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Abstract: Peptides are short sequences of proteins consisting of two or more amino acids that are
linked by peptide bonds. Peptide-based designs and drug deliveries can offer several advantages,
such as antioxidant, antimicrobial, antihypertensive activities, along with immunomodulatory and
antithrombotic properties, with hormone or drug-like potential. Peptide-based therapeutic formula-
tions are used as drug candidates for the treatment of various diseases. However, there are several
concerns associated with the efficacy of peptides in pharmaceutical design and delivery, includ-
ing rapid degradation, limited solubility, and poor permeability. The nanoformulation of peptides
has been identified as a promising approach for improving the stability of peptides and providing
metabolic stability and bioavailability. This article provides an overview of the advances in the
development of peptides for drug design and formulation applications. It discusses various peptide
nanoformulation approaches as well as recent developments in the in vitro and in vivo analyses of
nanoformulated peptides for pharmaceutical applications.
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1. Introduction

Peptides are essential for the general functioning and health of higher living organ-
isms [1]. They play major roles in living organisms (especially in humans) as peptide
hormones, such as vasopressin and defensins [2]. Peptide-based drugs have been widely
used in pharmaceutical applications for the treatment of various diseases [3]. Further, pep-
tides are easily synthesized with good scalability compared to other biomolecules [4]. They
offer several benefits, such as drug delivery agents, due to their high cellular circulation,
accumulation/penetration for cell internalization, and cytosolic drug release for improved
disease treatment [5]. There are increasing applications of peptides in drug designs and
deliveries that explore the in vitro and in vivo properties of peptides [6]. However, naked
peptide-based drugs are reported to have challenges, such as premature disintegration
before reaching the target site, low stability, and poor membrane permeability [7].

The advancements in the field of nanotechnology have led to several novel nanopar-
ticles and nanomaterials that are able to overcome the limitations of naked peptides in
disease treatment [8]. Nanostructured materials have allowed for the controlled release of
drugs for drug delivery, i.e., toward target cells for efficient disease therapy [9]. Further,
the encapsulation of peptides in nanoparticles has the potential to address challenges asso-
ciated with peptide stability during circulation, providing better membrane permeability,
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and promoting tumor targeting effects with minimal adverse impacts [10]. Peptides can
also be modified and self-assembled into nanosized particles, such as nanomedicine, to
improve their pharmacokinetic profiles [11]. This article provides an overview of pep-
tides, recent trends in their synthesis, purification, and characterization, as well as their
nanoformulation mechanisms. In addition, recent developments in the in vitro and in vivo
analyses of nanoformulated peptides for pharmaceutical applications are discussed.

2. Overview of Peptides

Peptides are specific protein fragments that possess beneficial effects for the functions
of living organisms [12]. They can be synthesized via amino acids linked by covalent bonds
called peptide or amide bonds [13]. Proteins and peptides play vital roles in the metabolic
activities of live cells. They can exhibit antihypertensive, mineral binding, antimicrobial,
immunomodulatory, antioxidant, and antithrombotic activities [13]. The amino acid con-
stituents and arrangements are responsible for the activities of the peptides. The interplay
of amino acid sequences regulates biological processes in the cells of living organisms [14].
Proteins obtained from animals and plant sources are utilized as precursors to synthesize
peptides with distinct structures [13,15,16]. Several peptides display structural and func-
tional characteristics similar to proteins, particularly peptide residues of 2 to 20 amino acid
lengths with arginine, proline, or lysine amino acid groups as well as hydrophobic proper-
ties [17,18]. Recently, peptides were employed in organic transformation that occurred in
the storing and processing of foods and significantly contributed to their sensory features.
They are documented as a group of bioactive molecules with a wide range of biological
properties in addition to their nutritional functions. Lately, nutraceuticals and functional
foods with peptides have gained attention, specifically for their influence on the health of
humans and their actions in the prevention of certain ailments [13,19,20].

Peptides are present in bovine milk [21], cheese, and dairy foods [21-23] as proteins.
Moreover, they exist in the blood of bovine [24], meat, gelatin, fish, and eggs [13]. Peptides
obtained from the proteins of animals are shown to exhibit several beneficial function-
alities [25]. Recently, albumin obtained from animal blood was hydrolyzed via several
trypsin concentrations and the sequence of peptides from the hydrolysates showed several
properties, such as blood glucose control (inhibition of dipeptidyl peptidase-4), attenuation
of hypertension (angiotensin-converting enzyme inhibition), and abrogation of oxidative
stress [26]. Similarly, peptides derived from milk were reported to display antioxidant
actions by preventing essential fatty acids peroxidation. Consistently, peptides liberated
via hydrolysis of casein possess lipophilic and hydrophilic antioxidant activities against
reactive oxygen species (ROS) and sequestering of metal ions [13,27]. Protein hydrolysates
obtained from fish are treated to enzymes and improve the value of underutilized fish
species and by-products of fish products. These protein hydrolysates contain peptides with
distinct sequences [28]. Extracts of dry-cured ham from Spain were reported to exhibit
antioxidant activities against the 1,1-diphenyl-2-picrylhydrazyl radical and superoxide ion,
depending on their peptide compositions. Consistently, peptides such as Leu-Ala-Arg-Leu,
Gly-Ala-Leu-Ala-Ala-His, Leu-His-Tyr, Pro-His-Tyr-Leu, GlyGly-Glu, and Gly-Ala-His
isolated from Sardinella showed antioxidant activities against 2,2-diphenyl-1-picrylhydrazyl
radical [29]. In addition, «- and (3-lactoglobulin, as well as enzymatic hydrolysate, dis-
played enhanced free radical scavenging activities. Further, peptides and proteins isolated
from eggs, gelatins, and potatoes were reported to exhibit antioxidant activities [30-32].
Leu-Lys-GIn-Glu-Leu-Glu-Asp-Leu-LeuGlu-Lys-GIn-Glu peptides (1.6 kDa) obtained from
the hydrolysis of Crassostrea gigas (oyster) were identified to nullify lipid peroxidation, scav-
enged superoxide, and hydroxyl radical [33]. Moreover, the hydrolysis of bivalve mollusks
(Mactra veneriformis) produced 21 peptides, which displayed antioxidant activities [34].
Another study showed that whey proteins, caseins, and protein fractions obtained from
the digestion of goat milk by pepsin contain peptides with allergenic properties. These
peptides also possess antioxidant activities against superoxide anion radicals [35].
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Plant sources of peptides and proteins include rice, wheat, mushrooms, maize, pump-
kin, soy, amaranth, and sorghum [36—40]. In addition, digestion of soymilk or soybean
seeds via in vitro models resulted in large quantities of peptides with remarkable biological
activities [40]. In another study, soy foods exposed to fermentation and soy hydrolysate
produced oligopeptides after digestion with endoproteases, such as Glu C protease, kidney
membrane protease, pronase, plasma protease, and trypsin. Moreover, the action of pronase
on natto forms peptides with inhibitory action against the acetylcholinesterase enzyme. On
the other hand, the digestion of natto with a kidney membrane protease was demonstrated
to form peptides with anti-thrombotic activities [41]. Cereals, such as rice, oat, wheat,
sorghum, barley, and millet, are rich sources of peptides and are reported to show activities
against disorders, such as cancer, thrombosis, diabetes, hyperglycemia, and cardiovascular
diseases [13,42]. Moreover, protein hydrolysates obtained from casein, potatoes, and whey
were reported to inhibit oxidation of lipids [43].

Several studies have reported that peptides from both plant and animal sources have
broad pharmaceutical applications. Animals, plants, and invertebrates are identified to
be sources of antimicrobial peptides. These peptides are incorporated into lipid bilayers
of membranes and their antimicrobial properties are attributed to their cationic sizes and
charges, compositions of amino acids, and amphiphilicity [17]. Further, these antimicro-
bial peptides possess the ability to reduce the growth of fungal and bacterial cells [44].
Additionally, the literature shows that over 140 peptides are being investigated in human
studies [6]. Further, peptides with immunomodulatory activities derived from hydrolysates
of soybean and rice were reported to stimulate non-specific immunity [13]. Furthermore, an
antibacterial peptide called ovotransferrin, present in egg whites, was reported to exhibit
anti-inflammatory activities [45]. Thus, peptides from invertebrate, animals, and plant
sources contribute positively to the health of human beings.

2.1. Recent Methods for Peptide Extraction and Formation

The extraction of peptides from several unique sources has increased in recent times.
Peptides can be extracted from the proteins of milk and other sources via fermentation
and other methods, as shown in Figure 1. In addition, there is a need for techniques to
maximize peptide activities in food systems as well as optimize their use in pharmaceutical
applications [46]. The isolation and purification of peptides involve the formation of con-
tinuous and automated systems. Thus, extensive research is required for designing specific
column chromatography methods that can substitute earlier methods, such as salting out or
solvent extraction. The advanced column chromatographic methods will provide peptides
with optimized parameters and low degradations to enable their integration in certain
nutraceutical and pharmaceutical applications [47].

Enzymatic hydrolysis, microbial fermentation, and chemical synthesis are the major
methods for the production of peptides. Enzymatic hydrolysis is considered the most viable
and dependable method for peptide production with intact functions, such as antioxidant
properties. Hence, this method is utilized for the formation of a wide spectrum of peptides
as well as peptide hydrolysates from potatoes, whey, and corn. This method has been
used over the decades and it is still commonly used [49,50]. Some examples of enzymes
used in this method are alcalase, neutrase, pepsin, and others [51-53]. The antioxidant
abilities of peptides and peptide mixtures depend on the method of hydrolysis used,
among other factors (the type of proteases used, protein source, and pretreatment of protein
substrate). Both crude and pure enzymes can be applied for the extraction of peptides with
antioxidant activities. Nevertheless, crude protein mixtures are used to minimize the cost
of production [13,54]. Further, peptides can also be extracted via fermented milk protein
products using protease. Enzymes from the bacterial strain named Streptococcus thermophiles
were identified to be beneficial for the extraction of peptides from bovine caseins [55]. The
actions of proteases from Bacillus amyloliquefaciens and Bacillus subtilis A26 on Thornback
ray skin gelatin were also utilized for the extraction of peptides with antioxidant and
acetylcholinesterase inhibitory activities, respectively [56]. In another study, proteases from
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fungal-digested extracts of meat protein were demonstrated to have potential for extracting
peptide mixtures with remarkable acetylcholinesterase and antioxidant activities in an

in vitro model [57].
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Figure 1. Various methods used to extract and form proteins/peptides. Reproduced with permission
from Chelliah et al. (2021), ©MDPI, 2021 [48].

Microbial fermentation is another method for the production of peptides. The devel-
opment of peptides with antioxidant activities via the fermentation process by microbes
is commonly used by the food industry. Fermented soybean substances, such as tempeh
and natto, were reported to contain peptides with antioxidant properties [58]. Peptides
with antioxidant activities can also be produced from douchi (soybean product) via fer-
mentation using fungal cultures [13,58]. Foods, such as yogurt with vital peptides, can be
developed from milk protein through the actions of proteolytic systems [59]. The fermen-
tation of navy bean milk with Lactobacillus helveticus MB2-1, Lactobacillus plantarum 70810,
Lactobacillus bulgaricus, and Lactobacillus plantarum B1-6 showed greater acetylcholinesterase
activity, compared to unfermented mil [60]. Similarly, the fermentation of milk with
Bifidobacterium bifidum MF 20/5 has led to the production of milk products with higher
acetylcholinesterase inhibitory activity. Other peptides, such as LVYPFP (inhibits acetyl-
cholinesterase), LPLP (inhibits acetylcholinesterase), and VLPVPQK (scavenges free radical)
have also been isolated from fermented milk [61].

Chemical synthesis is an essential method used for developing peptides. This method
is relatively simple, inexpensive, and it involves the use of an alkaline or acidic solution.
However, the demerits of this procedure include difficulties in parameter control, the for-
mation of modified amino acids, the formation of products with distinct functional features,
and chemical constituents [50,62]. Acid digestion is a vital chemical process that can alter
the functional and structural features of peptides and it is recommended due to its high
efficacy and low cost [63]. Examples of common acids used for the extraction of peptides are
hydrochloride and nitric acid. A peptide named Lys-Arg-Glu-Ser, formed via a chemical
method, has been identified to reduce the peroxidation of low-density lipoproteins and
atherosclerosis as well as the attenuation of inflammation in experimental mice [64]. In-
triguingly, the biological action of the peptide was reduced when its sequence was altered
to Lys-Glu-Arg-Ser, which reflects the relationship with the structure. In another study,
the peptide formed via a chemical method with Pro-His-His units displayed remarkable
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abrogation of lipid peroxidation and lipoproteins oxidation [65]. Another advanced method
for peptide extraction is via the use of ultrasound technology, which is a new, rapid, and
robust technology that can be beneficial for large-scale peptide production. It has been
extensively used in the extraction of peptides and proteins from natural sources with
larger yields. Moreover, peptide-based drugs encapsulated with the help of ultrasounds
have been identified to elevate their bioavailability and stability [66]. The advantages and
limitations of the common protein/peptide extraction and formation methods are listed in
Table 1.

Table 1. Advantages and limitations of protein/peptide extractions and formation methods.

Method Advantages Limitation References
Enzymatic hydrolysis Formaftlon of specific chemical bonds, suitable Long sample treatment time (5-12 h) and low [67]
or reverse-phase chromatography analyte recovery
Few unexpected metabolites, lower energy Fails to induce biological effects in the
Microbial fermentation consumption, avoids degradation by consumer and poor reproducibility, highly [68]
endogenous proteases, improves productivity dependent on purification and identification

Chemical synthesis

Less expensive; requires being non-expensive

Production of intermediates, lengthy process,

insolubility of the resultant peptides (6]

2.2. Purification and Characterization of Peptides
2.2.1. Purification of Peptides

Peptides are usually encrypted in proteins and studies have shown that their release
through digestion results in the biological activity of the peptide. Identification of the
released peptide structure is essential; therefore, the investigation into peptide purification
is necessary. Before the purification, peptides must be isolated from specific biological
sources. The extract from the biological organism is initially investigated for biological
activity, followed by a bioassay-guided fractionation procedure to produce peptide fractions.
Then, the purification process is carried out to produce a single type of peptide with
bioactivity. The purification methods that are widely used to purify peptides are membrane
filtration methods (e.g., ultrafiltration (UF) and nanofiltration (NF)) and chromatography
methods (e.g., cation exchange chromatography, size exclusion chromatography (SEC)/gel
filtration chromatography, and reverse phase high performance liquid chromatography
(RP-HPLC)).

Membrane Filtration

Membrane filtration is one of the prevalent purification methods. UF is an efficient and
low cost purification technique to separate peptides with distinct molecular weight from
crude hydrolysates [70]. Most studies identified that peptides with less than 3 kDa molec-
ular weights exhibited the greatest antioxidant activities. For instance, Jang et al. (2016)
compared sandfish protein hydrolysates (SPH) with four different degrees of molecular
weights (>10 kDa, 5-10 kDa, 5-5 kDa, and <3 kDa), which are separated using UF. The study
showed that the protein hydrolysate with a molecular weight of <3 kDa showed a higher
degree of hydrolysis (DH) and the highest DPPH radical scavenging activity [71]. Further,
Vandanjon et al. (2007) compared the performance of UF with two different molecular
weight cut-offs (MWCO) and NE. UF with high MWCO (20 kDa) is suitable for the separa-
tion of a peptide and a non-hydrolyzed protein, while UF with intermediate MWCO (4 and
8 kDa) is more befitting for peptide fractionation to the satisfactory flux and retention. The
NF membrane is efficient for concentrated peptides for both the flux and recovery rate. The
disadvantage of NF is a possible risk of a high salt concentration and, hence, an additional
desalination step is required [72]. Furthermore, Pouliot et al. (2000) demonstrated the effect
of fractionation using NF membranes on the peptide distribution by comparing tryptic
(TH) and chymotryptic (CH) hydrolysates with whey protein isolates. The study revealed
that the peptides from TH with a lower negative surface charge is permeable, compared to
the positive and neutral charged peptides. In addition, no significant changes in the CH
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fractionation due to the lower content in each peptide sequence and, hence, permeation or
retention of CH, were always missing, and the sign of the charge was not in accordance
with the peptide transmission. Surface charges and properties of different short peptides
may affect the intensities of both the convective and electro-migrative fluxes across NF
membranes, which can later lead to poorer separation between the cation and counterion.
Thus, the study emphasized that an inaccurate result and high purification cost is due to
the fouling issues in the filtration membrane [73].

High Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is preparative and extremely flexi-
ble for the purification of a wide range of peptides. The three separation modes of HPLC
are size exclusion HPLC (SEC), ion exchange HPLC (IEX), and reverse phase HPLC (RP-
HPLC). SEC separates peptides based on the size differences of the peptides and IEX allows
fractionation to occur based on the net surface charges of the peptides. The RP-HPLC
isolates the peptides according to their hydrophobicity [74].

SEC is also known as gel permeation chromatography/gel filtration chromatography,
where fractionation is based on the molecular size or molecular weight [75]. Sephadex is
a common material used in the stationary phase; it is available on the market. The main
concern of using SEC techniques is the scale-up of the chromatographic method and it
has low pressure resistance, which results in a shorter life period for the bulk packing
application. Peptides with low MW are not suitable for separation via SEC due to the
minimal sensitivity to separate the molecule of interest with a peak from the synthetic
peptide crude mixture, when the impurities are lower than the desired product [74].

IEX resolves the peptides based on their surface charges by binding the molecules
with opposite charges and separating them accordingly. It can be used to separate protein
ionizable chemical moieties by manipulating the pH and ionic concentration of IEX me-
dia [76]. Further, IEX is useful for purifying natural peptides from complex tissue extracts,
as well as synthetic peptides [77]. There are two types of IEX, namely positive and negative
chromatography, where the target is concentrated and the contaminant remains unretained
in positive chromatography, while negative chromatography maximizes the volume of
the adsorbent [78]. All IEX media have their own specifications in the pH, buffer, and
capacity and, thus, are used for the purification of distinct samples. The IEX media, which
are commonly available on the market, include Capto, MacroCap, MiniBeads, Monobeads,
Sephadex, Sepharose, and SOURCE. The disadvantage of IEX is the dilemma in selecting the
IEX media and column hardware as they have great influence on the lateral outcomes [79].

The RP-HPLC method is a rapid and efficient purification method for short peptides
and bioactive substances (<1 kDa). Its high resolution, fast analysis speed, extreme sensitiv-
ity, and good reproducibility makes it a preferred purification method. Moreover, RP-HPLC
provides the greatest scope for the manipulation of mobile and stationary phases to improve
the peptide separation [74]. Moreover, Lee et al. (2009) have separated the angiotensin I con-
verting enzyme (ACE) inhibitory peptides from rotifers named Branchionus rotundiformis
into five short fractions, after pre-purification via RP-HPLC, which allows them to select
the most potent ACE inhibitory activity [80].

The above-mentioned methods are conventional purification approaches that are
currently used by the researchers to purify peptides. However, most researchers prefer
to do multistep purification methods or repeated purification techniques to obtain better
results, as a single peptide purification is no longer satisfactory. Normally, ultrafiltration
will be used as the pre-purification step followed by IEX or SEC, prior to a final RP-HPLC.
Yang et al. (2020) and Xia et al. (2020) employed such an approach to isolate antioxidant
peptides from duck plasma protein and the enzyme hydrolysate of mung bean protein,
respectively [81,82]. In other recent studies, the researchers attempted to exclude the use of
IEX or SEC purification steps. For instance, Jang et al. (2016) used UF as an initial screening
approach and conducted the RP-HPLC process twice to derive the antioxidant peptide
from sand fish [71].
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2.2.2. Characterization of Peptides

Most researchers perform peptide sequencing or amino acid sequence for structural char-
acterization to obtain the database of the targeted protein. The peptide sequencing measures
the peptide length, which is essential to determine the bioactivity of a specific peptide [83].
The main tools for protein identification and characterization are mass spectrometry (MS),
electrospray ionization (ESI), and matrix-assisted laser desorption ionizations (MALDI) [84].
Liquid chromatography equipped with tandem mass spectrometry detection (LC-MS/MS) is
also useful in peptide sequence detection, while matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) helps in generating peptide profiles [85].

Using the protein sequencer and LC/MSD, Jang et al. (2016) identified that the se-
quence of the purified peptide from sandfish was Ala-Thr-Ser-His-His. The high antioxidant
activity of the peptide was due to the two histidine residues and the presence of alanine
residues might act as inhibitors in the radical-mediated peroxiding chain reaction [71].
Further, Xia et al. (2020) used UPLC-Q-TOF-MS and identified that the molecular weight(s)
(MW) of those eight antioxidant peptides from mung beans were in the range of 300 to
800 Da [86]. An antioxidant peptide usually contains 2 to 10 amino acid residues with
a MW less than 1500 Da [87].

Baindara et al. (2013) isolated and purified antimicrobial peptides from bacteria
(SK.DU .4) using a combination of chemical extraction and chromatographic techniques,
SEC, and RP-HPLC. However, UF was not used as the pre-purification step [88]. Characteri-
zation of the antimicrobial peptide was performed using MALDI-TOF-MS to determine the
MW, GC-MS to identify the fatty acid, SDS PAGE to detect the bacteriocin activity, and the
agar/broth dilution method to determine the minimum inhibitory (MIC) concentration. The
results revealed that 5.3 kDa of isolated antimicrobial peptides are similar to the lipoproteins
of Methylomicrobium album, which is an enzyme exhibiting antimicrobial activity via degra-
dation of the structural cell wall component; the narrow spectrum antimicrobial activity
against Gram-positive bacteria, low molecular weight, and resistance to high temperature
suggested the bacteriocin-like antimicrobial activity of the peptide [89].

It is noteworthy that the selection of a suitable and proper purification method is
extremely significant as it is the rudiment of peptide characterization. As mentioned earlier,
good characterization is critical as the results provide information within the isolated
peptide. The purification and characterization choices depend on the original source of the
peptide type. The majority of researchers have combined distinct purification methods or
repeated the same purification steps to obtain better results. Thus, the best combination of
a purification method is UF and RP-HPLC, as both are proven to be efficient in purification.
Further, they are affordable and require less time for high quality purification. UF can be
used as the first step of the peptide purification before further purification via RP-HPLC.
Hence, the selection of the characterization result is highly based on the desire of the
researchers to explore the interior components of the purified peptides.

3. Nanoformulation of Peptides

Several polymeric nanoparticles have been utilized as potential carriers for peptides
and are used for the peptide formulation in controlled and targeted delivery applications.
Nanoformulated peptides are reported to improve drug administration, where the drugs are
either dissolved, entrapped, encapsulated, or attached to drug carriers [90]. In this section,
three of the most commonly approaches for peptides nanoformulation, i.e., lipid-based
nanoformulations (LNFs), silk fibroin nanoparticles (SF-NPs), and cavitands, are discussed.

3.1. Lipid-Based Nanoformulations (LNFs)

LNFs have been focused on in the scientific arena due to their great biocompatibility
and versatility. They are great candidates for peptide carriers due to their submicron sizes,
encapsulation capabilities (in protecting peptides against degradation), biodegradability,
and their ability to maintain the drug activity’s effectiveness [91]. Table 2 summarizes
different types of LNFs that are used as peptide carriers.
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Table 2. Summary of different LNF types as peptide carrier.
LNFs Descriptions Advantages Disadvantages Applications References
1. Shah et al. (2014) discovered
ong and mednimechain 1 Bxcllent dispersty. 1 Require high Eocapeutae he anslgene peptide,
Nanoemulsions (NEs)  glycerides, and fatty acids. 2. Prolonged stability. goréf;fsslg;;igizﬁéaaﬁii' demonstrated efficacy in the capsaicin. [92,93]
- I.’eptlde is solublhz'ed within the 3. Good penetration abilities. surfactants are limited. 2. Pattan% et al. (2006) developed NEs of
dispersed nanoparticles. polymyxin B and found NEs capable of
producing potent effects in short times.
1. Consistent release of proteins Omri et al. (2002) formulated
compariment s enclosed entirly 2. Eaey modiicaton o L Limited stabilty cancause 3%
by t}Ife membranous lipid bilayei] sﬁrfac}; attachment possible drug leakage and dgi;scovered that it can defrease the
Liposomes - Involve phospholipids, 3. Increase membrane permeability, lead to aggregation. pulmonary bacterial counts along with [94,95]
hosphatyl, glycerol derivates drugs with proteins 2. Extra steps are commonly a higher level of polymyxin B in the lungs
Isj:nd saturat’ed and unsaturateci 4. Toxic-free needed to modify their sizes compared with those treated with free ,
fatty acids. 5. Amphiphilic character, and structres. drugs after administered in a rat model for
enables self-assembly. 3 days.
Yuan et al. (2008) reported that PEG-SA
1. Better drug and conjugate FA-SA that are inserted into
encapsulation efficiency. . . SLN become potential applications for
- Consist of lipids in a solid state 2. Enlz:apsulate both lipzphilic and 1. Poor drug loading capacity. tumor therapg as they sll::gw efficient
o 2. Drug expulsion (burst .
at both room and body hydrophilic drugs. release after cellular updates and cytotoxicity
Solid Lipid temperature. 3. Improve drug stability. intravenous injection) by endocytosis. [96-99]
nanoparticles (SLNs) - Solid hydrophobic core and 4. Control release drug formulation . 9 X 2. Garcia-Fuentes et al. (2005) developed
single layer of the as drug mobility is low in a solid 3. Require stabilizer to new surface-modified SLNs coated with
phospholipid coating state and triglycerides are slower prevent drug portioning to chitosan (CS) for peptide delivery and
' Y the outer aqueous phase. pep Y
than other glycerides. discovered the ability of the ready release
5. Suitable for large-scale production. of the peptide; provided continuous
delivery of the associated peptide.
- Next generation of SLNs by 1. Simple preparation.
improving the stability and 2. Larger drug loading capacity
Nanostructure lipid  capacity loading, and preventing compare with SLN. 1. Susceptible to degradation [100]

carriers (NLCs)

drug expulsion.
- Blend of solid lipids and liquid
lipids (oil) in certain proportions.

3. Sustained drug release properties.
4. Low water content in final
particle suspension.

by gastrointestinal lipases.
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Table 2. Cont.

LNFs Descriptions Advantages Disadvantages Applications References
) Made of s.olvent—'fre.:e process with Nada et al. (2019) demonstrated the ability of
biocompatible excipients. o . - - ;
AR antimicrobial peptide loads in LNCs using
- Contain oily a core surrounded by . . .
i e different strategies and discovered that both
Lipid nanocapsules hydrophilic surfactants. Provide considerable drug encapsulation 1. Non-specificity. absorption and encapsulation methods can
P - Involve medium-chain mono-, di-, 2. Unable to cross the weakly [101]

(LNCs) and triglycerides, and long-chain

fatty acids.
- Combination of polymeric
nanoparticles and liposomes.

capacity and sustain release properties.

permeable endothelia.

protect the peptide from proteolytic
degradation. However, the LNC encapsulation
method is not suitable for peptides with great
amphipathic abilities.




Appl. Sci. 2022, 12, 12777

10 of 25

3.2. Silk Fibroin Nanoparticles

Silk fibroin nanoparticles (SF-NPs) have been identified to possess excellent biocom-
patibility and degradability as well as conjugating abilities with other active molecules.
The enhanced binding capacity toward distinct drugs, controlled release capability, and
mild preparation approach make SF-NPs effective drug delivery carriers [102]. Recently,
Hassanzadeh et al. (2021) successfully developed biomimetic SF-NPs against breast cancer
by coating SF-NPs with polydopamine (PDA), paclitaxel (PTX), peptides (iRGD), and trans-
formed them into iRGD-PDA-PTX-SE-NPs. This new biomimetic peptide-based nanoformu-
lation acted as an effective drug nanocarrier to target cancer cells overexpressing integrin
(selective targeting of tumor). The SF-NPs showed improved intra-tumoral penetration and
accumulation. The better drug entrapment also helped to reduce the dose frequency and
drug intake time into the human body for complete recovery, thus, lessening the burden to
the patient. Further, Li et al. (2022) formulated SF-NPs, where doxorubicin and atovaquone
were encapsulated with Arg-Gly-Asp-SF-polylactic acid (RSA) to improve the chemotherapy
treatment. The treated mice (injected with breast 4T1 cancer cells) showed higher inhibition
rates, compared to phosphate buffer saline (PBS) and RSA alone, with minimal changes to
the weights exhibited in the treated mice. This SF-based targeted drug carrier can alleviate
the hypoxia microenvironment by suppressing mitochondrial respiration, which means it
may suppress tumor development [103].

3.3. Cavitands

Cavitands are synthetic macromolecules, which can act as stabilizers for peptides and
protein formulations by binding to amino acids and preventing the recognition of peptidase.
Cyclodextrins (CDs) and cucurbiturils (CBs) are the best example of cavitands. CDs are cyclic
non-reducing oligosaccharides that are made up of glucopyranose units [104]. CDs have
amphiphilic structures that allow them to form in the inclusion complex with the protein
and peptide. Moreover, CDs are safe for medical administration with less side effects even
after chemical modifications of their exterior parts. They possess increased bioavailability
and have enhanced local tolerability to peptide formulations. Further, Johannsdéttir et al.
(2017) formulated CD-based aqueous cyclosporin A (CyA) as an eyedrop formulation. CD
was selected as a solubilizer due to its great solubility effect on CyA, with its ability to
form a CyA/CD complex aggregation and nanoparticles for better ocular bioavailability of
drugs [105]. However, there are adverse possible consequences of cyclodextrin intake. One
study reported that the administration of 2-hydroxypropyl-3-CD, i.e., 200 mg/kg every day
for the long-term, could cause bone loss [106]. Further, Li et al. (2016) compared the toxicity
and solubilizing capacity of hydroxypropyl-3-CD with different degree(s) of substitution
(DS). The study revealed that hydroxypropyl--CD with a high DS not only exhibited weak
solubilizing capacity for steroids, but also low hemolytic activity, while hydroxypropyl-f3-
CD with a medium DS demonstrated slightly higher nephrotoxicity. On the other hand,
CBs are macrocyclic co-polymers of formaldehyde and glycoluril [107]. Similarly, CBs
have hydrophobic voids, whereas hydrophilic parts are located in the portal area. The
CB[n] family, where n is the different number of glycoluril units, possesses high affinity,
high selectivity, and constrictive binding interactions, which make them great choices for
the nanoformulation of peptides. Thus, CBs can bind better together to cationic guests,
compared with CDs [108].

The most ideal system among all nanoformulation is difficult to select as every system
has specific advantages and limitations. For instances, SLN and NLC have the ability to
improve the delivery of drugs in various ways, but the choice of lipids and surfactants can
affect both the particle size and stability in the long term. Toxicity is a significant factor that
needs to be considered when selecting the surfactants to prevent any adverse impacts to
be included in biomedical applications. Therefore, the above-mentioned limitations must
be considered when designing a novel nanoformulated peptide with enhanced stability
and the drug release time for effective circulation, low toxicity, high biocompatibility, and
improved biological response.
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4. In Vitro Analysis of Nanoformulated Peptides

Recently, various peptide encapsulated nanoparticles were developed for anti-tumor
applications with less/no toxicity toward normal or noncancerous cells, as listed in Table 3.
Yu et al. (2007) synthesized nucleolin-encapsulated florescent silver nano clusters. Nu-
cleolin acted as a protective layer to prevent silver clusters from rapid oxidization. In
the study, the fibroblast cell line was utilized to observe the delivery of the encapsulant.
The results revealed that the nucleolin can enter the cells via the nuclear membrane for
a strong nuclear staining application [109]. Likewise, Jagani et al. (2013) developed chi-
tosan nanoparticles, which are encapsulated by siRNA for anticancer applications. The
resultant siRNA was identified to silence the overexpression of the anti-apoptotic Bcl-2
gene. The size ranges of the siRNA-encapsulated chitosan nanoparticles were identified to
be 190-340 nm. The study showed that the encapsulation efficiency of the chitosan nanopar-
ticles was ~80%. The cytotoxicity results showed that the cell viability was 95% after 48 h.
After 72 h, 85% of cells were viable, which revealed that the encapsulated nanoparticles
do not exhibit toxic reactions toward noncancerous cells [110]. Further, Bawa et al. (2012)
compared the anticancer activities of the nano- and micro-sized formulations of a peptide
drug named ellipticine, which is an anticancer drug. The particle size distributions of the
peptide formulations were in the range of 40-300 nm due to the agglomeration of particles.
The cytotoxicity results demonstrated that nanoformulated peptides possess enhanced
cancer cell inhibition properties toward the human carcinoma cell line (A549) after 24 h via
improved endocytosis-mediated cellular uptake [111]. Furthermore, Gomes et al. (2013)
prepared a novel nanoemulsion with a peptide containing essential oil extracted from
Dodonaea angustifolia Miers (DA) and D. brasiliensis Miers (DB). Transmission electron mi-
croscope (TEM) results showed homogeneous droplets of nanoemulsions with sizes less
than 200 nm. The cytotoxicity analysis was performed toward human glioma (U-138 MG)
and human bladder carcinoma (T24) cell lines. The results revealed that the essential oil
from both DA and DB reduced the cell viability at a 500 g mL~! concentration, while the
nanoemulsion containing 4% essential oil possesses the ability to reduce the cell viability
at 250 pg mL~!. Thus, nanoemulsion has been identified to act as a promising candidate
for cancer treatment at lower concentrations, compared to free essential oils [112]. More-
over, Kulsharova et al. (2013) synthesized doxorubicin (DOX)-coated gelatin nanoparticles,
which are encapsulated with a specific peptide for targeting breast cancer cells. DOX is
a chemotherapy drug that leads to certain side effects, such as vomiting, diarrhea, eye
redness, and darkening of the skin. The goal of the study is to minimize the side effects
of DOX via controlled drug delivery into cancer cells. Three cell lines were used for the
in vitro analysis of the novel formulation, namely MCF7 mammary adenocarcinoma cells,
4T1 mouse mammary carcinoma cells, and 3T3 mouse fibroblasts. The results showed that
the viability of tumor cells decreased to 50% after 5 h due to the targeted delivery of DOX.
Meanwhile, the increase of the 3T3 mouse fibroblasts cell growth indicate that the peptide
drug possesses the ability to selectively inhibit the tumor cells [113].

Nishikawa et al. (2009) successfully coated the (AG)-30 angiogenic peptide on gelatin
nanoparticles (AG-30/gelatin NPs) to be utilized for the treatment of ischemic diseases.
The cytotoxicity analysis of AG-30/gelatin NPs using HAECs (human aortic endothelial
cells) and HASMCs (human aortic smooth muscle cells) revealed that the AG-30/gelatin
NPs possess dose-dependent toxic effects [114]. Further, Imanparast et al. (2017) prepared
the mZD7349 peptide, which is encapsulated with poly(lactic-co-glycolic acid) nanoparti-
cles (of 200 nm), and loaded with simvastatin. HUVEC (human umbilical cord vascular
endothelial cells) were used for the cytotoxicity analysis, which showed that an incre-
ment in the drug concentration decreased the viability of the cells. Thus, it is evident
that the peptide-encapsulated nanoparticles possess concentration-dependent cell via-
bility, compared to standalone nanoparticles [115]. Furthermore, Campos et al. (2004)
prepared mucin-encapsulated chitosan fluorescein nanoparticles with the size range of
384.6 & 8.5 nm. The encapsulated nanoparticles did not exhibit cytotoxicity at higher con-
centrations. Moreover, certain minor damages were identified in cells due to the usage of
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the acetate buffer as observed in the scanning electron micrograph (SEM) [116]. Moreover,
Narayanan et al. (2012) encapsulated human parathyroid hormone 1-34 (PTH1-34) into chi-
tosan nanoparticles with an average particle size of 40 nm. The chitosan nanoformulation
is shown to possess negligible effect toward the NIH3T3 fibroblast cells [117].

The standalone peptide has certain limitations, such as being unable to reach intra-
cellular targets, poor stability, and insufficient drug delivery into the cell. Thus, peptide
ligands were decorated on the surface of double emulsion (mPEG-b-PCL) nanoparticles via
co-encapsulation for targeted drug delivery. The release rate of the peptide was slow from
the nanoparticles when the pH of the peptide solution was altered. Later, the mixed peptide
ligand with TGN, COG133, and RXR on the surface of the nanoparticles increased the drug
release rate. The cytotoxicity analysis results showed that the double-encapsulated nanopar-
ticles at 1 pM have the ability to suppress cell death and achieve significant peptide ligand
release into the cerebellum [118]. Further, Silva et al. (2013) synthesized long peptides
(OVA24) and encapsulated them within poly(lactic-co-glycolic acid) (PLGA) nanoparticles
via a solvent evaporation technique for cancer immunotherapy. OVA24-loaded nanoparti-
cles resulted in a high burst release due to low encapsulation efficiency. The burst release
rate decreased from 90% to less than 10%, when there was an increase in the inner emulsion
volume. Peptide encapsulated nanoparticles with a low burst release enhanced the activa-
tion of B3Z CD8+ T cells and the dendritic cell uptake due to T cell immunity generation,
and played a vital role in cancer immunotherapy [119].

Table 3. In vitro analysis to evaluate the efficacy of nanoformulated peptides.

Encapsulant Nano Delivery Cell Line Applications Reference
System
Nucleolin Silver Nano clusters NIH3T3 (Fibroblast cells) Cancer [109]
HEp-2 (human epithelial laryngeal
siRNA Chitosan nanoparticles  carcinoma), HeLa (human cervical Anti-tumor [110]
carcinoma)
Self-assembling Nanoformulation A549 (lung carcinoma) Anticancer [111]
peptide (EAK16-11) &
. . U-138 MG (human glioblastoma)
DA and DB oils Nanoformulation and T24 (human bladder carcinoma) Cancer [112]
PEO and PPO blended Poly (B-amlr}o ester) MDA_MB_231. (human breast Breast cancer [120]
nanoparticles adenocarcinoma cells)
. . MCF7 (Human breast cancer cell)
Cathepsin D Gelatin and HeLa cells Breast cancer [113]
(AG)-30 HAECs (human aortic endothelial
angiozenic peptide Gelatin cells) and HASMCs (human aortic Ischemic diseases [114]
8108 pep smooth muscle cells)
Poly (lactic-co-glycolic . .
. . . HUVEC (human umbilical cord Cardiovascular
Simvastatin acid) (PLGA) . . [115]
. vascular endothelial cells) disorders and cancer
nanoparticles
Mucin Chitosan nanoparticles Conjunctival epithelial cells Cornea [116]
PTH 1-34 Chitosan nanoparticles NIH3T3 (Fibroblast cells) Osteoporosis [117]

5. In Vivo Analysis of Nanoformulated Peptides

Recently, Fu and coworkers developed RGD peptide encapsulated doxorubicin-loaded
selenium nanoparticles (146 nm) to target the tumor vasculature. In this study, human
breast cancer cells were injected into male nude mice. The in vivo experimental result
showed that MCF-7 tumor growth was inhibited in the mice model by the RGD peptide
selenium nanoparticles and the volume of the tumor decreased. However, there was
no significant weight reduction in the body weights of the mice. Moreover, the RGD-
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selenium nanoparticles induced apoptosis and inhibited angiogenesis. Later, the mice were
sacrificed, and their blood samples were obtained from different organs. The hematological
analysis showed that the DOX could increase the levels of lactate dehydrogenase, aspartate
aminotransferase, creatine kinase, and creatine, while peptide nanoparticles did not show
any toxic effects. The in vivo results demonstrated that the peptide-decorated selenium
nanoparticles were highly efficient for antitumor applications [121]. Further, Kaliaperumal
et al. (2014) designed pACC1 peptide-encapsulated chitosan nanoparticles for controlled
drug delivery toward breast cancer cells. Furthermore, 7,12-Dimethylbenz[]anthracene
(DMBA) carcinoma was induced in 6 groups of female rats for in vivo analysis. The
results showed that the encapsulated nanoparticles could increase the level of antioxidant
enzymes for the neutralization of the free radicals. ACC1 was shown to significantly
increase the production of adenosine triphosphate (ATP) via mitochondria during glycolysis
and the Krebs cycle. pACC1 has been shown to have enhanced abilities at controlling
the membrane receptors of HER2 EGFR, where its over-expression can lead to breast
cancer. Later, the pACCl-encapsulated chitosan nanoparticles were designed for dual
functions, such as blocking lipogenesis and control membrane receptors for effective breast
cancer treatment [122]. Furthermore, Wei et al. (2017) prepared doxorubicin-encapsulated
mesoporous silica nanoparticles, which were surface-modified by polydopamine, and
the CSNRDARRC peptide was decorated on the DOX-loaded MSNs@PDA for bladder
cancer treatment. In this study, the HT-1376 cells were injected into male mice. It has been
identified via histological studies that the DOX-loaded MSNs@ PDA and DOX-loaded
MSNs@ PDA-PEP injected mice gained weight, where mice injected with DOX in the
MSNs@ PDA-PEP sample remained healthy. After scarification of the mice, there were no
morphological changes in the heart, liver, spleen, lung, and kidney. On the other hand, the
mice injected with DOX-loaded MSNs@ PDA were weak and noticeable damages were
identified in the organs. The results suggest that DOX-loaded MSNs@ PDA-PEP possesses
antitumor effects and the peptide has the ability to control drug release toward the tumor
cells [123]. Moreover, Sarangthem et al. (2020) incorporated the AP1 peptide with increased
molecular weights of A38, A60, A86, and A100 on an elastin-like polypeptide polymer
with a particle diameter of ~38—40 nm to exhibit antitumor activity. In vivo analysis results
revealed that the peptide with a higher molecular weight retained for a longer period (up
to 48 h) in the tumor cells; the peptide with a lower molecular weight retained for up to
12 h, where A86 and A100 reduced the volume of the tumor cells with low accumulation in
the kidney, spleen, lungs, and heart of the mice model [124].

Zhao et al. (2014) constructed nano-lipid formulations of monomeric and trimeric
peptides for the treatment of atherosclerosis. The drug was administrated through oral and
intraperitoneal (IP) injection toward the low-density lipoprotein receptor (LDLr)-containing
mice model. The mice were fed with chow diet for 10 weeks to increase their blood choles-
terol levels and to induce atherosclerotic plaque in the aorta. The plasma cholesterol level
study revealed that the administration of the nano-lipid formulation has led to a 50% de-
crease in the total cholesterol level for reducing the atherosclerotic plaque. Ip-administrated
trimeric nanoparticles reduced the area of atherosclerotic lesions more than the monomeric
lipid nanoparticles. It is evident from the in vivo studies that both administration routes
helped to improve the effectiveness of the nano-lipid formulation in reducing the total
cholesterol level [125]. Similarly, Wang et al. (2016) studied the PEG-PLA nanoparticles,
which were decorated by the iRGD peptide with a particle size distribution of 39 nm.
In vivo studies showed that the peptide-decorated polymer nanoparticles possess the abil-
ity to enhance the antitumor activity by ~60% by inhibiting the cancer cell proliferation via
the binding of av integrins with tumor endothelial cells, compared to normal cells [126].
Likewise, Wang et al. (2014) conjugated iRGD-PPCD and prepared the CRGDKGPDC
cyclopeptide, which was encapsulated in a PEGylated polyamidoamine (PAMAM) den-
drimer. The in vivo studies revealed that the peptide-conjugated sample was released in
the tumor blood vessels and their accumulation in the tumor cells were higher compared
to nonconjugated samples. The peptide-conjugated drug induced the highest inhibition
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of tumor vascular growth and effectively reduced the volume of vascular tumor [127].
Further, Kang and co-workers (2014) developed iNGR peptide-coated PEGylated PLGA
nanoparticles for glioma treatment. In vivo studies showed that peptide-coated polymer
nanoparticles possess high florescence intensity and anti-glioma efficacy, compared to
uncoated nanoparticles. The nanoformulated samples were identified to be accumulated in
the tumor sites and they penetrated deeply into the parenchyma of cancer cells due to their
proteolytic cleavage into CRNGR and binding with NRP-1 [128].

Recently, Feng and co-workers (2016) designed a pyropheophorbide-a-conjugated
polymeric drug, decorated with the F3 peptide. The peptide was shown to possess the abil-
ity to bind with nucleolin and it is expressed in tumor cells. The in vivo pharmacodynamic
analysis showed that the inhibition of a tumor by the peptide-decorated nanoparticles was
high, compared to free nanoparticles (79.92%). The apoptosis of tumor cells was shown
to be induced after the treatment of the peptide-decorated nanoparticles, which indicates
that the peptide effectively helps in targeting the tumor cells to control their growth. The
histopathological analysis results revealed that there was no toxicity on normal tissues or
the organs of the mice model treated with the peptide containing the nanoparticle [129].
Further, Liang et al. (2015) introduced tLyP-1-functionalized nanoparticles into the mice
model to evaluate their antitumor properties. The peptide-functionalized nanoparticle was
injected though the tail vein of the animal models for equal distribution throughout their
bodies. TLyP-1-functionalized tLPTS/HATS nanoparticles were identified to be completely
penetrable into the tumor tissues and reduced the accumulation of nanoparticles in the liver,
spleen, and kidney. The growth of the tumor was suppressed at around 74%, compared
to standalone nanoparticles. Additionally, the study demonstrated that the lipid-loaded
nanoparticles did not exhibit a loss of net body weight, indicating its nontoxicity. However,
the cell apoptosis rate increased after the incorporation of peptide-functionalized nanopar-
ticles [130]. Furthermore, Xiao et al. (2012) prepared the OA02 peptide encapsulated in
micellar nanoparticles for cancer treatment by releasing the peptide against the a-3 inte-
grin, which is overexpressed in ovarian cancer. In vivo bio distribution studies showed
that the peptide-loaded nanoparticles possess the ability to target tumor sites faster than
unloaded nanoparticles. Moreover, the peptide-coated nanoparticles were identified to
penetrate deeper into the ovarian cancer cells and bind with the a-3 integrin to exhibit
enhanced cancer cell inhibition [131]. Moreover, Miyano et al. (2017) synthesized a novel
cyclic Arg-Gly-Asp (cRGD) peptide and coated it on the surface of cisplatin-loaded mi-
cellar nanoparticles to target the SAS-L1-Luc cells, which were inoculated onto the mice
tongues. An in vivo antitumor analysis showed that there was no distinct weight loss in the
peptide-encapsulated nanoparticle-treated mice and it has a high capacity to inhibit tumor
growth. Moreover, the cRGD nanoparticles were identified to be rapidly accumulating
on the tumor sites and interacting with av[33 integrins to be expressed in the endothelial
cancer cells [132].

Fang and co-workers (2017) developed a micelle nanoparticle (below 50 nm) using
the cyclic RGD peptide cross-linked with poly(ethylene glycol)-b-poly(e-caprolactone)
(PEG-PCL) to target glioma cancer. In vivo results indicated that cRGD-RCCMs had the
potential to inhibit tumor growth and their efficiencies were enhanced by increasing the
concentration of cRGD. No weight loss was identified in cRGD-RCCM-treated mice and
their survival time prolonged. However, slight toxicities was observed in the liver, spleen,
and kidney due to an increment in the cRGD concentration [133]. Moreover, Bi et al. (2016)
prepared carmustine-loaded polymeric nanoparticles using the T7 peptide, encapsulated on
the surfaces of loaded micelles for targeting the tumor cells in the central nervous system.
The results indicate that the T7 peptide-encapsulated nanoparticles possess enhanced
abilities to highly accumulate in the tumor cells and penetrate deeper into brain tumors.
Moreover, T7 peptides have been identified to potentially target Tf receptors, which could
be overexpressed in the blood-brain barrier. In this study, luciferin was injected into the
tumor and it has been identified that the intensity of the luminescence decreased due to
the inhibition of the tumor cell growth. Weight was not observed in the animal model,
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compared to the uncoated T7 peptide-polymeric nanoparticles, with the longest survival
time of the peptide. Histopathology results showed that there were no toxic effects on
the spleen, liver, kidneys, and lungs. It is evident from the results that the T7 peptide-
encapsulated polymeric nanoparticles can target the tumor cells for the controlled delivery
of drug candidates without inhibiting the normal noncancerous cells [134]. Figure 2
presents the summary of the in vivo analyses, which were used to evaluate the biological
applications of nanoformulated peptides.
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Figure 2. Types of in vivo analyses to evaluate the biological applications of nanoformulated peptides
or peptide-conjugated /functionalized nanoparticles.

6. Mechanism of Nanoformulated Peptides in Disease Theranostics

Bio-physiochemical differences between the microenvironments of diseased and nor-
mal tissues allow peptides to be potential candidates for therapeutic drug delivery appli-
cations [135]. The pH differences of these two environments have gained the attention of
researchers, leading them to develop pH-responsive systems toward disease-specific drug
deliveries [136]. Thus, the design of a specific therapeutic nanoformulations relies greatly
on the understanding of the underlying mechanism of the disease microenvironment
(DME). Overexpressed cell surface receptors in DME have also become targets, i.e., leading
to researchers creating peptide-based delivery systems to reduce the adverse effects toward
patients affected by diseases [137]. There are several types of nanoformulated peptide-based
mechanisms that have the ability to deliver therapeutic drugs, as summarized in Figure 3.
Hence, certain mechanisms of nanoformulated peptides, such as the self-assembled pep-
tide, cell targeting peptide, cell penetration peptide, and endosomal disrupting peptide are
discussed in this section.
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Figure 3. Mechanisms of peptide-decorated polymeric nanomedicines in the blood stream, brain
tumor therapy, and cellular and intracellular environments. Reproduced with permission from
Sun et al. (2018) [138], ©Elsevier, 2018.

6.1. Self-Assembled Peptide

Surface PEGylation is widely used to improve the effectiveness of drug delivery to-
ward targeted cells and genes, as it delays phagocytic clearance and leads to a longer
circulating time [139]. However, the major challenges in these surface PEGylated particles
are the loss of therapeutic efficacy and an increment in the side effects after repeated ad-
ministration of the anti-PEG antibody after immunization with PEGylated proteins [140].
Several studies have identified that the self-assembled peptides were highly beneficial
in inhibiting the growth of targeted cells affected by a disease, especially cancer cells.
Rodriguez et al. (2013) demonstrated that self-assembled peptides designed using human
CDA47 have the ability to minimize the phagocytic uptake, prolong circulation time, enhance
tumor accumulation, and improve the delivery of nanoparticles toward the tumor site,
compared to PEGylation-modified particles in non-obese diabetic (NOD) scid gamma
(NSG) mice [141]. Further, Li et al. (2019) successfully designed a tumor microenvironment-
adaptable self-assembly (TMAS) of short peptides via the synthesis of a pentapeptide
FE-Amp-FF (AmpF). This pentapeptide AmpF has been identified to possess the abil-
ity to assemble them into super-helics in a neutral solution and transform them into
nanoparticles at low pH conditions due to the cis/trans isomerization of proline amide
bonds. This adaptability of the peptide-based nanoparticles has enhanced their circulation
times and improved their accumulation and retention at tumor sites [142]. Furthermore,
Zhao et al. (2014) designed a TMAS nanoformulation of hybrid peptide nanoparticles via
conjugation of functional 3-diethylaminopropylisothiocyanate (DEAP) molecules with
short peptides, which transform based on the pH of the tumor environment [143]. In addi-
tion, several reports showed that nanoformulated self-assembled peptides can be potential
therapeutic agents in the treatment of various diseases in the future [144-146].
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6.2. Cell Targeting Peptide

In recent times, targeted peptides were used in disease therapeutics to target specific
receptors that were overexpressed in cells affected by a disease, specifically due to their
low molecular weights and abundant versatility [147]. Recently, researchers have focused
on conjugating peptides with nanocarriers, such as micelles, polymers, or liposomes, to
improve their therapeutic drug delivery toward cells affected by a disease [148]. In case of
cancer therapy, Yu et al. (2016) designed T7 peptide-modified core-shell nanoparticles (17-
LPC/siRNA NPs) for an effective systemic delivery of siRNA, especially for the targeted
breast cancer therapy. The characteristic core shell structure aids in siRNA encapsulation
by preventing them from RNAse degradation. Hence, siRNA remained intact for more
than 36 h of incubation for T7-LPC/siRNA NPs, compared to standalone siRNA, which
were completely degraded after 3 h of incubation. An in vivo experimental analysis
revealed an enhanced tumor accumulation for T7-LPC/siRINA NPs, attributed to their
active targeting via receptor-mediated interactions through T7-peptide modification and are
effective in tumor growth inhibition. Moreover, T7-LPC/siRNA NPs have been identified
to be effective and safe systemic delivery agents for siRNA with negligible body weight
changes in mice models, less hemoglobin (HGB) levels, interferon alpha (IFN-a), and
interleukin-6 (IL-6) levels [149]. Similarly, Sorolla et al. (2019) successfully developed
a peptide-based targeting ligand with docetaxel (DTX) nanoparticles, EN1-iPeps, and RGD
peptides (EN1-RGD-iPeps NP) for the treatment of chemo-resistant triple negative breast
cancer (TNBCs). This DTX-NP formulation has reduced TNBC growth in vivo, with no
alteration in organ appearance, body weight, liver enzyme profile, and lack of evidence
for tissue damage at the histopathological level, which proves the fewer side effects of
these NPs [150]. It is noteworthy that these cell-targeting peptides were either formulated
in nanoparticles or coated on nanoparticle surfaces to be utilized for the desired disease
treatments in the future [151-153].

6.3. Cell-Penetrating Peptide

The cell-penetrating peptide (CPP) possesses the ability to permeate through the plasma
membrane of the cells for facilitating the internalization of impermeable molecules [154].
The effectiveness of CPPs can help in decreasing unwanted side effects and the administra-
tion dosage to be utilized as an efficient drug carrier. Moreover, CPPs were incorporated
into therapeutic drugs in two ways—a stand-alone delivery system and a conjugated-with-
nanoparticle delivery system. Thus, the nanoformulation of CPPs has shown an enhancement
in the delivery of chemotherapeutic agent [147,155]. Further, Liu et al. (2018) developed
cell-penetrating «-helical polypeptide (PVBLG-8/siRNA/PLG@PLG (PSPP) NPs)-based
metastable nanoparticles to deliver systemic siRNA for anticancer treatment. High siRNA
encapsulation efficiency is achieved with PLG to act as a stabilizer to facilitate the complexa-
tion between positively charged PVBLG-8 and negatively charged siRNA. Additional PLG
also enhances the serum stability of the NPs for their better circulation. Deeper penetration
is observed in acidic conditions (the tumor microenvironment is more acidic) compared
to neutral conditions due to the de-shielding of the PLG at the outer layers of NPs, which
can lead to the exposure of cationic PVBLG-8 and improve tumor accumulation. The study
also showed that the peptide formulation possesses an enhanced inhibition ability against
tumor growth with PSPP NPs, especially to improve their in vitro and in vivo antitumor
efficacies [156]. Another research study by Jing et al. reported that CPP-loaded nanobubbles
(NB) synergized with ultrasound-targeted microbubble destruction (UTMD) technology
were able to improve the delivery of EGFR-targeted siRNA (siEGFR) for TNBC therapy.
The proliferation level of MDA-MB-231 TNBC cells with the CPP-NB (siEGFR)+ ultrasound
(US) group has led to the lower proliferation of cancer cells, compared to other groups
(siEGFR + US, NB + US, CPP-NB + US, NBsiEGFR + US, CPP- NBsiEGFR) after 48 and 72 h
of transfection for effectively inhibiting tumor cell proliferation. Moreover, it is evident
from the in vivo studies that the TNBC xenograft tumors possess significant abilities to
inhibit the CPP-NB (siEGFR) + US group [157]. Cell-penetrating peptides formulated with
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nanoparticles were also identified to be beneficial for the treatment of other diseases in the
future [158].

6.4. Endosomal Disrupting Peptide

Endosomal escape is a major challenge for the poor nanocarrier-mediated delivery
of therapeutics, due to the endocytic pathway for cellular internalization of entrapped
endosomes and degradation risk via active enzymes and acidic pH [159], as shown in
Figure 4. It is easy to overcome the nanomedicine’s endosomal escape challenge via
endosomal disrupting peptides, such as fusogenic and melittin.
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Figure 4. Mechanism of endosomal escape by drug candidates. Reproduced with permission from
Fuchs et al. (2013), ©MDPI, 2013 [160].

Fusogenic peptides are pH-dependent, endosomal-disrupting peptides [155]. They
induce endosomal escape with various mechanisms, such as the formation of an interme-
diate membrane state and membrane (endosome) disruption during the fusion process,
later releasing the therapeutic drug content into the cytosol. It can be noted that the
nanoformulated fusogenic peptides have improved the efficacy of this delivery system.
Recently, Yao et al. (2018) developed a dual-functionalization of smart polymersomes with
targeting and fusogenic peptides (cRGD/GALa-Ps) to deliver cytochrome C (CC) to A549
human lung cancer cells. They discovered cRGD/GALa-Ps has great loading efficiency
for CC, which is between 60.5% and 62.5%, and better endosomal escape of FITT-CC,
as shown when compared with cRGD-Ps via confocal microscopy studies. Cell apopto-
sis of cRGD/GALa-Ps (with 4 mol% GALA) was greater than cRGD-Ps alone, which is
36.4% versus 14.4%. This smart polymersome revealed its ability to boost the cytosolic
release of CC, which helps to enhance apoptosis and anticancer activities [161]. Further,
Shixian et al. (2021) designed D-melittin polymeric micelles (DMM) for anticancer treat-
ment by inducing hemolysis via a pH-dependent approach and immunogenic cell death.
The in vivo studies revealed that the nanoformulated peptide not only boosted the efficacy
of the tumor growth prohibition, but also increased the survival rate, compared to PBS and
D-melittin-treated mice [162]. Moreover, a nanoformulated endosomal disrupting peptide
was also proposed, in recent studies, to be beneficial in the treatment of other diseases in
the future [163-165].

7. Current Challenges and Future Perspective

Although the nanoformulation of peptides have proven capabilities to improve the
disease therapeutic efficacies of naked peptides, there are certain limitations that must be
addressed in future research endeavors to promote widespread pharmaceutical application.
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The exact mechanisms of the nanoformulated peptide in disease therapy must be explored
to modify them according to the desired application. Further, extensive research is required
to develop a novel self-assembled peptide as the surface of this system, and the qualitative
stability in TME may transform with time. Moreover, the cytotoxicity and lack of cell
specificity for CPPs will be major issues in introducing them as potential therapeutic agents
in the future. Cationically charged CPPs possess the ability to enter cells, including healthy
cells, which can lead to an increase in their non-specific delivery, eventually leading to
non-specificity toward the target, compared to other delivery systems. This non-specificity
of CPPs can be attributed to the acidic conditions created by large numbers of positively
charged residues [147]. Fusogenic peptides can decrease the cell targetability and cell
uptake prior to endosomal encapsulation at low doses, although they can improve the
efficiency of the therapeutic drug released into the cells [166].

Therefore, the mechanism of a cell targeting peptide has high potential, creating insight
into delivering specific therapeutic drugs to cells affected by disease. This eventually
indicates that the possibility of adverse side effects can be reduced or even prevented.
Extensive research on cell specificity, binding affinity, ligand biocompatibility, and mass
production, are still required. Moreover, the in-depth understanding of the interaction
between nanoformulated peptides and the body’s immune system is required to address
the limitations of nanoformulated peptides. Furthermore, the exploration of TME will
help in designing highly efficient nano-vehicles for the effective, controlled, and targeted
delivery of conventional and emerging therapeutic drugs.

8. Conclusions

Peptide-based drugs are gaining attention among researchers due to their potential ef-
ficacy in targeting specific cells affected by a disease (in the treatment of diseases). However,
their specificity and stability in biological fluids are low compared to other conventional
drugs. Thus, nanoformulated peptides can be beneficial in enhancing efficacy. Although
they show promise in improving delivery and treatment efficacies, compared to naked
peptides, there are several challenges related to cytotoxicity, biodistribution, and lack of
cellular excretion, which challenge their introduction to large-scale pharmaceutical applica-
tions. Thus, research focused on investigating the mechanisms of nanoformulated peptides
will promote their efficacy in the treatment of diseases.
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