced the peak viscosity,
trough viscosity, final viscosity, breakdown, setback, and peak time of triticale noodles. The
pasting properties of starch were influenced by some factors such as amylose content and
starch molecular structure [37]. The addition of HMT-HAS led to an increase in the ratio of
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amylose to amylopectin in triticale noodles. Amylopectin can enhance the cohesion and
network structure of starch granules, thus increasing viscosity during starch gelatinization.
Therefore, there was a significant negative correlation between these indicators of viscosity
and the amylose/amylopectin ratio [38]. The phenomenon was also observed in wheat
starch: as the amylose content increased, these values for pasting properties—peak and
final viscosities and breakdown—all had a tendency to decrease [39]. This implied that with
the increase in amylose content, the viscosity characteristics of starch showed a gradual
weakening trend. Additionally, HMT resulted in a stable internal structure of starch,
increased heat stability, and a low water-binding capacity, thus reducing viscosity and
decreasing setback value [40].

The pasting properties of starch are closely related to noodle quality. Hormdok and
Noomhorm [36] investigated the effects of HMT-rice starch substitution on the cooking and
textural properties of rice noodles and found that cooking loss correlated positively with
breakdown, while tensile strength and extensibility of the noodles correlated negatively
with setback. Whereas, for Chinese dry white noodles, peak viscosity and breakdown were
positively associated with the elasticity, stickiness, and smoothness of the noodles [41].
Similarly, for Chinese fresh white noodles, breakdown exhibited a significant positive cor-
relation with the noodles’ viscoelasticity and smoothness [42]. Consequently, the decrease
in sensory quality of triticale noodles probably occurs at high levels of HMT-HAS; thus,
further studies for improving that aspect are needed.

Table 8. Pasting properties of triticale noodles with different levels of HMT-HAS.

HMT-HAS Peak Viscosity Trough Viscosity Breakdown Final Viscosity Setback Peak Time

(%) (cp) (cp) (cp) (cp) (cp) (min)

0 124533 +£45.792 95333 +59.882  292.00 + 14.182 1870.67 +£17.792 917.33 + 75342  6.18 +£0.20°
10 909.33 + 39.32 P 670.00 31220 22033 +15.01P 152333 £30.62P 853.33 +£13.502 584 +0.04°
20 612.00 4 23.00 477.00 + 529 € 144.00 + 7.55°  1112.67 +£33.84° 635.67 £29.28P  555+0.12°¢
30 41933 +£3514 333.67 +1.53 4 83.67 +2.314 78133 +4.624 44767 +321°¢ 5354 0.03
40 236.67 + 2.08 ¢ 203.00 + 1.73 ¢ 35.67 +1.53¢ 449.00 = 6.24°  246.00 + 52049 525+ 0.07de
50 132.00 + 7.00 f 129.00 + 7.94 f 433 +153f 268.67 £ 21.73f  139.67 £17.62¢ 510+ 0.09¢

f. values with different lowercases in the same column are considered significantly different (p < 0.05).

3.7. In Vitro Starch Digestibility

As shown in Table 9, the addition of HMT-HAS caused a significant reduction in
the contents of RDS and SDS in the noodles, while the RS content increased. Punia [43]
believed that the content of amylose may be the main factor influencing almost all the
physicochemical properties of barley starch. Similarly, starch digestibility was also influ-
enced by amylose content, and the RS content of starch usually increased with an increase
in amylose content [44]. In addition, through optimal HMT conditions, the RS content of
HAS increased from 30.98% to 60.23%, so the higher the amount added to the noodles,
the higher the RS content. When the addition level reached 50%, the RS content of the
noodles was 34.41%, nearly three times higher than that of pure triticale noodles. Similarly,
Li et al. [45] reported that the RS content significantly rose by about 6 times when 50%
high-amylose wheat flour was added to wheat bread. The results proved that the addition
of HMT-HAS could significantly decrease the starch digestibility of triticale noodles, which
helps in the development of functional triticale noodles.

Gl is a commonly used metric for estimating the postprandial blood glucose response
to carbohydrate-containing foods. It is well established that diets low in GI are associated
with the prevention and management of diabetes and coronary heart disease [46]. The
FAO recommended increasing the intake of low-GlI foods, particularly for individuals with
diabetes and impaired glucose tolerance [47].

While it is recognized that some inconsistencies exist between GI values predicted
by in vitro digestion models and those obtained from human studies, in vitro models are
generally considered reliable estimates of GI for foods [48,49]. RS is a type of starch that
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resists digestion in the gastrointestinal tract and is instead fermented by microorganisms in
the colon. There is a strong negative correlation between RS content and GI value, making
RS a useful proxy for estimating the potential GI of food products [50].

In our study, we utilized the RS content to infer the starch digestibility of triticale
noodles. However, we acknowledge that this is an indirect measure, and the actual GI
value of the final triticale noodle product should be validated through human trials to
confirm our findings.

Table 9. Starch digestibility of triticale noodles with different levels of HMT-HAS.

HMT-HAS (%) RDS (%) SDS (%) RS (%)
0 64.88 +0.10 @ 23.03 +0.08 2 12.08 + 0.08 f
10 60.35 + 0.42 P 21.33 +0.35P 18.32 £ 0.34 ¢
20 57.12 4+ 0.35¢ 20.29 + 0.32¢ 2259 +0.26 4
30 53.19 + 0.07 d 19.76 + 0.26 <d 27.05 4+ 0.22 ¢
40 49.82 +0.35¢ 19.34 + 0.45d 30.84 + 0.33 P
50 46.96 + 049 f 18.63 + 0.38 © 344140172

af. values with different lowercases in the same column are considered significantly different (p < 0.05).

4. Conclusions

To promote the application of HAS in low-Gl triticale noodles, we investigated the
effects of HMT parameters on the starch digestibility of HAS by response surface method-
ology. As expected, the RS content was significantly enhanced, but the RDS content was
reduced after HMT. The optimal HMT conditions for improving the RS content of HAS
were a temperature of 108 °C, a time of 5.8 h, and a moisture content of 25.50%. Under
these conditions, the RS content reached up to 60.23%, approximately 1.94 times higher
than the untreated counterpart. The results indicated that HMT may be an effective means
to attenuate starch digestibility for the development of low-GI foods. The addition of HMT-
HAS to the triticale flour significantly affected the physicochemical properties of triticale
noodles. With the level of HMT-HAS increasing, the triticale noodles showed a lighter
color and a smoother surface, but the gluten network may be weakened. Additionally,
the short-range order, relative crystallinity, pasting properties, and starch digestibility of
the noodles all decreased. Particularly when the level of HMT-HAS reached 50%, the RS
content of triticale noodles greatly increased to 34.41%, approximately three times higher
than that of the pure triticale noodles, significantly enhancing the resistance to digestion of
triticale noodles. According to the literature and current information, there are no official
recommendations for RS intake. Numerous studies suggest that different amounts of RS
can positively impact health [51]. Some researchers recommend a beneficial intake of RS
to be at least 14% of total starch, or around 20 g per day, or 6 g per meal. It has been
shown that consuming 6-12 g of RS per meal can enhance postprandial glucose and insulin
responses. However, for additional health benefits such as increased stool volume, a daily
intake of approximately 15-20 g is necessary. Therefore, while we cannot provide a precise
value or range for the quantity of RS and the level of starch digestibility, we recommend an
approximate range (40-80 g/meal) for the consumption of the triticale noodles.

After incorporating 50% HMT-HAS into triticale noodles, the key characteristics of
traditional wheat noodles, such as texture, appearance, and processability, were still retained.
However, a slight decrease in sensory quality was observed. Further studies for improving
that aspect are needed. Based on these findings, we conclude that a 50% HMT-HAS triticale
noodle maintains the fundamental qualities of a noodle and can be considered a new variety
of noodle. Finally, the principles and methodologies used in this study could be applied to
other cereal-based products beyond noodles, such as bread, pasta, and breakfast cereals, to
enhance their nutritional profiles and lower their glycemic indices.
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