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Abstract: Honey is a natural product that is used by a large number of people because of its distinctive
compositional constituents, which have a considerable impact on its market value. The distinctive
combination of amino acids and sugars found in honey’s composition, along with its peptide content,
could potentially provide several benefits to human health. During the past few years, cutting-
edge techniques have been developed and used for the purpose of investigating, identifying, and
characterizing peptides that are produced from honey bees. Therefore, the purpose of this review
is to examine current trends and technological advancements in the study of honey bee-derived
peptides, focusing on innovative and cutting-edge methods. Furthermore, this review explores
various attributes of honey and its components, including the honey bee-derived peptide defensin-1.
In addition, this review investigates various methods for separating and purifying peptides, as well
as the factors that affect these methods. Additionally, defensin-1, a peptide produced by honey
bees, is discussed along with its antioxidant and antimicrobial capabilities. In addition, this review
focuses on cutting-edge and innovative omic methods used to study honey bee peptides, as well
as the significance of artificial intelligence tools in their investigation. Consequently, the review
paper delves into various significant obstacles faced by researchers and scientists studying honey
bee peptides, while also offering an extensive range of fascinating opportunities and possibilities for
future research for those interested in groundbreaking discoveries in this area.

Keywords: honey; peptide; quality assessment; defensin-1; antioxidant properties; analytical
techniques

1. Introduction

There are an infinite number of natural resources available for human uses, which
have been utilized for ages as food, medicine, agriculture, etc. Honey is one of the many
commodities that have been used by people for generations, owing to its unique properties.
Honey is a kind of naturally occurring sweet material generated by bees. Bees may produce
honey in the following ways: (1) by sucking nectar from flowers; (2) by secretions from live
plant parts; and/or (3) by the excrement of plant-sucking insects on living plant parts. In
the natural process of honey production, bees often perch above blooms to gather nectar,
which they subsequently change by mixing it with their unique chemicals. After storing
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this mixture, the bees transport it to their honeycomb to ripen, where they leave it until it
reaches maturity [1].

Honey has been used by humans for a very long time. It was the very first sweetener
that was discovered and is also considered a healthy food. Even as far back as 5500 BC, the
ancient literature of Egypt, India, and China made mention of honey. Several of the great
works of ancient Greek literature and philosophy, including Homer’s Iliad and Odyssey
and the works of Plato, Aristotle, and others, discuss the value of honey to humankind.
The medicinal benefits of honey have been documented in the Egyptian literature dating
back 5000 years; the Papyrus Ebers is particularly effusive in its praise of honey’s healing
abilities. The use of honey in Ayurvedic medicine dates back at least 4000 years in India. A
Sumerian clay tablet (about 2500 BC) documents the use of honey for medicinal purposes
in wound treatment; similar evidence dates back to the Xin dynasty in China (c. 2000 BC).
Honey’s healing properties come from its anti-inflammatory and antioxidant phenolic
components such as flavonoids and phenolic acids [2]. Honey has been shown to have
antibacterial, antiviral, antifungal, anticancer, and anti-diabetic properties in a number of
in vitro and in vivo investigations. It has also been shown to have a beneficial effect on the
immune system and to reduce the risk of cardiovascular disease, nervous system disorders,
respiratory disorders, and gastrointestinal issues [3,4]. The ingestion of honey is depicted
visually in Figure 1, revealing its biological activity and its preventative role against serious
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Figure 1. A schematic diagram of the positive outcomes associated with regular ingestion of honey.

Antibiotic peptides such as abaecin, defensin-1, apidaecin, and hymenoptaecin have
been found in honey, according to certain reports [5]. Some researchers have established a
novel technique for the determination of the honey bee-derived defensin-1 peptide using the
ELISA test [6]. This is a new method for honey quality control. Honey bee hypopharyngeal
glands are responsible for the production of a peptide known as bee defensin-1. Since it
is found in royal jelly and is also known by the name royalysin, it most likely plays an
important part in the maintenance of the bee larvae’s health [3,7,8]. Gram-positive bacteria,
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such as Paenibacillus larvae, Bacillus subtilis, and Staphylococcus aureus, are susceptible to its
antibacterial effects [9].

Based on the in-depth evaluation in the preceding paragraphs, the purpose of this
review is to explore the current breakthroughs and advancements in the field of honey
bee-derived peptides, with a focus on innovative and state-of-the-art approaches. Further-
more, this review investigates various aspects of honey, including its characteristics and
constituents along with the honey bee-derived peptide defensin-1. In addition, this review
discusses various methods for separating and purifying peptides, as well as the factors
that affect these methods. Additionally, there has been a discussion on the properties
of honey bee-derived peptide defensin-1, specifically its antioxidant and antimicrobial
properties. Moreover, this review focuses on recent and advanced omic methods used
to study honey bee peptides, as well as the significance of artificial intelligence tools in
their analysis capabilities. Finally, the review paper discusses various noteworthy obstacles
encountered by scientists and researchers in the study of honey bee peptides, as well as
numerous intriguing possibilities and research directions for those interested in pioneering
studies and breakthroughs in this field.

2. Honey, Its Characteristics and Constituents: A Brief Overview

Honey bee females are equipped with a tube-like tongue called a viproboscis, which
they use to collect nectar from blossoms. The nectar is then mixed with saliva and enzymes,
and the resultant mixture is stored in honey sacks. The contents of the honey sacks are
regurgitated into cells, left to dry up to roughly 16% moisture content, and then stored
for later use. Among insects, only the honey bee can produce food that can be consumed
by humans. Apis mellifera, along with its various subspecies like A. mellifera anatolica, A.
mellifera carnica, A. mellifera caucasica, A. mellifera ssp. sicula, etc., plays a crucial role in
producing the majority of honey that is consumed by humans. On the other hand, various
species including A. ligustica, A. indica, A. florea, A. dorsata, A. cerana, A. caucasica, and A.
andreniformis contribute to the production of honey for human consumption [2].

Honey produced naturally by bees is composed of hundreds of distinct compounds
belonging to dozens of different chemical classes [10]. The two most essential types
of carbohydrates are called fructose and glucose, both of which are monosaccharides.
In addition to the two monosaccharides, around 25 distinct oligosaccharides have been
identified. Several of these oligosaccharides are related to nutrition, such as panose,
1-ketose, 6-kestose, and palatinose 110 and 297. The disaccharides sucrose, maltose, tre-
halose, and turanose make up the majority of the oligosaccharides that can be found in
blossom honey. Honey made from honeydew may include a greater number of oligosac-
charides and trisaccharides than honey made from blossoms, including melezitose and
raffinose [11]. About 0.5% of honey comprises protein, most of which is in the form of
enzymes and amino acids. As shown in Table 1A, honeydew and blossom honey both
include vital nutritional components that are necessary for human health. Furthermore,
honey also has trace amounts of vital minerals which are known to play an important part
in maintaining human health. The minerals found in honey are shown in Table 1B, together
with their typical concentration and RDI (recommended daily intake) in terms of their
needs for human health.

Honey contains the enzyme diastase (amylase), which helps break down complex sug-
ars like starch and glycogen into simpler sugars. Honey also contains the enzyme invertase
(sucrase, glucosidase), which helps break down sucrose into fructose and glucose. Finally,
honey contains the enzyme glucose oxidase, which helps produce hydrogen peroxide and
gluconic acid from glucose. The enzyme glucose oxidase, which is contained in honey, is
responsible for the production of hydrogen peroxide, which may have antibacterial effects
in the mouth [11]. Honey has such a small number of vitamins and minerals that it only
provides a very small amount to the recommended daily intake (RDI) for any of the many
trace constituents. In addition to being a good source of energy, honey is also rich in a wide
variety of minerals, including potassium, chlorine, sulfur, calcium, sodium, phosphorus,
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magnesium, silicon, iron, manganese, and copper [12]. The presence of acids and amino
acids in honey has a significant impact on its aroma. Over the last several decades, a small
amount of study on the fragrance components of honey has been carried out, and as a
result, more than 500 distinct volatile compounds have been found in various varieties of
honey. The fragrant compounds that are included in honey may significantly differ from
the various varieties of honey based on the botanical source of the honey [13].

Another significant category of compounds, polyphenols, are essential both in terms
of their structure and their functions. Honey has a total polyphenol level ranging from
56 mg/kg to 500 mg/kg. This total polyphenol content completely depends on the
kind of honey [14]. Honey contains a variety of polyphenols, the most common of
which are flavonoids (such as apigenin, chrysin, galangin, kaempferol, luteolin, and
quercetin), phenolic acids, and other phenolic acid-related compounds (derivatives of
phenolic acids). It is believed that the presence of polyphenols in honey is responsible for its
antioxidant properties [15,16].

Honey has been shown to have a range of bioactivities, one of the most notable of
which is its antimicrobial activity, which has been shown in a large number of study papers
that have been published by scientists. Some studies suggest that the honey’s antimicrobial
activity and capacity to heal wounds are also extremely specialized. This specialized
strength of honey is determined by several different aspects, including the condition of
the region chosen, the condition of the season chosen, and the type of flower from which
the nectar is collected. Due to differences in pH, sugar content, the concentration of
the bioactive components (antioxidants, defensin-1, hydrogen peroxide, methylglyoxal,
phenolics, etc.), storage circumstances, and bacterial strain susceptibility, honey types may
vary widely in their antimicrobial efficacy [17].

Table 1. (A) Honeydew and blossom honey with their own unique set of nutritional compo-
nents [18-20]. (B) The minerals that are found in honey, along with their typical amount and
the recommended daily intake (RDI) suggested for human consumption [21,22].

(A)
Composition in g/100 g

C t

OmpOonents Honeydew Blossom Honey
Moisture 16.3 17.2
Fructose 31.8 38.2
Glucose 26.1 31.3
Sucrose 0.5 0.7
Other disaccharides 4 5
Melezitose 4 0.1
Erlose 1 0.8
Other oligosaccharides 13.1 3.6
Acids 1.1 0.5

(B)

Typical Amount and RDI
of Honey

Amount (mg/100 g)
RDI (mg)

Mineral Composition in Honey

Ca Cl Cu Fe Mg P K Na Zn
4-30 2-20 0.01-0.1 1-34 0.7-13 2-60 10-470 0.640 0.2-0.5
1000 - 2 18 400 1000 - - 15

Abbreviations: Ca: calcium; Cl: chlorine; Cu: copper; Fe: iron; K: potassium; Mg: magnesium; Na: sodium;
P: phosphorous; Zn: zinc.

Honey-Derived Peptide Defensin-1 Produced by Bees

Peptides are subunits of proteins that are responsible for certain biological processes.
The correct folding and stability of peptides occur through intermolecular interactions such
as hydrogen bonding, electrostatic forces, and van der Waals forces. These interactions are
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important for peptides to exert their biological function. Moreover, peptides play a crucial
role in signaling pathways, facilitating communication within and between cells during
important biological processes. In addition, they play a crucial role in various biological
processes, such as growth regulation, immune response, and neurotransmission, which are
essential for numerous aspects of life. There is a symphony of life that begins with short
peptides, which play a crucial role in human nutrition and the immunological defense
system [23,24]. Enzyme catalysis can lead to the formation of a peptide bond through
various mechanisms, such as the reverse hydrolysis reaction of amides and transpepti-
dation. The reverse hydrolysis reaction operates through the principle of microscopic
reversibility. It is evident that the formation and hydrolysis of the peptide bond originate
from a common intermediate. Therefore, the reaction conditions are adjusted to favor the
formation of peptide bonds. These peptides are encoded within the structure of the parent
proteins. There are few reported bioactive peptides that can be chemically synthesized.
Bioactive peptides have a wide range of effects on human health, including the gastroin-
testinal, endocrine, cardiovascular, immunological, and neurological systems. Sanchez and
Vazquez [25] argued that bioactive peptides represent the future of physiologically active
regulators. These peptides help in the treatment of a broad variety of illnesses and ailments,
which all contribute to an enhanced overall quality of life, as well as lowering the risk of
food going rancid, owing to oxidation and microbial breakdown.

The homology model of the honey peptide (defensin-1), derived from Apis mellifera
bees [26], is shown in Figure 2 as a three-dimensional visual representation. The function
of defensin-1 is comparable to that of honey. It controls the production of keratinocytes
and the release of matrix metalloproteinase-9, which are both essential for the healing
process [27]. Furthermore, it has been demonstrated that small amounts of this peptide at
the micromolar level are capable of inducing notable effects. Furthermore, according to the
findings of previous studies, the mechanisms that are responsible for preventing the growth
of fungus were identified [28,29]. These mechanisms include (1) modifications in fungal
gene expression, (2) permeabilization of the membrane, (3) synthesis inhibition of (1,3)-
BD-glucan, and (4) the induction of apoptosis by ROS-mediated mitochondria/caspase-
dependent pathways [28,29].
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Figure 2. A three-dimensional pictorial presentation on the homology model of the honey peptide
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(defensin-1), which has been obtained from Apis mellifera bees.

The possible role of royal jelly as an antibacterial agent has been the subject of investi-
gation in several scientific studies that have been published. In addition, both in vitro and
in vivo research has been conducted on the antimicrobial peptide defensin-1 to investigate
its potential wound-healing effects. According to published reports from previous studies



Separations 2024, 11, 166

6 of 30

in connection to the concerned investigations, the antimicrobial activity of royal jelly was
explored by a group of researchers and scientists against the following bacteria: E. coli,
Klebsiella pneumoniae, Proteus aeruginosa, P. mirabilis, Staphylococcus aureus, S. enteritidis, S.
epidermidis, and S. pneumoniae [30,31]. The results of this earlier research revealed that royal
jelly was efficient against every strain of bacteria that was examined. The identification
of individual honey components was the topic of earlier and equally significant research
that reported on a potential strategy for honey quality control. This method was used to
isolate enzymes from bee salivary secretions, making honey a unique substance. Defensin-1
was another unique honey component [32]. Defensin-1, a peptide produced by bees, has
been found in honey at concentrations ranging from 0.04 to 5.17 ug/g. If adulteration
is conducted on honey, the reported levels of the bee peptide defensin-1 might decrease.
This test was performed by Bucekova et al. [33] to screen for defensin-1 in honey, and the
results were highly sensitive and specific. The identification of proteins that are produced
by honey bees could be a method that might be employed to confirm the authenticity of
honey. Additionally, the ELISA test for defensin-1 might be used to swiftly examine the
effectiveness of medicinal honey. In addition, Szweda [9], found that the antibacterial
action of honey is exceedingly complicated and is not yet identified in its entirety. It has
been proven that certain components of royal jelly, such as bee defensin-1, a peptide that is
produced by the hypopharyngeal glands of honey bees, play an important role in antibac-
terial capabilities. Furthermore, it is thought to be crucial to the well-being of bee larvae
as a component of royal jelly (also known as royalysin). Gram-positive bacteria, such as
B. subtilis, P. larvae, and S. aureus, are susceptible to its antibacterial effects. They are also
thought to be the etiological agent for a significant illness affecting bee larvae known as
American foulbrood. All honey indeed has antibacterial properties due to its high sugar
content and low pH; however, it has been shown that the quantity of this peptide varies
greatly between different samples of honey and royal jelly. This is the case even though
all honeys have these antibacterial properties. Additionally, bees produce at least three
additional antimicrobial peptides as part of their innate immune system, which helps them
fight against pathogens. However, no evidence of their presence in honey has been found
as of yet.

Honey’s antibacterial properties are dependent on several distinct components that
may function alone or in conjunction with one another. The most important of these include
phenolic chemicals, hydrogen peroxide, the honey’s pH, and the osmotic pressure that is
produced by the honey itself [26]. Moreover, research has also shown that the presence
of methylglyoxal in manuka honey is directly responsible for the significant antibacterial
effect that it has. This is the direct cause of the honey’s antibacterial properties. The “unique
manuka factor” refers to the non-peroxide antibacterial action that occurs as a result of the
presence of methylglyoxal in honey.

3. Characterization of Peptides
3.1. Molecular Weight

The molecular weight of peptides is a critically important physicochemical charac-
teristic that influences their biological activities. Honey, like other products derived from
bees, contains a wide array of biologically active proteins and peptides. These proteins
and peptides possess antimicrobial and antioxidant properties, as evidenced by previous
research [26]. The usual chain length of biologically active peptides is between 2 and
20, which makes them short enough to be absorbed by the gastrointestinal system or to
successfully reach the active sites of certain enzymes [34,35]. Electrophoresis was used as
a method to effectively extract and identify the proteins that were present in Malaysian
honey [36]. Acacia, Tualang, and multifloral honey were used as samples for this study.
This honey was reported to include major royal jelly proteins (MR]Ps), such as MRJP-1,
MRJP-2, MRJP-5, and MRJP-7. These proteins had molecular weights ranging from 20.12 to
76.67 kDa, 23.91 to 79.52 kDa, and 30.65 to 56.31 kDa, respectively, and were characterized
by their potency as antioxidants and free radical scavengers [36]. Valachova et al. [6],
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employed an ELISA test, which was a new method in honey quality control, to isolate
and determine the amount of bee-derived peptide defensin-1. This study was conducted
using bee honey from Slovakia. The molecular weight of the peptide was determined to be
6.5 kDa [6]. HPLC technology was utilized by Furusawa et al. [7] in their investigation of
the quantitative analysis of the peptide apisin, the primary and distinctive protein in royal
jelly generated from young worker bees. Satisfactory identification and quantification of
apisin were achieved. Then, after electrophoresis in the presence of SDS-PAGE revealed
an estimated molecular weight of 5 kDa and purification with the volumetric exclusion
method was conducted, its antioxidant capabilities were assessed, and its efficacy in scav-
enging free radicals was analyzed [7]. A quality control standard based on apisin was
suggested for use in the future. Electrophoresis was used by Borutinskaite et al. [24], to
determine the molecular weight of a group of proteins that had been isolated from samples
of buckwheat honey. The molecular weights of the proteins reached 10.07, 11.6, 19.39, 19.43,
and 20.24 kDa. The results were different depending on the production conditions, so
Borutinskaite and their co-workers determined the molecular weight of the group. Fur-
thermore, Biopeptide was isolated from honey bees using chromatographic methods [37],
and its molecular weight was 5.5 kDa. It was recognized as an essential molecule in the
elimination of bacteria when combined with other biological chemicals like flavonoids and
hydrogen peroxide [37]. In a recent study that looked into the effect of these peptides as
antioxidants, the biopeptides that were isolated and purified from various sources of honey
using the gel filtration chromatography method with the Sephacryl S-100 column were
found to have molecular weights of 14, 17, and 24 kDa, respectively [38].

3.2. Amino Acid Analysis

Amino acids are essential for the synthesis of peptide chains [26]. In addition, amino
acids play a crucial role in determining the characteristics of biological peptides, acting as
compounds with antioxidant and antimicrobial properties. The properties of peptides and
proteins are influenced by the specific amino acids used and their arrangement in the se-
quence [26]. MPR]1 peptides that were extracted from the Apis cerana bee strain were found
to exhibit an amino acid sequence that began at the N-terminal of the amino acid sequence
(N(S)-Ile-Leu-Arg-Gly-Glu-Ser-Leu-Asp-Lys). This discovery was made by Srisuparbh
et al. [39]. Royal jelly peptides (bee defensin-1), which were isolated and purified from
Apis mellifera honey using ultrafiltration technology as well as chromatography techniques,
have a vital activity in capturing and binding free radicals and preventing their spread,
as stated by Bose et al. [37]. This is because of the presence of the amino terminus of the
N-terminal hydrophilic peptide chain of the amino acid sequence (N(S)-Ile-Leu-Arg-Gly-
Glu-Ser-Leu-Asn-Lys-Ser-Leu-Pro-Ile-Leu) [37]. The most prevalent amino acids in honey
were determined by analyzing forty samples of monotype honey, which included honey
from ilex, oak, heather, and nut trees [40]. These amino acids were as follows: Pro, Asp,
Glu, Asn, Ser, Gln, Thr, Arg, Ala, Tyr, Met, Val, Phe, Ileu, Leu, and Lys. These amino acids
were determined by employing the HPLC technique in the presence of OPA and FMOC
reagents [40]. Koike et al. [40], found a class of biological peptides that can be distinguished
from the hydrolysis of BONTA-derived proteins. Because this molecule included an amino
sequence in the peptide chain that translated as Leu-Tyr-Gly-Ile-Ala-Ile-Asn-Pro-Asn-Arg,
the study suggested that it might be used as a distinguishing feature and a quick way for
determining the purity level of honey.

4. Separation and Purification of Peptides

The separation, identification, and purification of biological peptides require a multi-
step procedure that, ultimately, relies on the peptides” physicochemical properties to
distinguish one from the other (solubility, ionic charge, size of molecules, adsorption
properties, and binding with vital molecules). The nature of the raw material is what
ultimately decides the purification methods utilized, and extraction is the initial phase
of purification procedures before the efficacy and functionality of any peptide or protein
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can be determined [41,42]. It might be difficult to isolate peptides from foods using the
technologies that are now available. Synthesized studies need a high level of purity since
the substances being studied are often found in complicated mixtures that include a va-
riety of components, such as organic acids, free amino acids, sugars, and salts. To obtain
peptides characterized by purity in addition to their effective biological properties, these
separation and purification processes require efficient techniques that depend on the sepa-
ration of peptides based on molecular weight and on whether or not they are hydrophilic
or hydrophobic. Therefore, purification procedures often include chromatography and
ultrafiltration techniques [26,43].

4.1. Ultrafiltration

Methods that rely on membranes may also be used to separate peptides of varying
molecular weights. These procedures are often referred to by their more popular names,
microfiltration and ultrafiltration. Within the context of this procedure, the concept of sepa-
ration is determined by the molecular weight of the peptides as well as the porosity of the
membranes. These membranes are used to prevent larger molecules from passing through
while allowing smaller ones to do so [44]. As can be seen in Figure 3A, ultrafiltration
procedures provide many benefits, some of which include their scalability, the avoidance
of a need for additional chemical agents, and the capability of conjunction with other
processes [43]. The most recent and important studies on ultrafiltration, which were aimed
at separating and purifying honey-derived peptides produced from bees, are summarized
in Table 2A. In research carried out by Chua and their co-workers, the extraction of honey
proteins included both physical and chemical processes [36]. A semipermeable membrane
with a molecular weight cutoff (MWCO) is used as a physical method in the process of
separating proteins from other molecules. Researchers are attracted by the proteins found
in honey because they may have applications in the pharmacological and therapeutic fields.
Utilizing ultracentrifugation in conjunction with certain chemical processes (deposition) on
a variety of honey samples, it has become possible to successfully separate honey proteins
both in the laboratory and on a commercial scale. The primary protein found in royal
jelly, which was named MRJP1 and was also described as bee defensin-1, has a molecular
weight of 5.5 kDa and a hydrophilic amino terminus at the end of the peptide chain [37].
Bose et al. [37] were successful in isolating and purifying this protein by using methods
that were suitable for homogenous ultrafiltration and chromatography. The N-terminus
contained the hydrophilic sequence that was present in the greatest abundance.

4.2. Reversed-Phase HPLC

In recent years, RP-HPLC has emerged as an indispensable device for the isolation and
investigation of proteins and peptides. The biotechnology industry relies heavily on this
methodology since it is used to examine proteins and peptides for their identification as
well as any impurities that may be present. In the process of preparing samples for protein
identification by mass spectrometry, one of the most important steps is to separate digested
proteomes and peptides, and RP-HPLC plays an important part in this stage. Since the
principle for isolation is the characteristics of hydrophobic compounds including water,
this is used in the purification of proteins on a large scale. During the research process, it is
also utilized to separate a wide variety of proteins and peptides [45]. Because the success
of this method is contingent upon first dissolving the sample in an appropriate solvent
(referred to as the stationary phase) and then transporting it through the separation column,
which operates at a pressure ranging from 50 to 200 bars, the components of the sample are
split up between the two phases according to the polarity of their respective charge states.
In RP-HPLC technology, the stationary phase is non-polar, while the mobile phase is polar.
This configuration is the most prevalent form of HPLC technology used in detection and
separation. The separation and purification processes of RP-HPLC are shown in Figure 3B.
If the ratios of the mobile phase consisting of water and acetonitrile are at a ratio of 1:1,
this indicates that the separation is carried out under isocratic conditions (the separation
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is carried out without changing the components of the mobile phase). On the other hand,
the separation is referred to as gradient elution if the components of the mobile phase are
mixed in a mixture with varying proportions [46]. The most recent and important studies
on reversed-phase HPLC, which were aimed at separating and purifying honey-derived
peptides produced from bees, are summarized in Table 2B.

RETENTATE

Membrane

o
*?

Q
e
»

L]
0:0’0 >
-

>

»

OO
o
>

>
e

L
oo
>

Permeate

(A)
H_ [Set-up of Reverse Phase HPLC]
ZE
Mobile Phase —= ” Non-polar
EPOI’") ' Polar

e (au)

Absorbanc

A Column )

Injection
Port Column Oven

(B)

Detector

Figure 3. Cont.



Separations 2024, 11, 166

10 of 30

Y

O
O

O

O
O

O

O
O

O

OO

O

Protein Molecules
of Varying Sizes

(©

Figure 3. The principle and instrumentation of various methods for the separation and purification of
honey-derived peptides produced by bees. (A) Membrane separation using ultrafiltration approach;
(B) RP-HPLC method; and (C) gel filtration chromatography.

Table 2. Recent research on key approaches for the separation and purification of honey-derived peptides
produced from bees. (A) Ultrafiltration. (B) Reversed-phase HPLC. (C) Gel filtration chromatography.

(A)

Conditions Employed in the Separation and Purification Method

Separation Condition Purification Condition Concentration

Sample Type - . of Compound References
Needful Chemical Tn‘ne Temperature (°C) Column Type Column/Plate Dimension
and Solvent (min)
Litchi chinensis fris-HCl buffer at a *e (saerI\)i};\rose
honey concentration of 25 25-30 exchange) 16 x 20 mm 5.12 mg/mL [37]
0.01 M (pH 7.4)
column
Linear gradient of
acetonitrile with
Honey bee pupae con-centrations 5-C18 se‘mi-
(Apis mellifera) ranging from 5 to 25 25-30 preparation 4.6 x 250 mm 135 ug/mL [47]
45% and column
containing

0.1% TFA
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Table 2. Cont.

TBST buffer
L M
Apis mellifera comprlslng S0m Sephadex
Carnica colonies in fris-HCl, 7.5 pH, G-100 column
¢ 200 mM sodium 50 20-25 o 16 x 20 mm 125 pug/mL [48]
Slovakia were used . (GE Healthcare,
to collect hone chloride UK)
¥ (NaCl), and
0.05% Tween 20
Loading buffer
consisting 3 M urea
dissolved in 5%
Netherlands honey acetic acid, and 45 25-30 Cylindrical gel 3.7 X 6 cm 5.0 mg/mL [49]
methyl green
added for reference
purposes
tris-HCl buffer at a TSKgel
Royal jelly protein concentration of 50 20-25 DEAE-5PW 7.5 x 75 mm 229 pg/mL [50]
20 mM (pH 8.0) column
(B)
Conditions Employed in the Separation and Purification Method
Separation Condition Purification Condition Concentration
Sample Type of Compound References
Needful Chemical Time Temperature Column Column/Plate Particle Size Injected
and Solvent (min) (@) Type Dimension (num) Volume (pL)
Mixture of
0.1% formic acid
(A) and methanol
that already
cotham's 0.1% YMC Triart
formic acid (B). A cis
dient
Honey produced ‘ira 1etn b}ljirigr;?; analytical
by Apis mellifera as esta BIShe 45 25-30 column 100 x 2.1 mm 3 2 50 g mL [40]
) the following
in Japan .o (YMC Co.,
manner: beginning, Ltd.. Kvoto
5% B; from 0 to ]; ai) !
1 min, 5% B; from 1 P
to 15 min, 50% B;
from 15 to 25 min,
95% B; and from 25
to 30 min, 5% B
Linear gradient of
oney bee pupae concentrations 25 25-30 preparation 4.6 x 250 mm 5 5 135 pug/mL [47]
(Apis mellifera) ranging from 5% to Jumn
45% that includes cou
0.1% TFA
Honey fie_rlved It took 5 min at 0%, C18
from Ziziphus . (Purospher
. 40 min at 70%, and
species made by 45 min at 0% for STAR, RP-18
Apis mellifera at bee o 25 25-30 end-capped: 150 x 4.6 mm 5 5 120 nM [51]
the acetonitrile to
farms located . Merck,
. be used in the
in the . | Darmstadt,
. gradient elutions
Himalayan area. Germany
Elution using a
linear gradient of
deionized wat
Ie]l;)mze; r‘:tiile Y C18 reverse
Manuka honey 2 (gci’oc(’)o/) € 20 20-25 phase (RP) 250 x 4.6 mm 5 5 135 pug/mL [52]
L column
containing
0.05% trifluoroa-
cetic acid
Isocratic elution
carried out using
. 55% (v/v) C-18
Royal jelly (R]
‘;‘yin’:” nyL r(a D acetonitrile that 45 30 TOSOH- 150 x 4.6 mm 5 5 145 pug/mL [53]
' contains 0.04% ODS column

(v/v) trifluor-
acetic acid
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Table 2. Cont.

©

Conditions Employed in the Separation and Purification Method

Separation Separation Condition Purification Condition Concentration
Sample Type References
Method of Compound
Needful Chemical Time (min) Temperature Column Type Column/Plate
and Solvent ©QO) P Dimension
Honey rflajor Gel Filtration 12.5 Mm Pyridine- 20 a7 Sephacryl 25 x 85 mm 155 pg/mL [38]
protein Chromatography acetate buffer S-100 column
h
Litchi chinensis Gel Filtration tris-HCl buffer used ata ° S(Zii(?rrlose
concentration of 0.01 M 25 25-30 16 x 20 mm 5.12 mg/mL [37]
honey Chromatography exchange)
(pH7.4)
column
0.05 M phosphate buff
. phosp fi e buter Sepharose FF
Gel Filtration witha pH of 6.6 in buffer A, column (GE
Bee honey then the sample was eluted 45 25-30 10 x 300 mm 135 ug/mL [54]
Chromatography . . . Healthcare,
with 0.5 M sodium chloride UK)
in buffer A
Loading buffer consisting
of 3 M urea dissolved in
Gel Filtrati Cylindrical
Netherlands honey ¢ Firation 5% acetic acid, and methyl 45 25-30 yinariea 3.7 x 6cm 5.0 mg/mL [49]
Chromatography gel
green added for
reference purposes
tris-HCl bufferused with a
Honey of A. cerena Gel Filtration linear grad'ient of N'fxcl 45 25-30 Sephadex 25 x 85 mm 165 ug/mL [39]
colony Chromatography concentrations ranging G-200

from 0.0 to 0.3 M

4.2.1. Chromatographic Column

The columns that are used in HPLC are always made of stainless steel (314 L, stainless
steel), and the thickness of their walls is designed to be able to withstand pressures that
are greater than 30 KPSI. This is a higher pressure than the one that is used not only in the
analysis but also in the column-filling process. In the case of columns that are used in the
process of chemical analysis, the typical diameter is 4.6 mm, and the length of the column
may typically be from 5 to 25 cm. Although the column’s length may exceed 40 cm and
its width could be more than 1 cm, such columns are not used for studies. The diameter
of the packing granules has a direct correlation to the length of the column; the smaller
the diameter of the packing granules, the shorter the length of the column. This is because
there is an increase in the amount of counter pressure that occurs when the granules are
reduced in size [55,56]. The several types of columns that are used in the chromatographic
analysis are shown in Figure 4.

sim-= S0

- = — S0e
e — —m —fRe

Figure 4. Pictorial representations on different types of columns that have been used in chromato-
graphic apparatus.



Separations 2024, 11, 166

13 of 30

The mobile phase is
where the polypeptide
is introduced into the

column.

4.2.2. Mechanism of Protein/Peptide Retention

During the RP-HPLC process, hydrocarbon groups are chemically bonded to the
surface of the particle, which results in the particle surface being very hydrophobic. The
“hydrophobic foot” of a protein is what binds to the hydrophobic surface, which is how the
protein adheres to it (Figure 5). Due to the thickness of the hydrophobic surface, proteins are
too large to be fully adsorbed by it. This prevents proteins from adhering to hydrophobic
surfaces. The vast majority of protein molecules are in direct fluid contact with the surface
and thus are revealed. Because hydrophobic adsorption leads to a high net interaction, the
protein remains adsorbed on the surface until a certain concentration of organic solvent
has been reached. At this stage, the protein desorbs from the surface and elutes from
the column [57].

When the concentration of the
organic modifier reaches the
critical value, polypeptide begins
to be desorbed from the surface
of the reverse-phase material.

Absorption of
polypeptide is onto the
surface of the reverse
phase material.

¥ o

Figure 5. The mobile phase, where the polypeptide is injected into the column. The hydrophobic
“foot” of the polypeptide adsorbs onto the hydrophobic surface of the reversed-phase material, where
it remains for the amount of time necessary for the organic modifier concentration to reach a critical
concentration and desorb from the polypeptide. The polypeptide is desorbed when the concentration
of the organic modifier reaches a critical concentration.

4.2.3. Column Characteristics
Particles Support

The process of separating peptides and proteins involves interacting with the hy-
drophobic surface of particles packed in columns. This is performed to obtain the desired
results. Silica is frequently used as the material for the particles that make up the column
because it is physically durable, it is stable under the conditions of most solvents (except
at pH levels higher than 6.5), and it can be formed into spherical particles of various sizes
with holes of varying diameters. For these reasons, silica is frequently used as the material
for the particles. It is also important to keep in mind that separation performance is also
influenced by the quality of the silica that is used in HPLC columns [58,59].

Pore Diameter

In RP-HPLC, the usage of silica with pores smaller than 100 A leads to subpar protein
separations. The separation of proteins is greatly improved by using silica with pores
wider than 300 A in diameter. Since proteins are unable to pass through holes of this size,
separation takes place only on the very superficial surface. Because proteins and even bigger
peptides can penetrate the pore and completely interact with the surface of wide-pore silica,
the peak shape and resolution are much improved. In modern protein separation processes,
wide-pore silica is almost exclusively employed. Because tiny peptides, such as those that
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are produced as a consequence of protease digests, can penetrate the pores of small pore
silica and interact with the surface, small pore silica has the potential to be used in the
process of separating protein digests. Wide-pore silica, on the other hand, can effectively
separate peptides and leads to varying degrees of selectivity and resolution [60]. Mesaik
et al. [51] conducted research in which they used RP-HPLC technology for the separation
and determination of honey glycoproteins and glycopeptides, as well as the assessment of
immunomodulatory properties. Researchers employed a C-18 column (Purospher STAR,
RP-18 end-capped at 5 um, 150-4.6, Merck, Darmstadt, Germany). After equilibrating
the column with 0.1% TFA, a flow of 1.0 mL/min was used to introduce 100 uL of a
filtered protein sample into the column. The acetonitrile was used to produce gradient
elutions at the following times and percentages: 5 min at 0%, 40 min at 70%, and 45 min
at 0%. The peaks were then collected, concentrated, and kept at a temperature of —20 °C
until their subsequent usage. While the non-toxic peptides originating in the honey of
bees, known as BONTA, were isolated and identified in nineteen samples from various
locations using liquid chromatography procedures, they were regarded as a tool to test the
product’s safety [40]. Using the RP-HPLC technique on a ShimadzuLC-10 HPLC system
at room temperature and using a separation column type (C18 Jupiter column, USA),
Da Silva et al. [61] characterized a broad spectrum of biological peptides derived from
one of the beneficial bacteria. They obtained one peak for the biopeptide, with a holding
time of 32 min. The analysis was performed at a wavelength of 225 nm using 0.05% TFA,
20-80% acetonitrile and ultrapure water as the mobile phase [62,63].

4.3. Gel Filtration Chromatography

There is a mechanism that can be used for the separation and purification of peptides
according to their molecular sizes that is called size-exclusion chromatography. This is one
of the mechanisms that are being explored for the separation and purification of peptides
because it is both an easy-to-use approach for the separation of molecules with various
molecular sizes and a mechanism that can separate and purify peptides according to their
molecular sizes. In gel filtration, the degree of separation achieved is directly proportional
to the particle size distribution in the sample solution, as depicted in Figure 3C. Components
that have a high molecular weight are unable to pass through the gel pore and are instead
ejected out with a dead volume. On the other hand, components that have a low molecular
weight will enter through the gel pore, remain inside the column, and then be eliminated
to the outside of the gel, depending on the type of gel that is being used [43].

The most recent and important studies on gel filtration chromatography, which were
aimed at separating and purifying honey-derived peptides produced from bees, are sum-
marized in Table 2C. In a study that was conducted by Srisuparbh et al. [39], the researchers
separated and purified the defensing-1 antimicrobial peptide of honey bees (royal jelly
protein, which plays an important role in eliminating bacteria in synergy with other bio-
logical compounds in honey) from the A. cerena colony of honey bees using a gel filtration
technique with a column Sephadex G-200 chromatographic separation. The study that
was conducted by Steinhorn et al. [64], found that the purification process of honey pro-
teins from clover and manuka honey, conducted through the size-exclusion process and
separated by ultrafiltration using 10 (KDa MWCO) porous separation membranes, which
included five samples of New Zealand honey, showed a protein that is effective in modi-
fying and improving immunity. Ibrahim et al. [38] used a gel filtration chromatography
technique with Sephacryl S-100 column chromatography that performed the elution process
of the sample using a pyridine—acetate buffer at a concentration of 12.5 mM to isolate and
purify the biological active peptides that were derived from the main protein in honey. This
allowed them to successfully isolate and purify the peptides.

5. Factors Influencing the Separation and Purification of Honey Bee Peptides

Various factors influence the separation and purification of honey bee peptides, in-
cluding the characteristics of the peptides, the properties of the extraction and purification
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methods, and the intended application of the peptides [37,65-67]. Several important factors
have been explored in Table 3 that impact the separation and purification process of honey
bee peptides. These factors include the characteristics of the peptides, the complexity
of the sample, the method of extraction, the strategy for purification, the conditions of
chromatography, the methods of detection, the scale of the process, the throughput, and the
specific requirements of the application. Through careful consideration of these factors and
the fine-tuning of experimental conditions, researchers can attain a high level of efficiency
and effectiveness in the separation and purification of honey bee peptides. This process is
crucial for a wide range of scientific, industrial, and biomedical applications.

Table 3. Different factors that impact the separation and purification of honey bee peptides [35,37,47,62,65-78].

Key Factors

Observation and Remarks

Peptide Characteristics

The physicochemical properties of peptides derived from honey bees are crucial factors in their
separation and purification processes.

These properties include molecular weight, charge, hydrophobicity, and solubility.

Peptides with varying properties may necessitate distinct separation methods, including size
exclusion chromatography, ion exchange chromatography, reversed-phase chromatography, or
affinity chromatography, to attain the most effective separation and purification.

Sample Complexity

The intricate nature of the honey bee peptide sample, which includes various proteins, peptides,
sugars, and lipids, can impact the effectiveness and specificity of separation and

purification techniques.

Various methods can be used to eliminate unwanted substances and enhance the concentration of
desired peptides before separation.

These methods include protein precipitation, ultrafiltration, and solid-phase extraction.

Extraction Method

The selection of the extraction technique for honey bee peptides can have an impact on their
subsequent separation and purification processes.

Different extraction methods can be used based on the stability and solubility of the peptides and
the desired level of purity.

These methods include acid extraction, enzymatic hydrolysis, and solid-phase extraction.

Purification Strategy

The choice of purification strategy relies on the unique properties of the honey bee peptides and the
desired level of purity.

Various purification methods, such as chromatography, electrophoresis, precipitation, or membrane
filtration, can be employed to isolate and purify peptides from complex matrices.

Chromatographic
Conditions

The separation and purification of honey bee peptides can be influenced by various
chromatographic parameters, including the type of column, chemistry of the stationary phase,
composition of the mobile phase, flow rate, and temperature.

Ensuring optimal chromatographic conditions is crucial for achieving superior resolution, peak
purity, and reproducibility in peptide separation.

Detection and Analysis
Methods

The accuracy and efficiency of peptide separation and purification can be influenced by the
sensitivity and selectivity of detection and analysis methods.

These methods include UV-visible spectroscopy, mass spectrometry, and amino acid analysis.
The incorporation of additional detection methods improves the ability to identify and measure
honey bee peptides in intricate samples.

Scale and Throughput

The size of the separation and purification process, which can vary from a small-scale analysis to
larger-scale preparation, affects the selection of equipment, materials, and operational conditions.
Advanced methods like automated chromatography systems or parallel processing techniques
greatly enhance productivity and throughput in peptide purification.
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Table 3. Cont.

Key Factors Observation and Remarks
The desired use of the honey bee peptides, such as conducting bioactivity assays, studying their
. structure, or developing therapeutics, can influence the standards for separating and purifying
Application . . . .
. them in terms of purity, yield, and quality.
Requirements

The fine-tuning of separation and purification parameters is customized to fulfill the specific needs
of the downstream application.

6. Honey-Derived Peptide Defensin-1 Produced by Bees as an Antioxidant
and Antimicrobial

Antioxidants are molecules, ions, or radicals that are generally stable yet may delay or
prevent the oxidation of other molecules. Antioxidants are known to be compounds that
can stop or slow down the progression of chain reactions that lead to the production of free
radicals. Additionally, antioxidants can halt the oxidation process before it even begins,
which is another way that antioxidants can prevent the oxidation process from starting.
They can do this by donating an electron to the free radical, which subsequently oxidizes
outside of the body’s cells, producing radicals that are feeble, inactive, and relatively
stable [79,80]. Honey is a rich source of bioactive compounds, including antioxidants and
antimicrobials, due to the presence of both enzymatic and non-enzymatic antioxidants
within its composition. Honey has been shown to have antioxidant and antibacterial action,
which is due to the fact that it includes a vast range of bioactive compounds in addition to
bee peptides. The naturally occurring antibacterial agents abaecin, defensin-1, apidaecin,
and hymenoptaeci are all included in these bee peptides. Additionally, honey incorporates
bee pollen into its composition [81,82].

The hydrolysis of food proteins results in the production of bioactive peptides, which
not only have the ability to perform physiological activity but can also absorb nitrogen
from the diet. According to the findings of several studies, the bioavailability of peptides is
much higher than that of proteins or free amino acids [33,67]. The nature of the structure of
peptides, in terms of the type and sequence of amino acids contained within the peptide
chain, as well as their partial weight, is what gives peptides their properties as biological
compounds with antimicrobial and antioxidant activity [83]. Consequently, because of their
capacity to get rid of reactive oxygen species (ROS) and to prevent oxidized metal ions from
forming, biological peptides play an important part in the process of getting rid of the free
radicals that are responsible for inflammation, aging, and chronic illnesses [38]. Based on
the research conducted by Bose et al. [37], protein is identified as the main biomolecule in
honey with significant biological functions. In addition, peptides have strong antimicrobial
and antioxidant effects. The antimicrobial mechanisms of honey-derived peptides from
bees, as well as the possible effects of these peptides on human health, are shown in Figure 6.
Peptides exhibit a more potent reducing activity in comparison to proteins due to their
unique structure consisting of amino acids and their smaller size relative to proteins with
a higher molecular weight. The findings of Bose et al. [37], demonstrate that in addition
to being an effective reducing agent, the peptides are also excellent electron donors. The
presence of hydrophobic amino acids and/or the presence of long side chains of amino
acids might be responsible for this.

Honey and its pure protein, as well as peptides, have been shown to be active antioxi-
dants by Bose et al. [37], who also found that these substances may scavenge free radicals
(DPPH). The findings showed that honey, honey peptides, and proteins all had different
levels of antioxidant activity in neutralizing free radicals: 73.16%, 68.55%, and 59.71%,
respectively. Unprocessed honey was claimed to have the highest antioxidant potential
due to the high concentration of other antioxidant-rich components that it contains. These
components include enzymes, phenolic compounds, carotenoids, vitamin C, and organic
acids. There is a peptide in honey which is a remarkable compound, due to its unique
structure that is determined by the specific arrangement and sequence of amino acids in its
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peptide chain. Additionally, it has a relatively low molecular weight compared to proteins,
making it an intriguing subject of study.
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Figure 6. The mechanism of action of the antimicrobial activities of honey-derived peptides from
bees and their potential impacts on human health.

6.1. Antioxidant Properties of the Peptide Defensin-1: Final Remarks

The peptide defensin-1, derived from honey produced by bees, does indeed possess
antioxidant properties. Defensin-1 is a specific antimicrobial peptide that can be found
in honey, specifically in honey bee-derived products such as honey, royal jelly, and bee
pollen [28,30,54,84]. Defensin-1 has a dual role in the honey bee’s biology. It serves as a
crucial component of the immune system, safeguarding against harmful pathogens [85,86].
Additionally, defensin-1 exhibits antioxidant properties by effectively neutralizing free
radicals and preventing oxidative stress-related damage [38,81]. Studies have demonstrated
that defensin-1 plays a role in enhancing the antioxidant capacity of honey and other
products derived from bees [81]. Research has shown its effectiveness in counteracting ROS
and decreasing oxidative stress in different cellular and animal models [87,88]. Defensin-1
plays a crucial role in safeguarding cells and tissues against oxidative damage, which is
commonly linked to aging, inflammation, and chronic diseases [87-89]. It achieves this by
neutralizing free radicals and preventing lipid peroxidation. Honey-derived defensin-1
exhibits antioxidant properties that position it as a promising contender for therapeutic
applications in addressing conditions associated with oxidative stress [87,90]. Additional
investigation is required to gain a comprehensive understanding of how it works, its ability
to be absorbed by the body, and its safety record. This will help unlock its full therapeutic
potential and determine its suitability for use in functional foods, nutraceuticals, and
pharmaceutical formulations that aim to support health and prevent diseases associated
with oxidative stress.

6.2. Antimicrobial Properties of the Peptide Defensin-1: Final Remarks

Defensin-1, a peptide derived from honey, has been found to possess strong antimicro-
bial properties. Defensin-1 is a vital element in the immune system of bees, playing a crucial
role in safeguarding bee colonies against harmful pathogens. Defensin-1 demonstrates
a wide range of antimicrobial activity, effectively targeting bacteria, fungi, and certain
viruses [61-63,81,82]. Defensin-1 exhibits antimicrobial properties by disrupting the cell
membranes of microorganisms, interfering with the synthesis of their cell walls, and inhibit-
ing crucial cellular processes [82,84,91]. Defensin-1 can effectively eliminate or hinder the
development of harmful microorganisms by specifically targeting microbial membranes
and cell structures [38,82,84]. This crucial action plays a significant role in preserving the
overall health and stability of bee colonies. In addition, defensin-1 has shown minimal
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harm to mammalian cells, making it a promising candidate for treating microbial infections
in humans [84,92,93]. Scientists are currently investigating the potential uses of defensin-1
as a natural antimicrobial agent in a range of areas, such as medicine, agriculture, and food
preservation [54,84,90,94]. In broad terms, defensin-1 derived from honey plays a crucial
role in protecting bees from pathogens and presents exciting possibilities to establish new
antimicrobial approaches to combat microbial infections that affect human health [84].

7. Emerging, Promising, and Cutting-Edge Omic Methods for Studying Honey
Bee Peptides

Certain approaches in the field of technology and science have shown great potential
in studying honey bee peptides. These methods are considered to be at the forefront of
research and have garnered interest from researchers, scientists, and individuals in the
industrial sector who are seeking new and innovative opportunities. Within this context, the
study of honey bee peptides can greatly benefit from a range of advanced techniques and
scientific tools. These tools provide a holistic understanding of the composition, structure,
function, and interactions of peptides [95,96]. Several important tools and techniques can
be utilized in honey bee peptide research (Table 4). By incorporating various omics and
cutting-edge tools, scientists can delve into the intricate world of honey bee peptides and
their impact on bee well-being, behavior, and ecological relationships. Additionally, they
can investigate the potential uses of these peptides in fields such as medicine, agriculture,
and biotechnology [28,44]. Based on the information presented in Table 4, it is evident that
these omic approaches are highly advanced and hold great potential for studying honey
bee peptides. They can provide fresh and groundbreaking possibilities in this field of study.

Table 4. Some omic approaches as emerging, promising, and cutting-edge tools for studying honey
bee peptides that can attract attention from researchers, scientists, and industry professionals who
are looking forward to new and innovative opportunities.

Omic Approaches Scientific Observation, Remarks, and Suggestions References
e  Proteomics allow for the analysis of proteins and peptides in honey bee
samples, providing insights into their identification, quantification,
and characterization.
Proteomics e  Liquid chromatography-mass spectrometry (LC-MS/MS) is a widely [86,97-101]

utilized method for efficiently identifying peptides.

In the field of quantitative proteomics, techniques like label-free
quantification and isobaric labeling (e.g., TMT, iTRAQ) offer valuable
information on peptide abundance and differential expression.

Genomics and
Transcriptomics

An in-depth analysis of honey bees, such as Apis mellifera, allows for the
discovery of genes that encode peptides and the understanding of how the
expression of these peptides is regulated at the transcriptional level.

RNA sequencing (RNA-seq) and genome-wide association studies (GWAS)
provide valuable insights into the genetic factors that contribute to the
diversity and regulation of peptides in honey bee populations.

[97,102-107]

Metabolomics

Metabolomics allow for a thorough analysis of small molecules, such as
peptides, in honey bee samples.

Through the use of mass spectrometry-based metabolomics and nuclear
magnetic resonance (NMR) spectroscopy, valuable information can be
obtained regarding the metabolic pathways and bioactive compounds
linked to honey bee peptides.

This enables a deeper understanding of their biosynthesis, regulation, and
physiological roles.

[98,108-110]
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Table 4. Cont.

Omic Approaches Scientific Observation, Remarks, and Suggestions References

° Functional genomic methods, such as metagenomics and functional
expression screening, investigate the involvement of microorganisms
Microbial and associated with honey bees in the production and metabolism of peptides.
Functional Genomics e  Through the analysis of the microbiome and metatranscriptomics of honey
bee gut and hive environments, scientists have discovered the significant
role of microbes in peptide synthesis, degradation, and bioactivity.

[97,103-107]

e  Peptide sequence analyses, structure predictions, and functional
annotations are made easier with the help of bioinformatics tools
and databases.
e  Sequence alignment algorithms, like BLAST and Clustal Omega, are used
to identify peptides that are similar in structure, while structure prediction  [102,104,111-114]
software, such as Phyre2 and I-TASSER, can be utilized to predict the
structures and binding sites of peptides.
° In addition, there are databases, such as UniProt and PeptideAtlas, that
offer carefully curated collections of peptide sequences and annotations.

Bioinformatics and
Computational Tools

e  Chemoinformatic methods allow for the examination and prediction of
interactions between peptides and receptors, as well as the relationships
between their structures and activities.
° Software for molecular docking, like AutoDock and GOLD, can predict [96,115-117]
how peptides bind to target proteins and determine their affinity.
e  This enables the design and optimization of peptide-based therapeutics
and inhibitors.

Chemoinformatics and
Molecular Docking

° Through the use of high-throughput screening assays, researchers can
quickly assess the bioactivity and functionality of peptides.
High-Throughput e  Cell-based assays, enzyme assays, and receptor binding assays evaluate the
Screening Assays biological effects of honey bee peptides on cellular processes, enzymatic
activities, and molecular targets, offering valuable insights into their
therapeutic potential and mode of action.

[87,118]

e  New and advanced analytical methods, like single-cell proteomics, mass
spectrometry imaging (MSI), and cryo-electron microscopy (cryo-EM),
provide fresh perspectives on the spatial distribution, subcellular
localization, and structural organization of honey bee peptides in tissues [86,98,101]
and organs.
e  These sophisticated tools enhance traditional omic approaches, offering a
more comprehensive insight into peptide biology and function.

Emerging Analytical
Techniques

8. Artificial Intelligence: A Promising Approach for Investigating Honey Bee Peptides

Artificial intelligence (Al) is rapidly becoming a valuable tool in the study of honey
bee peptides. Its emergence in this field is opening up new possibilities for research and
analysis [119-121]. Therefore, it is evident that Al has the potential to revolutionize the
study of honey bee peptides. It provides novel methods for data analysis, modeling, and
prediction, showcasing its immense promise as an emerging tool in this field [119,122,123].
Table 5 addresses different approaches through which Al can contribute to research on
honey bee peptides. Through the utilization of Al, scientists can expedite the exploration,
analysis, and utilization of honey bee peptides, propelling further understanding of bee
biology, health, and ecological relationships [121-123]. Moreover, utilizing Al-driven
approaches enhances traditional experimental methods by providing novel perspectives
and predictive abilities for peptide-based research, not only in apiculture but also in
agriculture and biomedicine [119,121,124-126].
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Table 5. The role of artificial intelligence as a new and powerful tool for revolutionizing the study of

honey bee peptides.
Approaches for Observation, Remarks, and Suggestions References
Implementing Al Tools ! ! 88
° Al algorithms, like deep learning models, can help with the precise
sequencing and identification of honey bee peptides from mass
Peptide Sequencing spectrometry data. [127-130]

and Identification

e  These algorithms can analyze patterns from extensive peptide databases
and make highly accurate predictions of peptide sequences, even for
peptides that are new or have been modified.

Predictive Modeling of
Peptide-Bee Interactions

. Al techniques, such as machine learning and neural networks, can simulate
the interactions between peptides and honey bee proteins, receptors,
or enzymes.

e  Through the analysis of sequence-structure—function relationships, these
models can make predictions about the bioactivity, binding affinity, and
specificity of honey bee peptides towards their molecular targets.

[123,131-134]

Functional Annotation
and Classification

e  Alalgorithms can categorize honey bee peptides by analyzing their
functional annotations, biological activities, or structural motifs.

e  Using advanced techniques in natural language processing (NLP),
scientists can extract valuable information from scientific literature
and databases.

e  This information is then used to categorize peptides into different
functional groups, including antimicrobial, antioxidant, and
immunomodulatory peptides.

[18,38,51,81,121,
123,132,135-137]

Prediction of Peptide
Structures and Properties

e  Advanced techniques like generative adversarial networks (GANs) and

reinforcement learning have revolutionized the field of structure prediction.

e  These Al-driven methods can accurately predict the intricate
three-dimensional structures of honey bee peptides solely based on their
amino acid sequences.

e  These advanced models allow for the investigation of peptide
conformational dynamics, stability, and physicochemical properties.

[16,18,137-139]

Design and Optimization
of Peptide Therapeutics

e  Al-based optimization algorithms, like genetic algorithms and
reinforcement learning, can design and optimize peptide-based
therapeutics to achieve specific properties and activities.

e  These algorithms are designed to navigate through a wide range of
chemical combinations to identify peptides that have enhanced
effectiveness, selectivity, and pharmacokinetic properties for a variety of
biomedical uses.

[140-144]

Mining of Omics Data for
Peptide Discovery

e  Advanced data mining techniques powered by Al can be utilized to
analyze omics datasets, which encompass genomic, proteomic, and
metabolomic data.

e  The objective is to uncover previously unknown honey bee peptides and
the biosynthetic pathways they are associated with.

e  Through the integration of various data sources, Al algorithms can identify
peptides that show promise in terms of their bioactivities and
therapeutic relevance.

[120,129,135,
145-150]
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Table 5. Cont.

Approaches for
Implementing Al Tools

Observation, Remarks, and Suggestions References

Prediction of
Peptide-Microbiome
Interactions

e  Al-powered models can provide insights into the connections between
peptides produced by honey bees and the microbiome that they share with
gut microbes and hive pathogens.

e  These predictive models can evaluate the effects of peptides on the
dynamics of microbial communities, virulence factors, and interactions
between hosts and the microbiome.

e  They can provide valuable insights for strategies to modulate the
microbiome and manage diseases.

[146,148,151-153]

Automated Image

Analysis and Phenotyping

e  Alalgorithms can be used to analyze images and videos of honey bee
behavior, physiology, and morphology to phenotype bees and evaluate the
impact of peptides on bee health and performance.
Computer vision and pattern recognition methods can be used to measure  [124,154-157]
various characteristics of bees, including their foraging behavior, immune
response, and developmental stages. These techniques allow for efficient
and non-invasive analyses.

9. Challenges and Research Opportunities in Honey Bee Peptides

Exploring the realm of honey bee peptides offers a fascinating avenue for scien-
tific investigation, with its fair share of obstacles and promising avenues for research.
Tables 6 and 7 present several significant challenges and promising research opportunities.
In a nutshell, the study of honey bee peptides offers challenges and research opportunities
that span across various fields including biochemistry, biotechnology, pharmacology, and
biomedical science [71,77,90,96,105,131,149]. Through understanding these challenges and
the exploration of these opportunities, researchers can tap into the therapeutic, nutritional,
and biotechnological possibilities of honey bee peptides, ultimately enhancing human
health and well-being [11,26,71,77,87,90,158]. Consequently, after an in-depth review and
discussion in Tables 6 and 7, we can confidently assert that the suggestions and recommen-
dations provided are trustworthy and highly beneficial for professionals working in the
realms of research, science, and industry. Furthermore, this will assist people engaged in
the exploration of cutting-edge solutions for sustainable practices on various aspects of
honey bee peptides. In addition, people will uncover new possibilities for utilizing the
diverse array of processes associated with honey bee peptides.

Table 6. Several significant challenges faced by scientists and researchers when studying honey
bee peptides.

Key Challenges Important Remarks References
e  Peptides derived from honey bees are commonly found in intricate
. mixtures alongside various proteins, enzymes, and compounds. Extracting
Complexity of and analyzing particular peptides from this intricate mixture can pose [38,125,159]
Peptide Mixtures y2ng p pep P T

difficulties because of their limited presence and the possibility of
interference from other components.

Identification and
Structural
Characterization

Understanding the biological functions and potential applications of honey

bee peptides relies heavily on determining their primary sequence and

three-dimensional structure. Nevertheless, conventional sequencing [36,37,39,160,161]
techniques may not always be adequate for de novo sequencing or structural

elucidation, particularly when dealing with novel or modified peptides.
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Table 6. Cont.

Key Challenges Important Remarks References

L]
Functional Diversity
and Biological

Honey bee peptides demonstrate a wide range of biological activities,
encompassing antimicrobial, antioxidant, immunomodulatory, and

neuroprotective properties. Understanding the mechanisms of actionand  [2,9,40,51,83,90,158]

Activity physiological roles of these peptides necessitates thorough functional
studies and bioassays in appropriate biological systems.
e  Itis crucial to maintain the stability and bioavailability of honey bee
Stability and peptides to effectively utilize them for therapeutic or nutritional purposes.
Bioavailability Ensuring the stability of peptides in the gastrointestinal tract, serum, and  [66,158,162-165]

target tissues, and finding ways to improve their bioavailability and
delivery, present significant hurdles for peptide-based interventions.

Regulatory and Safety
Considerations

It is crucial to address the regulatory requirements and safety assessments

for honey bee peptides intended for human consumption or therapeutic

use. Establishing the safety, effectiveness, and quality of peptide-based [12,25,26,166]
products through preclinical and clinical studies is crucial for obtaining

regulatory approval and bringing them to market.

Table 7. Numerous fascinating prospects and research perspectives for scientists and researchers

who are looking forward to the innovative study and discovery of honey bee peptides.

Area for Innovative Study
and Discovery

Remarks, Suggestions, and Recommendations

Discovery of Novel Peptides

e Investigating the honey bee proteome and peptidome through cutting-edge omics
technologies, like mass spectrometry, genomics, and transcriptomics, presents exciting
possibilities for uncovering new peptides with distinct structures and bioactivities.

. Examining bee-derived products, like honey, royal jelly, propolis, and venom, for bioactive

peptides offers a valuable pool of potential therapeutic agents.

Structure-Activity
Relationship Studies

e  Studying the connections between the structure and activity of honey bee peptides allows
for the development and improvement of peptide-based therapeutics that are more effective

and targeted.

e  Utilizing peptide synthesis, structural modeling, and in silico design approaches allows for the

rational engineering and modification of peptides to achieve specific biological activities.

Functional Characterization
and Mechanistic Studies

e  Understanding the biological functions and mechanisms of honey bee peptides in relevant
biological models offers valuable insights into their potential therapeutic applications and

how they work.

e  Functional characterization and mechanistic studies of honey bee peptides in diverse
physiological contexts are made possible through the use of cell-based assays, animal
models, and molecular biology techniques.

Bioinformatics and
Computational Approaches

e  Utilizing bioinformatics tools and computational modeling techniques enables the
prediction, assessment, and optimization of honey bee peptides for a wide range
of applications.

. Peptide design, screening, and virtual screening of peptide libraries for bioactivity and
specificity are supported by sequence analysis, structure prediction, and molecular
docking studies.
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Table 7. Cont.

Area for Innovative Study
and Discovery

Remarks, Suggestions, and Recommendations

Biotechnological and
Pharmaceutical Innovations

e By utilizing advanced biotechnological methods, such as recombinant peptide production,
peptide synthesis, and formulation optimization, it becomes possible to develop
peptide-based products that possess enhanced stability, bioavailability, and
therapeutic capabilities.

° Peptide-based drug delivery systems, formulations, and biomaterials provide cutting-edge
solutions for precise drug delivery, tissue engineering, and regenerative medicine.

Biomedical and Nutraceutical
Applications

e  Investigating the therapeutic and nutraceutical uses of honey bee peptides in human health
and disease presents possibilities for drug discovery, the development of functional foods,
and dietary supplementation.

. By focusing on particular health conditions like infectious diseases, inflammation,
neurodegeneration, and metabolic disorders, utilizing peptide-based interventions can
effectively address medical needs that have not been met and contribute to overall wellness.

10. Concluding Remarks

Honey contains a diverse range of bioactive components, such as amino acids, pro-
teins, enzymes, essential minerals, vitamins, and the bee-derived peptide defensin-1. These
bioactive molecules have been found to exhibit interesting biological properties, both
in vitro and in vivo, such as antioxidant and antimicrobial activities. At present, membrane
separation, RP-HPLC, and gel filtration chromatography are the main approaches used
to separate and purify honey-derived peptides produced by bees. However, there is an
urgent need for faster and more efficient techniques to analyze the diverse properties of
honey produced by bees. Moreover, there is an unprecedented need from consumers
for fast, reliable, and cost-effective methods to detect adulteration in honey. This paper
provides an overview of the latest advancements in honey quality assessment procedures,
serving as a valuable resource for future research in this field. Based on our study, it is
evident that while the current methods are precise and accurate, there is still an opportunity
for enhancement to expedite the testing process and enhance the reliability of results for
naturally occurring honey used in industrial and commercial applications. Exploring the
fascinating realm of honey bee peptides and their profound effects on bee health, behavior,
and ecological interactions can be achieved using advanced techniques like proteomics, ge-
nomics, transcriptomics, and metabolomics. Furthermore, exploring potential applications
of these peptides in fields like medicine, agriculture, and biotechnology could be helpful.
In addition, the application of artificial intelligence (AI) can greatly enhance the speed and
efficiency of studying honey bee peptides. This can lead to a deeper comprehension of
bee biology, health, and ecological interactions. As an example, Al tools such as machine
learning and neural networks can simulate the interactions between peptides and honey
bee proteins, receptors, or enzymes. Additional planned systematic research investigations
can aid in the advancement of drug delivery systems and formulations based on peptides.
Addressing the therapeutic and nutraceutical potential of honey bee peptides in human
health and disease prevention opens up opportunities for drug discovery, as well as the
development of functional foods and dietary supplements.
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