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The majority of known peptides with high bioactivity (BAPs) such as antihypertensive, antidiabetic, anti-
oxidant, hypocholesterolemic, anti-inflammatory and antimicrobial actions, are short-chain sequences of
less than ten amino acids. These short-chain BAPs of varying natural and synthetic origin must be bioac-
cessible to be capable of being adsorbed systemically upon oral administration to show their full range of
bioactivity. However, in general, in vitro and in vivo studies have shown that gastrointestinal digestion
reduces BAPs bioactivity unless they are protected from degradation by encapsulation. This review gives a
critical analysis of short-chain BAP encapsulation and performance with regard to the oral delivery route.
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In particular, it focuses on short-chain BAPs with antihypertensive and antidiabetic activity and encapsula-
tion methods via nanoparticles and microparticles. Also addressed are the different wall materials used to
form these particles and their associated payloads and release kinetics, along with the current challenges

rsc.li/food-function and a perspective of the future applications of these systems.

ACE and DPP-IV BAPs have also a shown synergistic effect,
further enhancing their therapeutic potential.”

1 Introduction
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Short-chain bioactive peptides (BAPs) are protein fragments
composed of several amino acids (di-, tri-, tetra-, or oligopep-
tides) and have the potential to prevent diseases and promote
human health. Over 60 therapeutic BAPs have been approved
in the United States, Europe, and Japan. Over 170 are in active
clinical development, and an additional 260 have been tested
in human clinical trials."”* Foods are the most promising
source of BAPs and are usually 2 to 20 amino acid residues
long. They are obtained as a result of chemical synthesis,
in vitro enzymatic hydrolysis or microbial fermentation, or gen-
erated in vivo by human gastrointestinal enzymes.? Studies of
the origin, identification, isolation, and purification of BAPs
and their mechanisms of action and application have
increased significantly in the last decade. In vitro and in vivo
studies have shown that BAPs can display antihypertensive,
antidiabetic, antioxidant, hypocholesterolemic, anti-inflamma-
tory, and antimicrobial actions.* Antihypertensive and antidia-
betic activities include demonstration of the capacity to inhibit
angiotensin converting enzyme (ACE) and dipeptidyl peptidase
IV (DPP-IV). When used alongside synthetic drugs, the anti-
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A detailed analysis, in which by “high” bioactivity, we con-
sider an ICs, (standard half-maximal inhibitory concentration)
<10 pM for ACE inhibition and <50 pM for DPP-IV inhibition,
is shown in Fig. 1. This is based on a review of BAPs from
various food sources such as milk,®® fish,"”? animals,**™®
plants,*~*® microalgae,””*° and mushrooms.*"
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Fig. 1 Percentage of food-derived BAPs based on high bioactivities (as
ACE and DPP-1V inhibitors).
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The analysis shows that the greatest activity is displayed by
BAPs of three amino acids. Skrzypezak et al.>* considered pep-
tides of 2-10 amino acids as short-chain BAPs, while other
workers only consider those containing 2-4 amino acid residues
as short-chain BAPs.”® In general, peptide adsorption is most
efficient for single amino acids or di- or tripeptides anyway.>*">
Certainly, the vast majority of food-based BAPs that have high
bioactivities seem to be shorter than 10 amino acids residues.

Several recent reviews published over the last five years have
delved into the encapsulation of bioactive peptides. For
instance, Mirzapour-Kouhdasht et al’s>® review focuses on
enhancing the palatability of BAPs through encapsulation.
Similarly, Berraquero-Garcia et al.’” discuss the encapsulation
of BAPs using spray-drying and electrospraying techniques.
Additionally, Aguilar-Toala et al’s>® provides an overview of
strategies for encapsulating BAPs and presents a comprehen-
sive analysis of the various methods for protection of the
bioactivity and encapsulation of bioactive both proteins and
peptides. They include a table summarizing encapsulation
techniques for bioactive proteins and peptides. Furthermore,
McClement’s>® review addresses nanoparticle and microparti-
cle systems for encapsulating proteins and peptides, exploring
challenges in oral delivery. These reviews, despite being com-
prehensive and timely, have kept the focus on proteins or
protein hydrolysates (peptides) with a molecular weight (M)
exceeding ~3 kDa. In the present review, the emphasis is on
short BAPs, namely 10 to 50-fold smaller (2 to 20 amino acids)
than the large therapeutic peptides and proteins which have
been extensively studied and, in many cases, are available as
approved drugs (generically known as “biologics”). BAPs have
been discovered to exhibit antihypertensive, antidiabetic, anti-
inflammatory, antimicrobial and antioxidant, among other activi-
ties. Features such as M, amino acid sequence, hydrophobicity
and polarity, net charge, and ionisation state, dictate their associ-
ation efficiency upon encapsulation in different type of carriers,
as well as their release, bioaccessibility, and bioavailability. The
case of low M, and hydrophilic peptides entails unique chal-
lenges associated to their loading/encapsulation in different type
of carriers, as further discussed in Section 4.1, but a simple case
suffices to this well at the start. O’'Neill et al.®® encapsulated a
dipeptide and a pentapeptide in the same material but showed
that the dipeptide had 3 times lower encapsulation efficiency and
10 times higher release rate. While the amino acid tryptophan
(W) exhibits an encapsulation efficiency approximately 1.25 to 1.5
times lower and releases approximately 1.3 times more compared
to the dipeptide alanine-tryptophan (AW), both amino acid and
dipeptide maintain a consistent trend in charge across varying
pH levels. Thus the M, of BAPs has profound effects, as further
discussed in this review.

Gastrointestinal stability is a crucial prerequisite of BAPs
with regard to their full realisation of their potential as ingre-
dients in functional foods, nutraceuticals, and food sup-
plements. However, chemical and enzymatic digestion via pro-
teases in the stomach, intestinal lumen, and intestinal brush
border leads to degradation of their intact sequences and
overall decrease of their oral bioaccesibility and bioavailability,
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as observed in both in vitro or in vivo studies.*>**"®* To over-
come these shortcomings, encapsulation helps to preserve
their structural integrity until they reach the desired site of
adsorption in the intestinal epithelium. Fig. 2 depicts the
major features and layers of factors to account for BAPs and
their encapsulation to develop innovative functional food
ingredients and supplements. The breadth of this review is on
critical analysis of the recently published literature on BAPs,
while identifying existing gaps of knowledge and the key
research aspects that underpin their potential innovative appli-
cations in foods.

2 Types of short-chain BAPs

Since 2010, only limited studies (ca. 13) have addressed BAP
encapsulation for gastrointestinal delivery and our review
therefore focuses on this time period. These were focused on
di-, tri-, tetra- and up to undecapeptides of molecular weight
(M,,) ranging from 273.5 to 1493.7 ¢ mol~". Encapsulation of
BAPs from varying sources with documented bioactivities such
as antihypertensive, anti-inflammatory, antioxidant, antiproli-
ferative, hypocholesterolemic, anxiolytic, anticancer and
absorption permeation enhancers has been documented.
Table 1 summarizes studies conducted on encapsulated BAPs
of varying M,,, sequence, and their bioactivities.

The studies in Table 1 are based on both synthetic and
naturally-derived BAPs. Most model studies have used purified
synthetic compounds, but some of these were also obtained
from food sources. Tripeptide IPP and hexapeptide RLSFNP
are each derived from casein® and lactoglobulin,® respect-
ively; tripeptide LKP was sourced from bonito fish,*® and pen-
tapeptide VLPVP was expressed in milk by engineered recombi-
nant E. coli.®” Tetrapeptide LQPE was obtained from milk
casein hydrolysed using Neutrase®,°® a commercialized brand
mixture of  proteases. Decapeptide =~ YLGYLEQLLR
(a-casozepine) is obtained from whey protein hydrolysis by

Fig. 2 Multilevel pie chart illustrating some substantial aspects of the
development of encapsulated BAPs as nutraceuticals, food supplements,
and functional food ingredients.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Short-chain BAPs encapsulated for gastrointestinal delivery
Type BAPs Sequence” Molar mass (g mol™") Bioactivities” Ref.
Dipeptide AW 275.3 NR 75

Fw 351.4 NR 60 and 76
Tripeptide IPP 352.4 Antihypertensive ACE inhibitor 77

LKP 356.5 Antihypertensive ACE inhibitor 77

ECG 307.3 Antioxidant 78

KPV 342.4 Anti-inflammatory 79 and 80

YKT 410.5 Anticancer 81
Tetrapeptide LQPE 485.5 Hypocholesterole-mic 68
Pentapeptide LWMRF 751.9 NR 60 and 76

VLPVP 523.6 Antihypertensive ACE inhibitor 82
Hexapeptide RLSFNP 732.8 Antihypertensive ACE inhibitor 83
Octapeptide FCFWKTCT 1035.2 Antiproliferative 71
Decapeptide YLGYLEQLLR 1267.4 Anxiolytic 84
Undecapeptide GRKKRRQRRRP 1493.7 Permeation enhancer 85

“ Amino acids single letter code key: A = alanine; C = cysteine; E = glutamic acid; F = phenylalanine; G = glycine; I = isoleucine; K = lysine; L =
leucine; M = methionine; N = asparagine; P = proline; Q = glutamine; R = arginine; S = serine; T = threonine; V = valine; W = tryptophan; Y = tyro-

sine. ” NR = not reported.

bovine trypsin.®® Glutathione (y-glutamyl-cysteinyl glycine,
GSH, or peptide ECG) is produced by bioprocessing with
Saccharomyces cerevisiae and Candida utilis.”® The tripeptide
KPV is naturally produced in the human body, as alpha-mela-
nocyte-stimulating hormone. Meanwhile, the octapeptide
octreotide FCFWKTCT is a synthetic somatostatin with a cyclic
structure.”" In spite of the demonstrated potent bioactivity of
many BAPs, their absolute bioavailability, when administered
orally, is very low ($1%) due to the degradation and fast
elimination.”>”® To improve their pharmacokinetics, colloidal
carriers have been used.” Of note, only a relatively small
amount of small peptides (<20) have been selected for encap-
sulation studies for gastrointestinal delivery. These span a
wide diversity in terms of their biological sources, methods of
production, size and structure, as discussed further on.
Tripeptides IPP and LKP, pentapeptide VLPVP, and hexa-
peptide RLSFNP have been reported to mediate antihyperten-
sive activity via inhibition of angiotensin-converting enzyme
(ACE).””%*%3 Decapeptide YLGYLEQLLR (a-casozepine) has
anxiolytic activity.** Peptide ECG inhibits oxidative damage
caused by free radicals from reactive oxygen species (ROS) cir-
culating in the body.”® Octapeptide FCFWKTCT (octreotide)
has antiproliferative activity via inhibition of pancreatic exo-
crine and endocrine secretion.”" In terms of their potential
applications, even if the BAP does not need to circulate in the
blood, in most cases, they must be absorbed systemically to
display their bioactive effects fully. To this end, encapsulation
is known to confer BAPs protection against degradation in the
gastrointestinal environment, control their release in an intact
form at the target sites, and promote their absorption, thus
effectively, enhancing both their bioaccessibility and bio-
availability. Other examples of encapsulated BAPs include
hypocholesterolemic tetrapeptide LQPE and anti-inflammatory
tripeptide KPV. LQPE demonstrated the ability to decrease
micellar cholesterol solubility and affect the expression of pro-
teins and enzymes related to cholesterol absorption in the
small intestine epithelial cells.®® This peptide must be released

This journal is © The Royal Society of Chemistry 2024

in its intact form into the epithelial cells. KPV, in turn, has
been reported as possessing anti-inflammatory activity via
inhibition of proinflammatory cytokine synthesis and is natu-
rally secreted into the colon. Thus, this tripeptide has been
studied as a therapeutic peptide for treating inflammatory-
related bowel diseases (IBD) in the large intestine.®”%

3 Types of particulate vehicles for
encapsulation and their preparation

Colloidal nano- and microparticle carriers have been used to
encapsulate therapeutic peptides and this has been compre-
hensively reviewed elsewhere.’®”®’* The various approaches to
associating the peptides include complexation, conjugation,
crystallization, or self-assembly through chemical or physical
additions.?® Various types of particulate vehicles have been
designed for encapsulation, protection and release of short-
chain BAPs (hereafter simply referred to as ‘BAPs’). In general,
there are two main ways of loading the BAPs into these struc-
tures: (i) during the particle formation, sometimes referred to
as in situ loading or the internal method and (ii) loading after
particle formation, sometimes referred to as pro-loading or the
external method. Method (i) typically involves mixing the BAP
with particle ingredients in some way possibly influencing the
final size and structure of the vehicle. The BAP may simply
diffuse into the structure. Method (ii) typically involves placing
a suspension of the preformed vehicles in some sort of solu-
tion of the BAPs. The latter may also cause some change in the
size and structure of the vehicle if it is subject to swelling or
shrinkage in the BAP solution. In fact, the size of the vehicle is
commonly used to classify different types of delivery vehicles.

3.1 Nanoencapsulation

3.1.1 Nanoparticles (NPs). Nanoparticles (NPs), ie., col-
loidal particles $100 nm have been a central focus of research
in drug delivery for more than four decades. Today, their appli-
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cation and clinical translation are essential pillars in the nano-
medicine field. Due to their size, composition, the nature of
their surfaces and a huge surface area to volume ratio, they
provide unique advantages for the administration of bioactive
payloads that exhibit either toxicity, degradation, or poor
absorption. These include molecules that do not meet the
Lipinski’s rule of five (i.e., less than five H-donor groups, less
than ten H-acceptor groups, M,, < 500 Da, log P octanol water
partition coefficient < 5.0).° NPs can be comprised of polysac-
charides such as chitosan (CS), alginate (ALG), hyaluronic
acid, dextran, pectin, and arabinogalactans plus chemical
derivatives of these, or by proteins such as zein, lysozyme,
lactoferrin and gelatine, among others. NPs formed from
natural biopolymers and macromolecules have been the focus
of increasing attention, given the range of desirable properties
they exhibit such as biocompatibility, biodegradability, stabi-
lity and mucoactivity (mucoadhesion or mucodiffusion). In
addition, they have the capacity to enhance the bioaccessibility
and bioavailability of poorly absorbable payloads by promoting
their epithelial absorption. Moreover, NPs based on these com-
ponents can usually be produced under relatively mild con-
ditions such as aqueous condition and room temperature,
thus helping to preserve the bioactivity of delicate biological-
type payloads such hormones, antibodies, vaccines, nucleic
acids, as well as BAPs.”"%?

In foods, NPs based on polysaccharides and proteins are
known to occur and form during traditional cooking processes
of both animal- and plant-based foods, that have been referred
to as “incidental NPs”.>* In addition, polymeric NPs may be
deliberately manufactured and added to foods as various col-
loidal dispersions.”* NPs intended for oral delivery of BAPs
have been largely prepared via two different protocols: (1) coa-
cervation (ionic gelation),””””#%%> and (2) double emulsion
and solvent evaporation.”®®" The preparation steps and main
features of each of these methods are reviewed below.

With respect to the coacervation route, CS-based NP
systems have been prepared from CS*' plus: sodium tripoly-
phosphate (TPP),”” cyclodextrin (CD),”® and the synthetic
methyl acrylate based copolymers termed Eudragit.*> Under
the double emulsion and solvent evaporation routes, CS/ALG”®
and hyaluronic acid-CS®*® NPs have been investigated.

Research conducted by Trapani et al”’® addressed the
encapsulation of glutathione (peptide ECG) into CS NPs and
CS/CD NPs using two types of CD (a-CD and sulphobutyl-
ether-p-CD - termed SBE-B-CD). For the CS NPs, encapsulation
was achieved by mixing ECG peptide and CS solutions then
adding tripolyphosphate (TPP), to induce spontaneous NP for-
mation via ionic cross-linking between the positive charges on
the CS and the negative charges on the TPP. For encapsulation
of tripeptides into CS/a-CD or CS/SBE-f-CD NPs, the tripeptide
solution was first mixed with o-CD or SBE-B-CD solutions then
CS solution added, with TPP added at the end. In some cases,
NPs are formed and then further coated with another polymer.
For example, Eudragit-coated CS NPs have been used to encapsu-
late a permeation enhancer undecapeptide alongside insulin (a
51 amino acid peptide). The undecapeptide was dissolved in
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acetic acid before being mixed with CS and then TPP cross-
linking agent was added to form undecapeptide-insulin-CS NPs.
Eudragit (dissolved in ethanol) was then slowly injected into the
loaded NP dispersion and the ethanol was then removed by evap-
oration to end up coating the NPs.®® The antihypertensive tripep-
tides LKP and IPP have also been encapsulated into CS NP
systems but a different order of addition of ingredients was used,
ie., the peptides were mixed with TPP first and then CS was
added.”” These different orders of addition of ingredients (see
Fig. 3) are likely to affect the size, structure, production yields
and encapsulation efficiencies (EE) of the NPs.

Despite its important role in determining the properties of
the formulation, the order of mixing of the components is
often neglected. For instance, the size of CS-TPP NPs and the
EE has been found to be sensitive to this. The strategic order
of mixing might play a role in influencing the size of CS-TPP
NPs and EE. Danish et al.”” demonstrated that dissolving the
peptide into the TPP solution first, followed by the addition of
CS, creating smaller-sized NPs and higher EE compared to the
sequence proposed by Trapani et al’® In the realm of
CS-CD-TPP-NPs, no conclusive evidence seems to favour
whether it is best to add first the ECG peptide into either CS or
CD solution. Notably, despite SBE--CD having a molecular
weight (M,,) twice as high as a-CD, CS/SBE-B-CD-TPP NPs
exhibit a smaller size than both CS/a-CD-TPP and CS-TPP NPs.
Additionally, the EE of ECG peptide into CS/SBE-B-CD-TPP NPs
surpasses that of CS/a-CD-TPP or CS-TPP NPs by a noteworthy
around fivefold. In fact, the accepted principle in ionic gela-
tion is that the mixing order depends on the charge of each
molecule. Dissolving the peptide into the phase with a similar
charge before introducing the counter charged phase is gener-
ally preferred to prevent premature interactions and aggrega-
tion driven by full charge compensation and neutralisation
leading to loss of electrostatic colloidal stabilisation.

Moreover, the role of the biopolymer structural character-
istics such as the degree of acetylation (DA) and pattern of
acetylation (e.g. CS), degree of esterification (e.g. pectin), block
composition (e.g. ALG), as well as the M,, and polydispersity
(D) of the various biopolymer families, on the size, surface
charge, morphology and peptides’ EE (Section 4.2) of the
different type of NPs, has been widely neglected.

Double emulsions and solvent evaporation have been used
to encapsulate KPV into CS/ALG NPs and hyaluronic acid-CS
NPs.””# In fact, many hydrophilic drugs have been encapsu-
lated via water-in-oil-in-water (w/o/w) emulsions where the
middle non-aqueous phase is a mixture of polymer + solvent/
oil mixture. The solvent is finally evaporated away to leave a
hardened polymer layer encasing the inner aqueous phase and
its bioactive payload. For BAPs, the polymer used is often poly
(lactic-acid) (PLA) or poly(lactide-co-glycolide-acid) (PLGA) dis-
solved in dichloromethane and a final stabilizing layer poly-
vinyl alcohol (PVA) is used to stabilize the dispersion in water.
Such systems are often freeze-dried and then re-dispersed in
CS and/or ALG solutions before use. One general disadvantage
of the double emulsion route is the lack of natural, biocompa-
tible water-in-oil (w/o0) emulsifiers.

This journal is © The Royal Society of Chemistry 2024
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Peptides mixed with the first polymer,
then poured into counter charge polymer chitosan,
and lastly crosslinked with TPP
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Fig. 3 Schematic representation of the three approaches for encapsulation BAPs by ionic gelation/coacervation.

Ultimately, the utilization of nanotechnology in food appli-
cations necessitates a careful consideration of potential risks
to consumers’ health, as emphasized by the European Food
Safety Authority (EFSA) Committee. The EFSA guidance docu-
ments outline specific criteria for nano-specific risk assess-
ment, particularly focusing on particles smaller than
~500 nm, with a distribution exceeding 10% below
250 nm.”>°® Key elements in this assessment encompass the
physicochemical properties, biokinetics, potential cellular
uptake, physiological fate, and distribution of nanoparticles
(NPs). The guidance underscores the importance of evaluating
the persistence of particulate forms, such as solubility and dis-
solution rate, along with factors like dispersion, agglomera-
tion, and biological relevance of particle size after reaching the
gastrointestinal tract.””°® Notably, for food composed of
natural polymers at the nanoscale, which undergo digestion
and assimilation without translocation outside the gastrointes-
tinal tract, and exhibit no adverse effects, a risk assessment
similar to conventional food products is deemed appropriate.

3.1.2 Liposomes. Liposomes are vesicles formed by phos-
pholipid bilayers that encase an aqueous cavity of significant
volume compared to the volume of the bilayers. This type of
vesicles mimic a cell and its cell membrane. They have been

This journal is © The Royal Society of Chemistry 2024

used to deliver both hydrophilic and hydrophobic drugs and
were the first ‘nanomedicines’ approved by the Food and Drug
Administration (FDA), to deliver doxorubicin (Doxil®),”® in
1995. Conventional methods of liposome preparation involve
the dissolution of the lipids in an organic solvent followed by
evaporation of the solvent and then rehydration with an
aqueous medium. Slow hydration and mild agitation generally
result in multilamellar vesicles (MLVs), while stronger agita-
tion, often with sonication and extrusion, is used to create uni-
lamellar liposomes.

In the case of BAPs, liposomes have been studied and
loaded with hypocholesterolemic tetrapeptides, antihyperten-
sive hexapeptides, and antiproliferative octapeptides. The BAP-
loaded liposomes were further modified by encapsulating with
Lactobacillus surface (S-layer) protein to modify their
adhesion.®® Alternatively, MLVs can be used to give extra pro-
tective layers to the payload.'®°

BAPs have been loaded into liposomes using both in situ
and pro-loading methods.'" In situ loading obviously follows
the same steps for the liposome preparation but with the pep-
tides present in the aqueous phase during liposome for-
mation. In this way Zhang et al.®* encapsulated RLSFNP in soy
lecithin + cholesterol liposomes using ethyl ether as solvent,

Food Funct., 2024, 15, 3959-3979 | 3963
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while Jiang et al.®® encapsulated the LQPE via 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine + cholesterol + octadecylamine
liposomes, using trichloromethane as solvent.

Parmentier et al.”! encapsulated the synthetic cyclic octreo-
tide (Table 1) into tetraether lipid liposomes using a pro-
loading approach. Egg phosphatidylcholine (EPC) dipalmitoyl
phosphatidylcholine (DPPC), tetraether lipids from Archaea
spp. and cholesterol were used as the lipid materials. After
evaporation of the solvent and rehydration to MLVs, the latter
were extruded through 400 and 200 nm filter membranes to
create the (so-called) liposomes. Loading with octreotide was
achieved by mixing with the liposome suspension, followed by
freeze-drying and subsequent rehydration.

3.2 Microencapsulation

Microparticles (MPs) may be defined as particles that typically
have average diameter sizes from one to several tens of pm. In
other words, this class of particles is somewhat larger in size
than NPs. Although these larger sizes may give rise to greater
problems of sedimentation and colloidal stability, various
types have been explored for BAP encapsulation.

3.2.1 Microgel particles. As encapsulation agents of BAPs,
microgel particles have been produced by coacervation and
membrane emulsification. CS, whey protein isolate (WPI), and
sodium alginate (SA) are some of the most widely used
polymer materials. A study conducted by Batista et al. (2021)
encapsulated the anxiolytic decapeptide YLGYLEQLLR into
guar-CS microgels. The microgels were prepared by dissolving
CS and the peptide into acetic acid then cross-linking via TPP.
The CS microgels were then immersed in guar gum (GG) solu-
tion to coat them.®* Cold gelation has also been used to fabri-
cate whey protein microgels encapsulating FW and LWMRF
peptides. Pre-heated and cooled whey protein was mixed with
calcium chloride (CaCl,) as a cross-linker and then immersed
in a solution of the peptides for 24 h.®%7¢

Another method of producing microgel MPs is via mem-
brane emulsification and extrusion.®* These have been used to
encapsulate the ACE inhibitor VLPVP in SA-coated
O-carboxymethyl chitosan (O-CMCS) into a w/o emulsion. The
SA and peptide in acetate formed the aqueous phase and
paraffin oil containing petroleum ether and hexaglycerin penta
ester surfactant formed the oil phase. After forcing the water
phase to the oil phase through the pores in the membrane to
form the first w/o emulsion, a second w/o emulsion containing
CaCl, was then formed and mixed with the first emulsion. The
CaCl, produced transfer of Ca®>" ions to cross-link the O-CMCS
in the first emulsion and gel the water droplets. The peptide-
containing microgel MPs obtained could then be washed and
freeze dried. (The authors also tried extruding SA solution into
CaCl, via a thin nozzle then coating the particles with
O-CMCS.) Fig. 3 and 4 illustrate the ionic gelation/coacervation
and double emulsion/solvent evaporation approaches.

3.2.2 Microfibers. Microfibers have also been utilized to
encapsulate the dipeptide AW. To this end, fish sarcoplasmic
protein (FSP) was dissolved in hexafluoro-2-propanol (HFIP),
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AW added, then microfibers of the mixture formed by the
electrospinning technique at room temperature.””

However, among the above techniques of encapsulation of
BAPs especially by ionic gelation/coacervation and double
emulsion solvent evaporation, there were no studies on gastro-
intestinal stability of the vehicle or encapsulant, both loaded
and unloaded. In a study by Laroui et al.”® BAPs were encapsu-
lated within a double emulsion prepared via the solvent evap-
oration technique, after which the loaded NPs were embedded
in a chitosan (CS)-alginate (ALG) hydrogel. But this group
investigated the gastrointestinal stability of cross-linked
CS-ALG hydrogel before loading with NPs. The CS-ALG mixed
hydrogel, ionically cross-linked solution via Ca** and SO,*~
ions, was assessed for its kinetics of swelling as a measure of
its stability in simulated gastric fluid pH 1 to 3 (2 M buffer
acetate, 50 pg mL™" pepsin, 5 pg mL™" trypsin) and intestinal
fluid pH 4 until 6 (0.1 M buffer phosphate, 5 pg mL™" pepsin,
30 pg mL™" trypsin). As a result, they concluded that the com-
posite CS-ALG hydrogel was stable at gastric pH 1, 2, and at 3
for 24 h, but shrank at pH 4 and finally collapsed to form a
dispersion at pH 5 and 6 after 24 h.

Apart from encapsulation of BAPs, the CS-TPP nano-
particles produced through ionic gelation were assessed for
stability in simulated salivary fluid at pH 6.8. Comparative ana-
lysis with ALG-NP and pectin-NP (Pec-NP) revealed CS-NP to be
the least stable, evidenced by an increase in polydispersity
index (PDI) and size (hydrodynamic diameter), accompanied
by a reduction in zeta-potential. Prior to integration with artifi-
cial saliva, CS-NP exhibited a PDI below 0.2, escalating to 0.4
post-mixing and exceeding 0.6 after a 20-min incubation. The
size of the CS-NPs continued to grow progressively after
40 minutes of incubation. Although the zeta-potential
remained stable throughout the testing period (0 to
120 minutes), it decreased from +25 mV (pre-mixing) to below
+10 mV (post-blending with artificial salivary fluid). These
changes were attributed to an increase in pH, leading to CS
deprotonation (i.e. pK, ~ 6.1), and the presence of sulphates,
phosphates, and carbonates in the buffer solution, which
could bind to chitosan’s charged groups, causing particle brid-
ging, reduced stability, and the formation of aggregates and
precipitates.'

In one of our studies,'® we explored the stability of
CS-TPP-ALG NPs loaded with insulin using the ionic gelation
method and its potential efficacy for intranasal delivery of
insulin. Remarkably, the colloidal particles exhibited robust
stability for an extended period, enduring up to 80 minutes of
incubation in acetic buffer with a pH of 4.3. This was evi-
denced by the absence of any discernible alterations in their
hydrodynamic radius, as determined via dynamic light scatter-
ing (DLS). At lower pH levels, CS undergoes increased protona-
tion, fostering stronger ionic interactions between CS and its
cross linkers such as TPP, as well as oppositely charged polya-
nionic macromolecules. The heightened protonation of the
cationic CS contributes to the reinforcement of these ionic lin-
kages. It is noteworthy that the stability of NPs formed via

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Schematic representation of the methods for encapsulation BAPs via double emulsions and solvent evaporation.

ionic gelation, such as CS-TPP NPs, is not solely contingent on
the ionic strength of the medium; rather, it is intricately influ-
enced by the molar ratio between the involved molecules.

In relation to emulsion-based encapsulation systems, such
as water-in-oil-in-water (w/o/w) double emulsions, in terms of
water being the dispersed or continuous phase, and situated on
the outermost part of the system, this technique shares simi-
larities with the single oil-in-water (o/w) emulsion. The w/o/w
encapsulation system is generally employed to address the ineffi-
cient encapsulation of highly hydrophilic bioactive compounds
that tend to diffuse during formulation. The stability of this
system in the gastrointestinal tract is influenced by the type and
concentration of stabilizers used in the system.'®* Proteins and
surfactants typically utilized as stabilizers for o/w emulsion for-
mation have limitations due to the unwanted flocculation and
coalescence of oil droplets, possibly resulting from pepsinolysis
and the ionic environment during digestion.'*>

A study conducted by Torres et al.'®® analysed the stability
of the o/w emulsion-based encapsulation system during
in vitro gastric and intestinal digestion using whey protein
isolate (WPI) as a stabilizer. In this study, the emulsion system
was exposed to simulated gastric fluid (SGF) at pH 3 contain-
ing pepsin, simulating the fasted condition of the stomach.
Subsequently, it was subjected to simulated intestinal fluid
(SIF) at pH 6.8, consisting of bile salt and pancreatin solution.

This journal is © The Royal Society of Chemistry 2024

The findings indicated that the emulsion experienced floccula-
tion and coalescence in the SGF, resulting in a slightly more
stable emulsion droplet distribution in the SIF, with sizes
ranging between approximately 1 to 50 pm, lasting longer than
the emulsion mixed with SIF without in vitro gastric pre-diges-
tion. In the latter case, the emulsion destabilized within
30 min (becoming very polydisperse) with a prominent peak in
the size range 100 to 1000 pm. During intestinal conditions,
bile salts can potentially displace the WPI at the interface.
(The size measurements in this study were obtained via con-
focal laser scanning microscopy - CLSM.)

4 Key characteristics of delivery
vehicles

Table 2 lists various encapsulation vehicles, their sizes,
methods of formation and encapsulation efficiency (EE) and
release characteristics of various BAPs and Fig. 5 also illus-
trates the typical range of sizes and structures.

4.1 Association/entrapment efficiency (EE)

Generally, BAP association/entrapment/encapsulation
efficiency (EE%) is defined as the % of BAPs added to a system
that are successfully entrapped within the vehicles.®®77:7881,83
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Table 2 Encapsulation agents, encapsulation methods, encapsulation efficiency (EE), sizes, and kinetic releases for short-chain BAPs

Encapsulation Encapsulation Diameter
BAPs payload Encapsulation wall materials ~ methods efficiency (EE %) (nm) Release Ref.
AW FSP microfibers Electrospinning NR 100-700 and  61.5% in SGF after 30 min, 75
1000 and max 71.8% in SIF after
15 min
FW Whey microbeads Cold set/ionic 32-56 56% (6 h), ~80% (Vpead/Vaq 60
gelation <0.2) and
76
IPP Chitosan NPs (CS: M, = Ionic gelation/ 22.6-43.9 113-209 ~75% in SGF (120 min); 77
110 kDa, DA = 14%) coacervation >90% in SIF (240 min). Over
60% released within the
first 2 h in acidic simulated
fluid
LKP Chitosan NPs (CS: M,, = Ionic gelation/ 40.9-65.1 125-207 ~75% in SGF (120 min); 77
110 kDa, DA = 14%) coacervation ~90% in SIF (240 min).
Over 60% released within
the first 2 h in acidic
simulated fluid
ECG Chitosan/CD NPs (CS: M, = Ionic gelation/ 7.1-25.1 190-500 pH 1.2: CS/a-CD, 100% 78
110 kDa, DA = 14%) coacervation (<200 min); CS/SBE-B-CD,
~25% (<200 min). pH 6.8:
CS/a-CD, <60% (<200 min);
CS/SBE-B-CD, 100%
(<100 min)
KPV Chitosan/ALG NPs, and Double emulsions NR 273-300 25% at pH 6.2 within 79
hyaluronic acid (HA)- and solvent 30 min. After 30 minutes, and
chitosan/ALG NPs (CS: M,, = evaporation release kinetics is more 80
NR, DA = NR; ALG: M,, = NR, linier about 35% within
M/G = NR; HA: M,, = 20 kDa) 30h
YKT Chitosan MPs (CS: M,, = Ionic gelation/ 35 ~57 26% release at first 8 h, 81
50-190 kDa, DA = NR) coacervation 34% (24 h), 43% (48 h), and
97% (264 h/11th day)
LQPE Liposome coated SLP Liposome 89 218.2 liposome-LQPE: 60% after 68
24 h, SLP-L-LQPE: 40% after
24 h
LWMRF Whey microbeads Cold set/ionic 89-95.1 NR <5% (6 h), ~10% (Vpeaa/Vaqg ~ 60
gelation <0.2) and
76
VLPVP Carboxymethyl chitosan/Na- Membrane 64.6-87.8 5390-43 810  9.59% at pH 1.2 (2 h), and 82
ALG microspheres (O-CMCS:  emulsification 87.63% at pH 6.8 (5 h)
M,, = NR, DS = 35%; ALG: M,, combined ionic
=NR, M/G = NR) gelation
RLSFNP Liposome Liposome 67.50 199 Diffuse through dialysis 83
membrane: 75% (1 h),
98.4% (2 h). Cumulative
release RLSFNP: 75% (12 h)
and 94.92% (24 h).
FCFWKTCT Tetraether lipid liposomes Liposome 13 130-207 NR 71
YLGYLEQLLR Guar gum Film-coated Ionic gelation/ 86 1810 <2.5% (4 h) 84
chitosan MPs (GG: M,, = NR, coacervation
CS: M,, = 50-190 kDa, DA =
15-25%)
GRKKRRQRRRP Eudragit (ES)-coated chitosan Ionic gelation/ 50 50.6 CS NPs: 85% (pH 1.2,4 h), 85

NPs (CS: M,, = 100 kDa, DA =
5%)

coacervation

NR = not reported.

EE is therefore determined either by measuring the amount of
peptide lost to the delivery vehicle from the original BAP solu-
tion, or by extracting the amount of BAP contained within the
vehicles post loading, e.g., by dialysis, centrifugation and dis-
solution of the vehicle. High performance liquid chromato-

3966 | Food Funct, 2024,15, 3959-3979

40% (pH6.8, 1 h). ES-coated
CS NPs: 40% (pH 6.8, 1 h),
50% (pH 6.8, 4 h), 70% (pH
7.4, 1 h), almost completely
released (pH 7.4, 4 h)

graphy (HPLC) or reverse phase HPLC (RPHPLC) is by far the
most common method to assay for BAP content. It is often
difficult to attain EE values close to 100%, whilst it is equally
important the vehicle delivers a sufficiently high dose of bio-
active at the target site.'%°

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Size distribution of NPs and MPs for short-chain BAPs encapsulat

As mentioned earlier, loading BAPs in nano- and micropar-
ticle carriers deserves special considerations and challenges to
identify the most optimal carrier system. Indeed, the EE is
influenced by M,,, amino acid sequence, solubility, hydropho-
bicity, polarizability, net charge and ionisation state of the
peptide, as it has been reviewed in a few comprehensive
reviews focused on therapeutic peptides.”'®” On the one
hand, during their formulation into matrix-type systems such
as nanoprecipitates obtained by solvent displacement, they are
not retained and are released into the aqueous phase. On the
other, when loaded into self-assembled electrostatic polyelectro-
lyte complexes, the low M,, BAP interacting with one of the poly-
electrolyte components is ejected from the system, given that
the low charge density and lack of cooperativity of the BAP is
outcompeted by the polyelectrolyte bearing the same charge.
The loading efficiency of low M,, BAPs is bound to be deter-
mined by similar phenomena to those that dictate the associ-
ation of small drug molecules. Previous studies in model drugs
of low M,, (242 to 479 Da) have shown that the hydrophobicity
and polarizability, dictated their association efficiency. The
more hydrophilic compound with lowest polarizability showed
the highest tendency to be displaced by chitosan and associated
with efficiencies as low as 12%.'°® As shown in Table 2, the
BAPs associated in various types of carrier formulations, with
efficiencies varying over a wide range 7 to 95%, thus reflecting
the complexity of factors at play.

As already described, a relatively wide range of delivery
vehicles has been developed, but no single BAP has been
tested for EE and release across a wide range of different
vehicles: at most, a maximum of two,’®®> and rarely three”®
different types of vehicle seem to have been tested for the
same BAP. At the same time, each type of vehicle has mostly

This journal is © The Royal Society of Chemistry 2024
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ion in biopolymer-based systems.

only been tested with one BAP and occasionally two different
BAPs.”” The most optimal type of carrier for a given low M,
peptide must be identified considering the intrinsic character-
istics of both the peptide and the carrier components. This
makes it hard to compare the efficiency of different systems
and the effects that the BAP itself may have on the loaded
vehicle size and structure. In almost all cases HPLC or
RPHPLC have been used to assay for the BAP content to deter-
mine EE. One exception is KPV loading into w/o/w emulsions,
where fluorescence spectroscopy was used.”® In general, in situ
methods of loading different peptides into different types of
vehicle seem to have been more widespread but EE values
seem to be lower - exceptions being YLGYLEQLLR into CS +
TPP + GG microparticles (86%)%* and LQPE into liposomes
(89.0%).°® YLGYLEQLLR will have both a positive and negative
charges at neutral pH whereas LQPE has one negative charge.
Nanoparticles formed by CS-TPP systems, where three
different tripeptide BAPs (IPP, LKP and YKT) were encapsu-
lated in situ, had EE values ranging between 23 and 65%,
depending upon the TPP: CS ratio;””"®! the same vehicle gave
only EE = 7% for encapsulation of ECG.”® The reasons for
these differences with different peptides are not clear,
although it should be noted that LKP and YKT will both have a
positive charge at neutral pH whereas ECG will have a negative
charge. Using the slightly different CS + a-CD + TPP and CS +
B-CD + TPP systems’® for encapsulation of ECG, EE values were
6 and 25%, respectively. The BAP was mixed first with the CD
before adding the CS, so that the difference here probably
relates to the greater affinity of ECG for -CD. Using the higher
M,, GRKKRRQRRRP and the same general CS + TPP method®*
EE = 51%, i.e., higher than most of the other CS + TPP systems
tested, so this might point to higher retention of higher M,,
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peptides using the in situ method, but varying peptide hydro-
phobicity and charge must also be taken into account -
GRKKRRQRRRP has a relatively high number of eight positive
charges at neutral pH. The addition of Eudragit polymer to the
last system, after the initial encapsulation, resulted in no
change in EE.

Turning to liposomal nanoparticles where EE has been
fully quantified,®® in situ encapsulation gave EE values of 89%,
for liposomes uncoated and coated with SLP. It seems obvious
that dissolution of all the ingredients in a solvent which is
then evaporated off before re-hydration will force intimate
contact between the BAP and the encapsulating ingredients, so
leading to high EE values. (However, this does not necessarily
mean that retention will be high on rehydration - see next
section that discusses the BAPs release.) NPs formed via the
double emulsion and solvent evaporation route’® similarly
gave high EE values of 70 to 71%. On the other hand, pro-
loaded microgels have also been shown to give relatively high
EE values. For example, WPI microbeads pro-loaded with FW
and LWMRF using different volume ratios of microbead par-
ticles to BAP solution®*'%’ gave EE values up to 95.1%. EE
increased as the ratio increased and at the same ratio the
maximum EEs obtained were 56.3% for FW and 95.1% for
LWMREF, the latter having a positive charge. SAL + O-CMC
beads formed by the membrane emulsification method® gave
EE as high as 87.8% for VLPVP loading, though here loading
was in situ. Interestingly, attempts to form the same types of
particle by extrusion though ‘encapsulator’ nozzles and
needles gave lower values of in situ EE (maximum values of 65
and 35%, respectively), pointing to the superiority of the emul-
sification method for this system.

4.2 Size, surface properties and shape (morphology)

Morphology, size, surface charge and shape of NPs and MPs
are other key aspects can affect EE and release, as well as the
mechanisms of interaction with biological interfaces such as
mucosa, epithelia, skin and therefore cellular uptake and
intracellular trafficking. These aspects can be controlled to
some extent by the overall composition and method of
preparation.

In terms of size, it is known that only lipid NPs of size
~30 nm are able to cross the cell membrane by passive
diffusion.'" Larger particles rely on active, energy-dependent
processes.'™ The main mechanism of cellular particle uptake
in eukaryotic cells is endocytosis, which is commonly receptor-
mediated pinocytosis and phagocytosis. In general, nano-
particles <100 nm can be taken up pinocytosis, whilst
~150-200 nm particles are internalised by receptor-mediated
endocytosis. Particles ranging from ~250 nm to 3 pm are taken
up by phagocytic mechanisms.''* Other studies have shown
that particles have to be under ~200 nm in order to diffuse
easily through the through the intestinal mucus layers to the
epithelial cells."**''* In terms of shape, rod-like NPs with a
higher aspect ratio were shown to be more efficient in penetrat-
ing into human cell line (HeLa) and colorectal adeno-
carcinoma-2 (Caco-2) cells.'*®
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Examples of NPs and MPs that have been more thoroughly
investigated in terms of their size distribution include
Eudragit-coated CS NPs and CS NPs, whose mean diameters
were reported as 51 and 57 nm, respectively®"®* whilst the
largest size reported for this type of NP was 500 nm, for CS/CD
NPs.”® It is found that in the context of producing CS-based
NPs consistently, it is advisable to consider manipulating the
initial concentration and the solvent environment as controlla-
ble factors.''® The liposomes loaded with BAPs have been
reported as having average diameters ranging from ~130 to
218 nm.%*""® Guar film-coated CS MPs loaded with BAPs
were ~1.8 pm in diameter® and carboxymethylated gum/
sodium ALG microspheres loaded with BAPs varied in size
from ~5.4 to 43.8 pm.*” Excluding carboxymethylated gum/
sodium ALG microspheres characterised by laser diffraction
using equipment such as a Mastersizer (Malvern Panalytical
Ltd) to measure size distribution, all the vehicle sizes men-
tioned were measured by DLS, more suitable for particles of
smaller size (<1 um), to determine the distribution of the
hydrodynamic radius (Ry). DLS relies on the measurement of
the diffusion coefficient of particles under Brownian motion
in a solution in which small particles move rapidly, while
bigger particles move slowly. This method is usually applied
for particles less than 10 um. By assuming the particles shapes
are spherical or round, the apparent particle diameter is inver-
sely related to the coefficient of diffusion of particles according
to the Stokes-Einstein equation.""”''® Therefore, temperature
and viscosity of buffer are critical to obtain appropriate
results."*® Study conducted by Luque-Alcaraz et al.°> on CS
NPs via nanoprecipitation found that the R;, depended on the
suspension medium for measurement (methanol, water, or
acetone). Furthermore, polydispersity aspects are limiting
factors that affect the accuracy and precision of this
method."*°

As already mentioned, NP and MP surface properties are
also known to significantly impact the interaction with the bio-
logical interfaces and, therefore cellular uptake."”" Detailed
topology of soft surfaces and particle shape can be character-
ised for fixed or frozen samples via transmission electron
microscopy (TEM) and cryo-scanning electron microscopy
(SEM),*** provided one is aware of the artefacts that these tech-
niques can introduce.®’ Some workers®®”®7%% have found fine
correspondence between the results of DLS and such electron
microscopy (EM) techniques. However, it should be noted that
DLS averages the distribution as intensity (even though math-
ematically, can also provide volume or number distributions),
and assumes all particles are spherical, whereas in analysing
EM images, a number average is obtained, as well as infor-
mation on particle shape. In principle, atomic force
microscopy (AFM) can examine the surface of native particles
in an aqueous environment, subject to the limitations of par-
ticle immobilisation on a solid surface and the softness of the
surface structure versus the AFM cantilever stiffness.'?1%4
Small-angle X-ray scattering (SAXS) and neutron scattering
(SANS) can reveal the external internal structure of particles,'?”
also hydrodynamic thickness of NPs MPs layers can be investi-

This journal is © The Royal Society of Chemistry 2024
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gated"'® related to stability and release where these aspects are
discussed hereafter. Surface charge is most commonly inferred
from electrophoretic  mobility and zeta  potential
measurements.

NPs and MPs loaded with BAPs have been reported to
exhibit a regular spherical morphology for liposomes coated
with SLP, sodium ALG-O-CMCS microspheres and Eudragit-
coated CS NPs.°®®>% Huang et al®® studied VLPVP-loaded
sodium ALG-O-CMCS microspheres produced via membrane
emulsification. They noticed that surface of the microspheres
was rough but became smoother as the membrane pore size
increased to 5 pm or higher.

4.3 Stability, release, absorption/permeability, and bioactivity
of encapsulated BAPs

The bioaccessibility of BAPs, reflecting the proportion of pep-
tides released from their delivery system during digestion for
absorption in the gastrointestinal tract to manifest their bioac-
tivities, underscores the critical importance of both BAPS’
stability and the efficacy of the encapsulating agent. By enhan-
cing their stability and bioaccessibility, encapsulation also
aims to increase their bioavailability, since many studies have
found that the biological activity of non-encapsulated BAPs is
significantly reduced after gastrointestinal digestion and
in vivo analysis.'***® In the pharmaceutical sector, the target
is to increase the bioavailability of therapeutic peptides to
30-50%."%° This section addresses the intricate interplay sur-
rounding BAPs and their bioaccessibility within the gastroin-
testinal milieu. Table 2 and Fig. 6 summarise the various
encapsulation methods that have been sought to enhance the
bioaccessibility of BAPs in the gastrointestinal tract.

Stability. The stability of delivery vehicles for BAPs has been
investigated during simulated gastrointestinal digestion. FSP
microfibers were found to degrade slowly in simulated gastric
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Fig. 6 The effect of encapsulation on peptide digestion.
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fluid (SGF) containing 0.0032% (w/v) pepsin after 24 h, and it
was compared to SGF containing a high amount of pepsin
(0.32%, w/v) that seems to be completely degraded. Around
50% of same microfibers had an altered structure under simu-
lated intestinal fluid (SIF) conditions containing a low activity
(0.01%, w/v) of pancreatin after 24 h, while at a high level (1%
w/v pancreatin) the degradation became 100% as well.”> For
LQPE loaded into liposomes covered with and without a
coating of SLP, the % of intact peptides were 74.5% and 55%,
respectively, after incubation in artificial intestinal juice for
3 h. After incubation in artificial gastric juice, the % of intact
peptides were 68% and 50%, respectively. The non-encapsu-
lated tetrapeptide was completely degraded after only 1 h in
either artificial intestinal or gastric juice.®® The findings of
this study indicate that encapsulation of this pentapeptide can
enhance its gastrointestinal bioaccessibility by over 50%. Such
studies illustrate the value of such encapsulation, but also the
need for more systematic studies of gastrointestinal digestion
under controlled and comparable conditions.

Release. When it comes to trying to understand the different
release characteristics of the different vehicles containing the
same or different BAPs, the situation is even more fraught with
difficulty than trying to rationalize the different EE values (see
above). Sometimes the release medium is just water, which is
not very relevant to the fate of the vehicle during gastrointesti-
nal digestion. Although the majority of release studies have
used SGF and/or SIF conditions to examine % release, unfortu-
nately these conditions tend to vary across all studies-different
pH, times, different enzymes and other digestive compounds,
varying in their concentration and/or specific activity. Even
though human digestive enzymes used may be inactive against
many of the encapsulating materials (the polysaccharide
gums, for example), others are active (e.g., against lipids, pro-
teins and starch-based molecules) so it would be wise to try
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and standardize conditions as far as possible in future.'**'3*
For quite a few of the encapsulation systems already discussed,
release studies have not even been reported. The most
common method of measuring release is to seal the loaded
vehicles with a solution of the digestive enzymes or other
release media in a low M,, dialysis bag placed in water then
measure the BAPs diffusing out of the bag. Most studies show
a high % release after several hours of SGF and/or SIF con-
ditions for all types of vehicles studied: nanoparticles, lipo-
somes and microgels. In many cases the extended times to
achieve full release are not representative of typical human
digestion conditions. Release is usually increased by SGF then
also SIF, in some cases dramatically so, for example VLPVP in
SAL + O-CMC microgels®* and ECG in CS + CD + TPP
systems.”® The inclusion of an extra layer of Eudragit polymer
on CS + TPP nanoparticles loaded with GRKKRRQRRRP
seemed to give some slowing of release at low pH®*! and
coating LQPE-loaded liposomes with SLP also seems to slow
down release to some extent. Less permeable more inert layers
on the outside of the delivery vehicle might be expected to do
this. Unfortunately, KPV-loaded PVA nanoparticles coated with
and without extra layers of CS and ALG were only subjected to
digestive conditions without the extra layers.”®

Other notable results include VLPVP encapsulated within
O-carboxymethyl CS/SA microspheres, where only 9.6% was
released after 2 h at pH 1.2 but 87.6% after 5 h at pH 6.8,%>
indicating a system potentially highly suited to gastric protec-
tion but intestinal release. Guar film-coated CS MPs also suc-
cessfully protected YLGYLEQLLR for 4 h in artificial saliva (pH
6.8), giving <2.5% release after 4 h.®* However, all these results
also indicate the need for a consistent approach where systems
are studied under the same set of physiological conditions.

Yet an alternative approach has focused on the release of
small peptides of varying M, (3.4 to 20 kDa) conjugated in
poly(ethylene glycol) diacrylate (PEGDA)-peptide hydrogels.™*?
To this end, the degradation by matrix metalloproteinase-2
(MMP-2) proteases to drive the release of peptides was har-
nessed. It was found that the peptidés M,, had a direct effect
on the hydrogel mesh size that itself influenced the pene-
tration of the MMP-2 protease into the gel, and the optimal
release of the bioactive peptide was for the PEGDA-10 kDa.
Further research is needed to investigate these phenomena in
matrix-type nano- and microparticles where the peptide is
loaded, not as a polymer conjugate, but by virtue of other
interactions, where the peptide release is mediated by the
degradation of the particles by proteases, such as protein-poly-
saccharide systems.

Based on the published contradicting and inconsistent
results, we cannot conclude firmly about roles of the BAPs
sequences, type of encapsulation agents, and physiological
medium to their release kinetic and behaviour. Only further sys-
tematic studies using identical standardised protocols will help
to elucidate in greater detail the role of each these factors.

Absorption. Encapsulation can improve the absorption of
peptides. Permeability of the proximal segment of frog duode-
num to ECG encapsulated in CS/a-CD and CS/SBE-$-CD MPs
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was increased by a factor of 1.4 and 1.2, respectively, compared
to the non-encapsulated tripeptide. In the distal segment, the
permeability increased by 1.3 (for CS/a-CD) and 1.8 (for CS/
SBE-B-CD).”® CS/SA NPs loaded with KPV interacting with
membranes of Caco-2 cells have been studied by fluorescence
microscopy and TEM.”” It was observed that surface
functionalization of these NPs with hyaluronic acid (HA) pro-
moted cellular uptake of the NPs, markedly higher than NPs
without HA.% Also, using a Caco-2 cell model, it was shown
that the transepithelial transport of LQPE and RLSFNP
increased.®®

The apparent permeability coefficient of liposomal RLSFNP
liposome was at least 2x higher than free RLSFNP.** Similarly,
the permeability of YLGYLEQLLR loaded into CS MPs across a
human adenocarcinoma Caco-2/HT29 colorectal cell line was
4-fold higher than the free decapeptide.** The results of this
study are consistent with the notion that encapsulation under
different strategies contributes to enhance the bioavailability
of BAPs. More mechanistic studies are needed to elucidate the
optimal encapsulation systems for given BAPs, so as to identify
the most optimal systems to enhance their absorption.

Bioactivity. The activity of IPP as an ACE inhibitor after
nanoencapsulation and release was 84% and 82%, respectively.
ACE activity of LKP after CS-NPs encapsulation was 85%; this
tripeptide retained 83% of its activity post-incubating in SIF
solution.”” Microencapsulation of VLPVP into SA-O-carboxy-
methyl CS-MPs did not significantly reduce the activity against
ACE: the native pentapeptide had 48.2% inhibitory activity,
whereas the encapsulated pentapeptide showed inhibitory
activity of around 45.2%.%* Thus, there is important evidence
that the appropriate choice of encapsulating vehicle will not
affect BAP bioactivity once it has been delivered, although very
few studies have followed in detail the whole process of encap-
sulation, stability, release and bioactivity from start to finish.

The assessment of the bioactivity of the tripeptides LKP
and IPP subsequent to encapsulation involved measuring the
loaded-NPs capacity to inhibit angiotensin-converting enzyme
(ACE) during the conversion of the substrate hippuryl-i-histi-
dyl-i-leucine (HHL) to the product hippuric acid (HPA). This
methodology entailed quantifying the total HPA concentration
in the reaction solution via HPLC. A diminished concentration
of HPA in the reaction solution signified elevated ACE inhibi-
tory activity. In turn, the assessment of LKP and IPP activity
post-release entailed sonication of the loaded-NPs, followed by
centrifugation. The quantification of BAPs in the supernatant
was conducted using HPLC, and the BAPs were subsequently
introduced into a reaction solution containing ACE enzyme
and HHL. The total HA content in the reaction solution was
analysed using HPLC-UV/Vis.”’

In the study conducted by Huang et al.®* encapsulating
antihypertensive BAPs into microspheres, freeze-dried loaded
microspheres were added into borate buffer, followed by soni-
cation for one hour. The quantification of peptide release was
achieved through HPLC, and ACE inhibitory activity was deter-
mined using spectrophotometry, following the method out-
lined by Cushman and Cheung (1971).**3

This journal is © The Royal Society of Chemistry 2024
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4.4 Cytotoxicity

Establishing any cytotoxicity of NPs/MPs is of paramount if
particular encapsulating vehicles are to be used in practice.
Caco-2, HT29-MTX, and IEC6 cell lines have been used to
mimic gastrointestinal cells, and HepG2 cells were applied to
mimic liver exposure. There are three commonly used assays
to determine the cell viability of NPs/MPs (with or without
loaded BAPs), namely 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) or 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS), cell counting kit-8 (CCK-8), and water-soluble tetra-
zolium salt (WST-1) assay.

CS-NPs loaded with IPP and LKP (at 1-10 mM) showed no
effects on cell viability (Caco-2 and HepG2).”” Similarly, KPV
encapsulated into (HPA)-CS/SA NPs did not affect cellular
death rates of both Caco2-BBE and IEC6 cell lines over 72-80 h
exposure.””®® Membrane integrity of Caco-2 cells was not sig-
nificantly affected after treatment with Eudragit-CS NPs loaded
with GRKKRRQRRRP.** Liposome loaded hexapeptide RLSFNP
also displayed no cytotoxicity effect on Caco-2 cells.®

MPs loaded with decapeptide YLGYLEQLLR showed no
cytotoxicity effects either, with a cell viability of about 75-99%
after incubation with 0.1-5 ug mL™" of peptides on MPs solu-
tion.®* Thus there seems very little evidence that these types of
biopolymer-based NPs and MPs themselves have strong cyto-
toxic effects, pointing again to the advantage of basing delivery
vehicles based (mostly) on food-derived materials.

5 Summary — gastrointestinal
delivery vehicles for BAPs: challenges
and opportunities

Overall, BAP release from the various NPs and MPs studied so
far seems to be in the range 60-75% in simulated gastric fluid
(SGF) but higher in (e.g., 90%) in simulated intestinal fluid
(SIF). Obviously, these rates could be advantageous or disad-
vantageous depending on the actual desired site of action, but
a general positive aspect is that most vehicles seem to give sus-
tained (not burst) release in both SGF and SIF, e.g., typically
2 h in SGF and 4 h in SIF for full release. Food in the human
digestive system needs around 2-6 h for full digestion and
adsorption. Since more than half of encapsulated BAPs are
released under gastric conditions, this might give a chance for
pepsin to hydrolyse them and change their original amino
sequence before reaching intestinal brush border. Pepsin is an
enzyme that hydrolyses all peptide bonds between aromatic
amino acid residues."** Moreover, achieving even 90% release
of BAPs in the intestine does not guarantee their successful
arrival at target sites, because they encounter further chal-
lenges from other proteases such as trypsin, chymotrypsin,
carboxypeptidase A, elastase and carboxypeptidase B. Trypsin
predominantly cleaves peptide bonds involving the carboxyl
groups of arginine (R) or lysine (K)."** Chymotrypsin targets
peptide bonds formed by the carboxyl groups of Tyr (Y), Phe
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(F), Trp (W), and Leu (L)."*® Carboxypeptidase A selectively
cleaves C-terminal peptides, with increased hydrolysis rates
observed when the side-chain R is aromatic or branched ali-
phatic, such as +Phe (F), +Tyr (Y), +Trp (W), +Leu (L), or + Ile
(1)."*” Furthermore, additional proteases are secreted by the
brush border of the small intestine, including aminopepti-
dases and dipeptidases,”® potentially hydrolysing BAPs
further. Based on this review, CS and CS-ALG NPs seem to give
a prolonged release of BAPs under gastrointestinal conditions
(see Table 2) no matter whether or not the BAPs encapsulated
might be susceptible to any of the above enzymes. This bio-
polymer combination is therefore not particularly disrupted by
human gastric and intestinal enzymes and of course inher-
ently is not susceptible to protease action. One of core concept
of encapsulation for food application is protecting bioactives
during gastric digestion and release them on intestine at
certain specific rate (fast/sustained/control) to maximize
bioavailability."*®

A second critical challenge is creating encapsulation
vehicles in the appropriate size range. The pore size of the
mucus layer covering the epithelial cells in the intestine is
~150-200 nm, so sizes smaller than this are required to enable
vehicles to freely penetrate this layer. It seems challenging to
create biopolymer-based vehicles that have diameters less than
~200 nm that possess at least two or three biopolymer layers
surrounding the BAPs, which of course is partly a reflection of
the dimensions of the biopolymer molecules themselves. On
the other hand, partly synthetic Eudragit-CS NPs can have
sizes less than 60 nm,* whereas purely biopolymer-based NPs
seem to have the advantage of low toxicity. Thus, a balance
may have to be reached between the use of synthetic versus
natural biopolymers with regard to controlling and minimiz-
ing NP size and toxicity. NPs that are able to reach the intes-
tine and penetrate through the epithelial cell membrane must
undergo the nano-specific risk assessment stages as discussed
earlier. Mucosa-adhesive carriers, such as CS, ALG, or their
composite on the vehicle surfaces, not only augment the
absorption and delivery of particles within the mucosa but
also present attributes of biodegradability and minimal
toxicity.'**"3°

There seems to have been a limited number of studies that
have fully characterized BAP stability during gastrointestinal
simulation fluids and the consequent effects on the bio-
availability and bioactivity of any encapsulated BAPs, so that
much more work is required in this area. In particular, atten-
tion needs to be paid to the internal structure of the vehicles
and the location of the BAPs, plus the effects that this has on
BAP bioactivity. In this respect, there are opportunities for
further exploration of structures based on more than two bio-
polymer types, for instance, a third biopolymer (or other) type
of coating layer. For example, possible ALG/CS/ALG or CS/ALG/
CS combinations. Another potentially promising scenario is
using a lipid to protect the BAPs inside the biopolymer
layers.>® This creates steric hindrance so that the peptides are
prevented from diffusing into the outer aqueous biopolymer
layers.
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Most of previous studies used buffers during in vitro gastro-
intestinal simulation without added proteases nor other attri-
butes (e.g., bile salts, lipases) to mimic human gastrointestinal
digestion. Only a few studies have applied in vivo models.
However, given the elevated costs of in vivo digestion, in vitro
approaches are preferred. However, they are complicated to set
up and recapture the physiological context. Numerous studies
have documented the use of in vitro static and dynamic diges-
tion models. For examples, Chen et al.'*® developed a simple
model device to imitate dynamic physiological processes
within gastrointestinal tract in vitro. They examined the influ-
ence of gastric juice ratio, pH, fluid flow, and pepsin concen-
tration on peanut digestion. By this model, the parameters
that influence gastric digestion like digestion time, enzyme
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concentration, food to gastric juice ratio, shearing and hydro-
dynamic flow were controllable and adjustable easily. Kozu
et al.'*' developed the Gastric Digestion Simulator (GDS) for
in vitro gastric digestion, focusing on replicating peristalsis
effects. This device observes food disintegration and gastric
content changes. Using two tofu types as food models, it unra-
velled stomach digestion mechanisms. Egger et al.'** aimed to
standardize in vitro simulation protocols, emphasizing enzyme
presence. In vitro models, despite human studies being gold
standards, offer advantages like speed, cost-efficiency, ethics,
and scalability, especially for screening. They replicate oral,
gastric, small intestinal phases, and sometimes large intestinal
fermentation, controlling factors like enzymes, pH, duration,
and salts.”*' Some computer models simulate digestion dyna-

Table 3 Other important features on encapsulation of BAPs

BAPs payloads

Encapsulation materials

Remarks on essential characteristics

Ref.

AW

IPP

LKP

ECG

KPV

YKT

LQPE

VLPVP

RLSFNP

FCFWKTCT
YLGYLEQLLR

FSP microfibers

Chitosan nanoparticles

Chitosan nanoparticles

Chitosan/CD nanoparticles

Chitosan/ALG nanoparticles, and hyaluronic

acid (HA)-chitosan/ALG nanoparticles

Chitosan nanoparticles

Liposome coated Lactobacillus S-layer
protein (SLP)

Carboxymethylated gum/sodium ALG
microspheres
Liposome

Tetraether lipid liposomes
Guar film-coated chitosan MPs

GRKKRRQRRRP Eudragit (ET)-coated chitosan nanoparticles
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Stability: microfiber degraded slowly by low activity SGF until 24 h
(compared to after 30 min with higher amount of pepsin);
microfiber has low activity in SIF, only 50% (after 24 h) (compared
100% in the higher amount of pancreatin)

Cytotoxicity: IPP loaded CS NPs were tested on Caco-2 and HepG2
cell lines, and no significant decrease of cell viability was found
compared to negative control analysed by MTS viability assay.
Bioactivity: 84% (after encapsulation); 82% (controlled release)
Cytotoxicity: LKP loaded CS NPs were tested on Caco-2 and HepG2
cell lines, and no significant decrease of cell viability was found
compared to negative control analysed by MTS viability assay.
Bioactivity: 85% (after encapsulation); 83% (controlled release)
Absorption/Permeability: CS/a-CD: 1.42 times higher (on proximal
segment) and 1.3 times higher (on distal segment). CS/SBE-B-CD: 1.2
times higher (on proximal segment) and 1.8 higher (on distal
segment). All of these compared to unencapsulated tripeptide ECG
Absorption/Permeability: qualitative data shown that surface
functionalization with HA can promote the cellular uptake efficiency
of NPs by targeting cells. Bioactivity: HA-KPV-CS NPs can enhance
the healing of the wounded colonic epithelial layer. Cytotoxicity:
concentration 1 mg mL™" do not cause cellular death of Caco2-BBE
and IEC6 cell line over 72-80 h. Cell treated with HA-KPV-NPs had
significantly lower TNF-a mRNA expression levels compared with
those treated with KPV-NPs

Cytotoxicity: viability (control). 100%. (1) 0.1-2.5 mg mL ™"
62.72-79% (after 24 h); (2) 0.1-1.0 mg mL™": 34-38% (after 48 h).
Absorption/Permeability: all of the transhipment significantly
increased. Compared L-LQPE, L-LQPE coated by SLP significantly
increases the concentration of LQPE on the Basolateral side with
initial concentration of 2 and 6 mmol L™". Stability: LQPE Residue.
Intestinal juice: 74.5% (SLP-L-LQPE), 55% (L-QPE). Gastric juice:
68% (SLP-L-LQPE), 50% (L-LQPE).

Bioactivity: 48.2% (before encapsulation); 45.2% (after encapsulation)

Absorption/Permeability: both RLSFNP and RKSFNP liposomes
exhibited red fluorescence, indicating cellular uptake. The transport
of the hexapeptide RLSFNP in liposome increased significantly in
comparison to the peptide alone. Cytotoxicity: MTT Results indicated
that the RLSFNP display no cytotoxicity in Caco-2 Cells
Bioavailability:>750 pg mL™" in plasma, after 100 pg dosage
Absorption/Permeability: MPs loaded peptide in Caco-2/HT29-MTX:
permeability >70% (120 min) and ~50% (60 min). Peptide alone
<60% (120 min) and <30% (60 min). Cytotoxicity: cell viability
75-99% (MTT assay) (0-5 pg mL ™)

Cytotoxicity: membrane integrity of Caco-2 was not destroyed after
treatment with ES-Tat-cNPs and ET-cNPs. There were not toxic
toward Caco-2 cell using CCK8 assay (100% of cell viability after
treatment)
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mically,"** but many remain static."*> These approaches can
investigate bioactive compounds (e.g., BAPs) in particles or
functional food models.

All in all, much further work is required in order to opti-
mize encapsulation vehicles for BAPs that provide them with
adequate protection during gastrointestinal digestion yet,
provide adequate release characteristics that ensure the
required activity of the BAPs (Table 3).

Abbreviations

ACE Angiotensin converting enzyme
AFM Atomic force microscopy

ALG Alginate

AP Apical

BAPs Bioactive peptides

BL Basolateral

CCK-8 Cell counting Kkit-8

CD Cyclodextrin

Cs Chitosan

DA Degree of acetylation

DLS Dynamic light scattering
DPP-IV Dipeptidyl peptidase IV

DPPC Dipalmitoyl phosphatidylcholine

EE Encapsulation efficiency

EFSA European Food Safety Authority

EPC Egg phosphatidylcholine

ET Eudragit

GDS Gastric digestion simulator

GG Guar gum

HA Hyaluronic acid

HHL Hippuryl-t-histidyl-t-leucine

HPA Hippuric acid

MLVs Multilamellar vesicles

MPs Microparticles

MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide

NPs Nanoparticles

O-CMCS  O-carboxymethyl chitosan

o/w Oil-in-water emulsion

PDI Polydispersity index

PEGDA  Poly(ethylene glycol) diacrylate

PLA Poly(lactic acid)

PLGA Poly(lactide-co-glycolic acid)

PVA Polyvinyl alcohol

SA Sodium alginate

SANS Small angle neutron scattering
SAXS Small angle X-ray scattering
SBE-B-CD Sulphobutyl ether-p-cyclodextrin
SEM Scanning electron microscopy
SLP Lactobacillus S-layer protein
SGF Simulated gastric fluid

SIF Simulated intestinal fluid
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TEM Transmission electron microscopy
TPP Tripolyphosphate
w/o Water-in-oil emulsion
WPI Whey protein isolate
WST-1 Water-soluble tetrazolium
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