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Abstract

The delivery of peptides and proteins usually faces formulation development challenges attributed to the difficulties encoun-
tered in their stabilization. Nanoparticles offer an alternative to improve the physicochemical stability of such biomacro-
molecules, while increasing their bioavailability by overcoming biological absorption barriers. With this review, we aim to
discuss the stability problems of proteins and peptides that have driven the scientific community to find in nanotechnology a
valid alternative for oral administration of biomolecules. In addition, we describe the most commonly used nanoparticles for
this purpose (e.g., polymers such as polylactic acid, poly(lactic-co-glycolic acid), polycaprolactone, modified chitosan, and
lipids such as oil-in-water nanoemulsions, self-emulsified drug delivery systems, solid lipid nanoparticles, nanostructured
lipid carriers, liposomes, as well as hybrid systems like micelles), and we show some of the most important recent applica-
tions of these nanoparticles for the delivery of proteins and peptides, including for the treatment of diabetes, viruses (such

as HIV), cancer, as well as in the development of vaccines.
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Introduction

Peptides and proteins are becoming increasingly impor-
tant for the pharmaceutical market, especially because of
their safety profile and low side effects in comparison to
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conventional drugs, which may encounter toxicological
problems (Mahmood and Bernkop-Schniirch 2019). How-
ever, these macromolecules pose some stability challenges
when it comes to formulation development. For instance, the
gastrointestinal (GI) track, because of the stomach acidic pH
and the presence of pepsin, constitutes an initial obstacle;
then in the small and large intestine proteins and peptides
have to face some degradation enzymes, such as peptidases
and proteases (Smart et al. 2014). These biomolecules also
have a short half-time, because of their rapid renal clear-
ance from systemic circulation. For this reason, most of the
drugs based on peptides and proteins available on the mar-
ket are not for oral, but for injection, which is usually risky
and painful (Abdelhamid et al. 2020; Haddadzadegan et al.
2022). There are a few proteins and peptides that can be
orally administered (e.g., pancreatin, vancomycin, octreo-
tide, desmopressin and linaclotide), yet still showing a low
bioavailability (around 5% in conscious animals) (Smart
et al. 2014). On the other hand, the oral delivery is pre-
ferred both from patients and pharmaceutical technologists.
Therefore, technological designers have been motivated
to develop new delivery systems that could overcome the
biological barriers of biomolecules, and to find alternative
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routes of administration to avoid the parental one, especially
for chronic diseases situations (Duran-Lobato et al. 2021).

So far, the solution to these problems has been found
in nanotechnology. In fact, many teams of research have
devoted intense efforts to the study of nanoparticles for
proteins and peptides delivery (Durin-Lobato et al. 2021;
Haddadzadegan et al. 2022; Shahzadi et al. 2021; Zizzari
et al. 2021). Nanoparticles (NPs) are solid particles with
a size range between 1 and 100 nm, which, if dispersed in
an aqueous phase, get a colloidal behaviour (Zizzari et al.
2021). NPs can be made both of biodegradable polymers
(such as PLA, PLGA, polycaprolactone, modified chitosan)
and lipids (such as oil-in-water nanoemulsions, self-emulsi-
fied drug delivery systems (SEDDS), solid lipid nanoparti-
cles (SLN), nanostructured lipid carriers (NLC), liposomes,
micelles) (Blanco-Llamero et al. 2022; Haddadzadegan et al.
2022; Jain et al. 2013; Zielinska et al. 2020). An example
of polymeric NPs used to improve the drug bioavailability
through the intestinal route was patented by Gurny et al.
(2007), who showed an increase of solubility of compounds
in NP for oral administration. The authors used polymers
such as Eudragit® L and S, and cellulose derivatives
(hydroxypropyl methyl cellulose acetate succinate, hydroxy-
propyl methyl cellulose phthalate, cellulose acetate phtha-
late, and cellulose acetate trimellitate) in the development
of pharmaceutical formulations for poorly water-soluble
compounds (Gurny et al. 2007).

Lipid-based NP, on the other hand, are reported to be
superior over polymeric ones for many reasons. First, most
of the lipids and surfactants used for NP are listed in the
pharmacopeia and are approved by the US Food and Drug
Administration (FDA) for oral drug products (FDA 2022).
Second, they are made of biodegradable and biocompatible
materials, so that no toxicological risks are posed (Doktoro-
vova et al. 2016; Niu et al. 2016). Third, and most impor-
tant, they overcome the GI biological barrier that proteins
and peptides have to face in the oral delivery, namely, the
enzymatic degradation and the intestinal adsorption (Li et al.
2012). Moreover, lipids nanoparticles can overcome another
important biological barrier for proteins and peptides: the
intestinal epithelial barrier. This is possible because lipid NP
can interact with the cells of the intestinal epithelium (Chu
et al. 2023). This interaction can also be improved thanks
to a combination with permeation enhancers, such as bile
salts and fatty acids (Kommineni et al. 2023). Besides, lipids
are known to be absorption enhancers which altogether will
promote a synergistic effect towards improving oral bioavail-
ability of drugs (Preeti et al. 2023).

As mentioned above, lipid-based nanocarriers have
been used after the first cyclosporine formulation entered
the market in 1980s. Since then, nanoemulsions, SLN,
NLC and liposomes have been proposed for the oral
administration of proteins and peptides (Shahzadi et al.

@ Springer

2021). Despite that, it has been shown that formulations
with liquid lipids were not so functional because they have
a difficult control of peptide/protein release (Bernkop-
Schniirch and Jalil 2018). In contrast to liquid lipid formu-
lation, there are solid lipid formulation such as SLN and
NLC, which are obtained from lipids that melt above room
and body temperatures (Doktorovova et al. 2014). This
leads to a carrier with higher release control ability, thanks
the lower drug diffusion in the solid lipid structure (Meh-
nert and Méder 2012). To be more specific, SLN are com-
posed of solid lipids only, whereas NLC are made of both
solid and liquid lipids. The advantage of NLC over SLN is
that, during their storage, NLC do not have drug expulsion
problems caused by the crystallization and phase transition
of the solid lipid. An example of successful loading was
provided by Muntoni et al. (2021). The authors loaded
glargine insulin with sodium dodecyl sulfate (SDS) and
registered a decrease of blood glucose in induced diabetic
rats after NLC oral administration (Muntoni et al. 2021).
NLC and SLN however may also encounter some formu-
lation challenges because their excipients and surfactants
often degrade by gastrointestinal lipases. Also, the lipids
may have problems of lipolysis and consequent degrada-
tion of peptides and proteins that are loaded (Olbrich and
Miiller 1999).

With this review, we aim to discuss the stability prob-
lems of proteins and peptides that have driven the scien-
tific community to find in nanotechnology a valid alterna-
tive to improve the bioavailability of such biomolecules. In
addition, we describe the most common delivery systems
used, so far, for this purpose, and we show some of the
most important recent discovery about proteins and pep-
tides encapsulation into different types of nanoparticles.

Challenges Encountered in Peptides
and Proteins Stability

The challenges, that can compromise proteins and peptides
stability in vivo, depend on the administration route of the
drug. For example, a relatively new route of administration
is the nasal delivery. It has three mainly biological barri-
ers that have to be faced: first, there is a low surface area
available for the administration, therefore, only a limited
volume of drug can be used; second, the high sensitiv-
ity of nasal mucosa to irritation; and third, the clearance
mechanism of the mucociliary tissue (Duran-Lobato et al.
2021). Anyway, the most common, and troublesome, route
of administration is the oral one. The oral delivery is full
of biological barriers, due to the fact that, after the admin-
istration, the drug needs to cross the entire GI trait, which
is full of obstacles.
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Proteins and Peptides Stability Problems Through
the Gastrointestinal (GI) Tract

As mentioned above, when orally administered, therapeu-
tic proteins and peptides have to face numerous obstacles
throughout the GI trait. To be more specific, they face a pH-
dependent denaturation in the stomach, and an enzymatic
degradation and weak uptake in the intestine (Hashim et al.
2023). Regarding the intestine in general, small and large,
the most fearsome obstacle for peptides and proteins is to
cross the intestinal epithelium, specifically the apical mem-
brane of the intestinal epithelium. The problem is that pep-
tides and proteins are generally too large to penetrate the cell
membrane; the consequence is a low intestinal adsorption
(Fan et al. 2018). In addition, between epithelial cells there
are tight junctions, which are important seals that maintain
epithelial tissue barriers and cell polarity. Tight junction
obstacles the permeation of peptides and proteins through
the intestinal epithelium (Lundquist and Artursson 2016).

Gastric Stability

The stomach is the first barrier that proteins and peptides
have to face after the oral administration. The challenges
encountered by the biological drugs in this environment are
the acid pH caused by the gastric fluids, and the presence
of pepsin, a type of proteolytic enzymes (Caffarel-Salvador
et al. 2017). The acidic pH may lead to denaturation of pro-
teins and peptides structure and consequent loss of function,
because it alters the ionization of the amino acids in proteins
and peptides. In this way, the biomolecules lose their sec-
ondary and tertiary structure, especially the biggest ones.
Instead, pepsin causes a peptide structure degradation by
breaking peptide bonds between hydrophobic amino acids
(especially the aromatic ones) (Fig. 1). It can be deduced
that proteins and peptides with a simpler structure and less
hydrophobic amino acids are more stable in the stomach.
Therefore, it is possible to relate the stability to the size of
biomolecules: the smallest ones are more stable than the
biggest one, because their structure is less influenced by
the acid pH and pepsin (Smart et al. 2014). Peptides that
have some hydrophobic amino acids in their structure, but
a simple structure, such as vasoactive intestinal peptide, are

Fig. 1 Challenges in protein and
peptide stability under gastric

degraded by pepsin, but are more stable under acidic pH
(Cui et al. 2013).

Small Intestine Stability

The intestine is, together with the stomach, an important bar-
rier for proteins and peptides. In the small intestine, specifi-
cally, there are many different digestive enzymes that cause
the degradation of different compounds (Duran-Lobato et al.
2021). In the small intestine, there are mainly two types of
degradative enzymes, i.e., proteases and peptidases. They
both break the peptide bond in proteins and peptides, leading
to a structure degradation and loss of functionality. There is
also another specific case for proteins and peptides that con-
tain cysteine residues; these can be degraded by an exchange
reaction (thiol-disulfide) between these cysteine residues
and a reduced glutathione. Glutathione is an important
compound for the organism, taking part in the antioxidant
defence system. Glutathione can be oxidized or reduced in
order to protect proteins and peptides from the free radicals.
As in the stomach, also in the small intestine molecules with
a simple structure and a small size show improved stability,
because they have less enzyme cleavage sites. Similarly, pro-
teins have a better stability than large peptides, attributed to
the presence of a higher number of exposed peptides bonds
in the latter, which can easily be substrate of the digestive
enzymes. Proteins, due to their tertiary or quaternary struc-
ture, hide their peptide bonds from the enzymes. Anyway,
after oral administration, proteins lose their structure and
expose their peptide bonds, so a protective delivery system is
necessary for both peptides and proteins (Smart et al. 2014).

Large Intestine Stability

In the large intestine, the main mechanism of proteins and
peptides degradation is related to the presence of colonic
microbes (Hua et al. 2015). Their activity is dual; on one
side, they are responsible for the fermentation reaction
and, on the other side, they secrete proteases that degrade
biomolecules. Since fermentation is independent from the
molecular size, in the large intestine there is no association
between degradation and size (Smart et al. 2014). Com-
pared with small intestine degradation, the large intestine
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Fig.2 Main barriers for peptides and proteins encountered in oral
administration. Adapted from Lundquist and Artursson (2016)

degradation turned out to be lower, both in brushtail pos-
sums and rats (Tozaki et al. 1998; Wen et al. 2002).

Moreover, proteins and peptides also face a permeabil-
ity problem caused by the mucus barrier in the intestine
(Fig. 2). This is a protective barrier, which, via hydro-
phobic interaction, obstacles the intestinal penetration of
many compounds, among which there are also some drugs
that are immobilized in the mucus layer (Lundquist and
Artursson 2016). To overcome this barrier, it is necessary
to modify the delivery of drugs, for example using lipid or
polymeric nanoparticles, which have a mucus-penetrating
ability, especially if added with hydrophilic polymers,
such as polyethylene glycol (PEG), that increase the mucus
permeation (Zizzari et al. 2021). Insulin nanoparticles
made of a core composed of insulin and a cell penetrat-
ing peptide (CPP), and covered with 2-hydroxypropyl-
metacrylamide copolymer (pHPMA), were compared with
non-covered insulin (Shan et al. 2015). The covered one
showed a better in vitro cellular internalization, 20-fold
higher than the free insulin, due to the “mucus-inert”
pHPMA and the increased absorption mediated by CPP.
In addition, the authors evaluated the hypoglycaemic effect
by in vivo oral administration of NPs on diabetic rats, and
obtained a maximal blood glucose level reduction of 50%,
in contrast with a non-reduction when free insulin was
oral administered. A polymeric cover together with a cell
penetrating peptide were shown to be able to avoid the
intestinal mucus and epithelial barriers (Shan et al. 2015).

The effect of intestinal mucus layer on the absorption
and bioavailability of orally administered drugs has been
thoroughly studied by Haddadzadegan et al. (2023). The
authors evaluated the effect of thiolated cyclodextrins in
increasing the mucoadhesion through the intestinal route
and thus their potential use to increase drug bioavaila-
bility. The study reported that protecting free sulfhydryl
groups of the complexes, improved not only mucoadhesive
strength but also their mucosal diffusion attributed to the
reduced reactivity of thiol moieties (Haddadzadegan et al.
2023).

@ Springer

To improve the permeation, it is also possible to use
specific surfactants, which works as permeation enhancers.
Together with permeation enhancers and nanocarriers for-
mulation, there is also another strategy that can be used to
overcome the stability problems in the intestine: the cycliza-
tion of linear peptides (Zizzari et al. 2021). One example is
desmopressin, which was obtained from cyclization of the
peptide on a resin (Srivastava 2011).

Stabilization of Peptides and Proteins
in Nanoparticles and Hydrophobic lon Pairing

In the process of proteins and peptides loading into a nano-
carrier, some technological problems may occur. In case of
lipid nanoparticles, the main problem is related to the weak
lipophilic character of the biological drug. In order to have
a successful incorporation, the lipophilic character of pro-
teins and peptides need to be enhanced. To do this there are
some possibilities of chemical modification, namely, revers-
ible aqueous lipidization, cyclization and bond formation
between proteins or peptides and fatty acids (through an
amide or ester bond). However, the best way to do that is
the hydrophobic ion pairing (HIP) (Haddadzadegan et al.
2022). One of the reasons why this approach is better than
the others, is the regulatory aspects: HIP does not modify
any covalent bond of the starting molecules (Fig. 3), so
the complexes obtained in this way do not need a full FDA
approval, which is the opposite for the prodrugs approaches
that require a full FDA authorisation (Pinkerton et al. 2013;
Stella 2010).

HIP is, in general, a strategy used to incorporate charged
hydrophilic molecules into hydrophobic complexes. In the
specific and most common case of peptides and proteins
loading into delivery systems, these small biological hydro-
philic molecules interact with an oppositely charged coun-
terion. The counterion is made of different domains, among
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Fig.3 Schematic representation of hydrophobic ion pairing mecha-
nism
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which at least one is hydrophobic (for example an alkyl tail
or an aromatic ring). Since they are molecules with both an
hydrophilic and a lipophilic domain, surfactants are usually
employed as counterions, because they have this amphi-
philic chemical structure described above (Ristroph and
Prud’homme 2019). An example is provided by arginine
derivates surfactants, namely Arg-diosgenyl ester (ADE)
and Arg-cholesteryl ester (ACE), which resulted safe and
efficient for HIP with insulin, compared to 1,2-Dioleoyl-
3-trimethylammonium propane (DOTAP), a non-degradable
cationic surfactant used as a reference (Matteo Jorgensen
et al. 2023). The complex formed in this way has a higher
lipophilic character than the starting molecules, therefore,
during the NP formulation, they can be dissolved into the
lipophilic phase (Griesser et al. 2017). The lipophilic char-
acter is improved because of two reasons: firstly because
the hydrophobic domain of the counterion covers the hydro-
philic character of the starting molecules; secondly because
the complex with the counterion disguises the original
charge of the molecule, so it has a decrease in its aqueous
solvent solubility (Ristroph and Prud’homme 2019). The
ionic complexation between the original molecules and the
counterions is possible because of the presence in proteins
and peptides of anions on the C-terminal carbonic acid (as
in glutamic acid and aspartic acid), and cations on the N-ter-
minal primary amine (as in lysine and arginine). In order to
have a successful ionic interaction, both the peptides/pro-
teins and counterion have to be sufficiently charged. To do
that, it is necessary to control the pH of the medium: it has
to be at least two steps above or below the isoelectric point
of the peptide or protein to have a noticeable, respectively,
anionic or cation charge. Surfactants can either be charged
depending on the pH, or they can be always ionized if they
have a strong anionic or cationic permanent charge (for
example, sulfates, sulfonates and quaternary ammonium).
Anionic counterions commonly used for peptides and pro-
teins are cholic acid, decanoic acid, oleic acid, pamoic acid.
As cationic counterions arginine-based surfactants, chitosan,
cetyltrimethylammonium bromide (CTAB), triethylamine
(TEA) are often used (Ristroph and Prud’homme 2019).
After the administration, when the therapeutic peptides
or proteins are released from the carrier, the lipophilic char-
acter gained with the HIP is lost: this is because, after the
release from the NP, the original molecules and the coun-
terions untie themselves and the original compounds are
regenerated. The complex separation is due to the coun-
terions competition with salts or a changing in the pH of
the medium that cause the loss of the anionic or cationic
charge. The re-complexation is impossible because both
charged molecules are surrounded by the medium, which
has a strong ionic character. At this point, the regenerated
proteins or peptides are too hydrophilic to stick with the
NP and will partition in the bulk; instead, the counterion

can either stick to the NP or not, depending on its structure.
This pH-dependent release can be useful for drug delivery
and targeting to endosomes, tumors, or different traits of
intestine (Ristroph and Prud’homme 2019).

Nanoparticles Used for Loading of Peptides
and Proteins

The use of transport systems helps protect peptides and pro-
teins from environmental conditions, reduces the immune
response, and facilitates reaching the target site, thus they
improve biocompatibility and efficacy. The most widely
used transport systems to carry proteins and peptides are
oil-in-water nanoemulsions, self-emulsifying drug delivery
systems (SEDDS), solid lipid nanoparticles (SLN), nano-
structure lipid carriers (NLC), liposomes and micelles,
also due to the fact that they are administered orally, which
clinically has the highest compliance (Griesser et al. 2017,
Haddadzadegan et al. 2022).

With the formation of hydrophobic ion pairs (HIP), the
hydrophilic character of the proteins and peptides to be
loaded into the system drops dramatically, while their lipid
properties increase, so it will be possible to load them into
the lipid phase of transport systems (Griesser et al. 2017).
Saleh et al. (2023) provided a recent example of peptide anti-
biotic (polymyxin B) polyphosphate nanoparticles (PMB-
PP-NPs) formulated applying the ionic gelation technique:
the PMB-PP-NPs showed protection against the enzymatic
degradation of the peptide, resulting in an increased adsorp-
tion through the mucus gel layer due to the zwitterionic
surface of the NPs, and an efficient release of the drug at
the target epithelium thanks to an IAP-dependent cleavage
of polyphosphate (Saleh et al. 2023). Encouraging results
come also from a study, in which NPs are formulated based
on polysaccharides: the study reported positive data about
improved orally administered proteins/peptides bioavail-
ability, improved proteins/peptides stability, and increased
mucus barrier overcome and intestinal permeability (Yuan
et al. 2023).

Self-Emulsifying Drug Delivery Systems

Self-emulsifying drug delivery systems (SEDDS) are sys-
tems that are easy to produce, the reason why they are pre-
ferred by the pharmaceutical industry (Kubackova et al.
2021). SEDDS are defined as mixtures of oils, surfactants,
solvents and optionally co-solvents/surfactants that form
nano-scaled oil-in-water (o/w) emulsions when they come
into contact with an aqueous medium (Leonaviciute and
Bernkop-Schniirch 2015). By combining HIP and SEDDS
for oral administration of therapeutic peptides, some studies
have shown an increase in bioavailability ranging from 5 to
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25% (Friedl et al. 2021). Several studies have also shown
that SEDDS can be an attractive way to deliver proteins
and peptides since they protect the biomolecules from pre-
systemic metabolism and facilitate permeation through the
intestinal mucosa (Leonaviciute and Bernkop-Schniirch
2015). In fact, the use of these lipidic delivery systems, pro-
tects the proteins from attack by gastrointestinal peptidases,
glutathione, and digestion proteins that are too hydrophilic
to interact with the lipophilic surface: thus, peptides are
protected from enzymatic degradation. In addition, to limit
attack by lipases, excipients, that are poorly degraded by
these enzymes, can be used. The nanocarriers that showed
the best permeation properties through mucous membranes
are those with size <200 nm and muco-inert surface (PEG or
zwitterionic surface). Moreover, once they reach the under-
lying membrane, nanocarriers are able to induce endocy-
tosis, transcytosis or fuse with cell membranes and release
their contents into the circulatory stream (Haddadzadegan
et al. 2022). SEDDS have also been tested to find an answer
to a new challenge, i.e., the delivery of vaccines by the oral
route. In one of the studies conducted by Lupo et al. (2019),
bovine serum albumin was considered as the model antigen
to be loaded into the system, while Salmonella minnesota
lipid A (MPLA) and squalene were used as adjuvants in the
formulation, obtaining two different formulations SEDDS-
BSA-MPLA and SEDDS-BSA-squalene. The formulation
with MPLA elicited the best systemic and mucosal immune
response (Lupo et al. 2019).

Lipid Nanoparticles

Solid lipid nanoparticles (SLN) are nanoparticles consisting
of solid lipids, surfactants and cosurfactants in some cases,
while nanostructured lipid nanoparticles (NLC) are nanopar-
ticles consisting of both solid and liquid lipids (in the inner
core). Protein-loaded SLN and NLC can be prepared through
different techniques that are capable of avoiding modify-
ing or damaging the peptide structures. The peptide con-
tent is complexed with HIP and dissolved in an appropriate
solvent or fused with lipids and added during preparation.
The techniques used can be high-pressure homogenization
techniques, solvent emulsion-evaporation, solvent emulsion-
diffusion, and microemulsion (Hu et al. 2004). The choice
depends on the thermal stability of the proteins being car-
ried and the desired final characteristics of the nanoparticles,
which will be characterized based on size distribution, zeta
potential, drug release, stability, ability to permeate through
membranes, as well as efficacy (Almeida and Souto 2007,
Uner 2006).

Since SLN and NLC are solid even after oral adminis-
tration, they are more stable at the GI tract protecting the
peptides from enzymatic attack (Almeida and Souto 2007;
Muller et al. 2006). In addition, the solid nature of these
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carriers is useful in limiting the release of the contents into
the GI fluids. However, the solid nature is a disadvantage
once they reach the membrane since they cannot cross the
epithelial barrier and they cannot reach the systemic cir-
culation. Hu et al. (2016) showed that SLNs can strongly
interact with intestinal epithelial cells. Furthermore, some
studies have shown that the role of surfactants is central in
ensuring resistance to lipid hydrolysis. Indeed, NLC ester-
free and with PEG-ether on the surface do not undergo any
hydrolysis, whereas those with PG-ester and PEG-ester do
(Shahzadi et al. 2021).

Liposomes

Liposomes are spherical colloidal particles consisting of
one (or more) phospholipid bilayers arranged to form a
vesicle-like structure. They can be made up of natural or
synthetic phospholipids, and due to both the hydrophobic
(heads) and hydrophilic (tails) nature of phospholipids,
liposomes are capable of encapsulating compounds that
are hydrophilic in nature within the aqueous reservoir and
lipophilic in nature within the bilayer (Pudlarz and Sze-
mraj 2018; Suntres 2011; Teixeira et al. 2017). In fact,
hydrophilic peptides will be carried within the aqueous
core, while lipophilic HIP will be carried within the phos-
pholipid bilayer; moreover, peptides or HIP can be linked
to the nanoparticles’ surface. It is referred to as colloidal
solution because the liposomes approved in therapy are
between 50 and 300 nm in size (Kraft et al. 2014).

To ensure protection of peptides from enzymatic degra-
dation, it is essential to prevent lipolysis of the phospho-
lipids that make up the wall. For this they can be replaced
from tetraether lipids (TELs). To ensure efficacy by oral
administration, it is necessary to increase stability in the
GI tract, prevent protease action, and improve permea-
tion through the mucosa. For this purpose, some studies
described the formulation of surface-modified liposomes
coated with mucoadhesive polymers e.g., chitosan (which
increases stability and improves permeability) and also
adding a protease inhibitor (aprotinin). In addition, sur-
face PEGylation also increases the bioavailability of orally
administered liposomes (Werle and Takeuchi 2009).

The permeation through biological membranes is
increased due to the HIP formation. Authors therefore
concluded that liposomes are only suitable for protecting
peptides and proteins if they are coated with polymers
such as chitosan or if they incorporate other agents such
as bile salts (that increase its cellular uptake), so their
protective effect is low. They are also produced through
techniques that are more difficult to standardize than those
of other lipid-based nanocarriers such as SEDDS (Song
et al. 2005).
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Micelles

Micelles are colloidal systems formed by self-assembly of
amphiphilic molecules, constituting delivery systems for
drugs and macromolecules that, in this way, are protected
in their chemical and physical stability. Thus, micelles con-
sist of a hydrophobic central zone and the hydrophilic sur-
face portion: they are made of amphiphilic block polymers
such as polyoxyethylene, polyethylene glycol, polyvinylpyr-
rolidone, and hydrophobic materials, such as polylactic
acid, methyl methacrylate, polystyrene, polypropylene, etc.
(Ommura et al. 2020).

By encapsulating amphiphilic peptides in micelles, aggre-
gation can be avoided. Also, by associating PEG with mem-
brane phospholipids, they can be sterically stabilized and
form self-assembling Sterically Stabilized Micelles (SSM)
(Cholkar et al. 2012). In addition, encapsulation of peptides
in PEGylated micelles allows interaction between PEGs and
the peptide that induces a conformational change in the pep-
tide that assumes the more stable alpha-helical structure.

In addition, polymeric micelles ranging in size from 100
to 200 nm have also been tested for peptide delivery. For
example, studies have shown that insulin-loaded polymeric
micelles allowed effective uptake in liver cell lines and intes-
tinal epithelium (Bahman et al. 2020); also other experi-
ments conducted on rats, showed a reduction in blood glu-
cose levels, after the administration of micelles containing
insulin. As for the liposomes, however, micelles are effec-
tive in protecting peptides and proteins only when efficiently
conjugated with auxiliary agents (Katsuda et al. 2010).

Biomedical Applications

Proteins and Peptides-Loaded Delivery Systems
for Diabetes

Diabetes is a chronic condition classified into type 1 diabetes
(autoimmune) and type 2 diabetes (insulin-resistant). In type
1 diabetes, patients lose the ability to secrete insulin and
external administration is therefore necessary. Whereas, in
type 2 diabetes, although insulin is produced, the receptors
are insensitive. The early stages of type 2 diabetes are treated
through behavioural therapy (exercise and diet) and through
oral medications, such as metformin and alpha-glucosidase
inhibitors (Souto et al. 2011). In the later stages, however,
insulin injections are the only effective therapy (Wang et al.
2022). Diabetes is one of the 10 diseases that threaten world
health the most, and is one of the fastest growing diseases in
terms of patient numbers: 4.6 million people die each year
from this disease (Bennett 2018).

Currently, the FDA has approved about 100 types of insu-
lin-containing drugs. However, they are all intended to be

administered by injection, which, in addition to having side
effects such as erythema, abscesses, lipoatrophy or hyper-
trophy at the injection site and hypoglycemic reactions, is an
invasive route of administration that has low patient compli-
ance (Richardson and Kerr 2003).

In order to reduce the pain of injections and to promote
greater therapeutic compliance, one of the aims of research-
ers in this regard has been to propose new routes of adminis-
tration, such as sublingual, pulmonary, transocular and rectal
(Fangueiro et al. 2013; Souto et al., 2019). However, the
safest and most patient-accepted route is certainly the oral
route, for which no hypoglycaemic or local reactions are
observed (Wang et al. 2022).

However, the bioavailability of oral insulin is less than 2%
due to many obstacles such as its hydrophilicity, poor stabil-
ity, high molecular weight, and low tolerance to the action
of proteases (Fig. 4). It also struggles to pass the membrane
of the GI tract. For this reason, formulations with enzyme
inhibitors, permeation enhancers and pH regulators were
initially attempted, however, the safety and efficacy of these
products was uncertain (Eldor et al. 2013). To date, the for-
mulation of different delivery nanosystems has improved the
oral bioavailability of insulin (Fangueiro et al. 2013).

Delivery nanosystems are produced through various tech-
niques that lead to the formation of nanoparticles of dif-
ferent types, such as nanoliposomes, polymeric micelles,
nanocapsules, nanospheres and microemulsions (Zhao et al.
2017). These delivery systems are able to improve drug bio-
availability and half-life due to their characteristics such as
small size, strong adhesion and easy crossing of mucous
membranes and entry into cells, resistance to gastric juices
and digestive enzymes.

A variety of pH responsive, biodegradable, biocom-
patible, and easy-to-synthesize materials are used for the
formulation of nanocarriers. Both natural polymers (such
as chitosan, sodium alginate, hyaluronic acid, and bile
acids) and synthetics (such as PLA, PLGA, PCL) are used.

Poor stability High molecular

weight
Presystemic )
enzymatic / N Hydrophilicity
degradation Obstacles to ‘
oral
administration
of insulin

Fig.4 The low bioavailability of oral insulin
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Inorganic materials are also used mixed with organic mate-
rials (Ahmad et al. 2017; Kecman et al. 2020; Wang et al.
2022).

Various studies conducted in the laboratory confirm that
nanosystems make numerous improvements in resistance
to gastric juices, absorption through the intestinal mucosa,
and drug bioavailability. However, many questions remain
about the safety of the nanomaterials when administered in
the clinic, the sub-optimal in vivo bioavailability and about
safe and reproducible preparation processes.

Various nanocarriers have been produced to deliver insu-
lin, such as liposomal nanoparticles, nanocapsules and nano-
spheres, nanogels and inorganic/organic nanohybrids.

Liposomes, as defined above, have advantages such as
low toxicity, high biocompatibility, and reproducibility.
They are also able to accumulate in some preferential organs
such as liver, spleen and lungs, reducing toxicity in the heart
and kidneys. Wang et al. (2022) (Wang et al. 2022) formu-
lated cationic liposomes by thin film hydration technique
and using egg yolk lecithin (EPC), cholesterol, and the cati-
onic lipid DOTAP as carrier materials. In addition, bovine
serum albumin has been inserted on the surface to make the
charge of the system neutral and increase the hydrophilic-
ity of the surface in order to facilitate the crossing of the
epithelia. It has been shown that insulin in this formulation
had a greater bioavailability than free insulin, and its abil-
ity to cross barriers increased by about 3 to 8 times. Other
studies conducted on uncapped positive-charged liposomal
nanoparticle (IPUL-CST) with a particle size of approxi-
mately 200 nm and then encapsulated with a chondroitin
sulfate-taurocholic acid coupling (CST) recorded a 34%
increase in protein bioavailability. In addition, the experi-
ment is the first demonstration of an insulin delivery system
from which insulin is released by direct activation by post-
prandial glucose increase in the intestine (Kim et al. 2018;
Yu et al. 2019).

Increased membrane permeation has also been demon-
strated in the case of insulin-loaded chitosan nanoparticles.
These nanoparticles were made by ionic gelation method
using tripolyphosphate sodium (TPP) or poly (acrylic acid)
(PAA) (Sharma et al. 2015). In addition, these nanoparti-
cles have made it possible to prolong the residence time
of insulin in the intestine and to increase permeation via
the paracellular pathway in the bloodstream. This is a great
advantage since the biggest limitation of hydrophilic mac-
romolecules, such as insulin, is their inability to cross the
intestinal epithelium. This is possible due to the proper-
ties of chitosan, which is a cationic linear polysaccharide
consisting of p-(1-4)-linked p-glucosamine and N-acetyl-
D-glucosamine (Sharma et al. 2015). Chitosan acts as
a permeation enhancer, in fact it is able to adhere to the
mucous membranes and transiently loosen the tight junc-
tions between epithelial cells, allowing a significant increase
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in paracellular absorption. Chitosan regulates the expres-
sion of claudin-4 (transmembrane protein responsible for
the integrity of tight junctions), in particular chitosan causes
the redistribution of claudin-4 from the membrane to the
cytoplasm where it is digested by lysosomes, thus weaken-
ing the junction. Cui et al. (2009) improved oral bioavail-
ability by encapsulating insulin in the shell of pH sensitive
carboxylated chitosan grafted poly (methyl methacrylated)
nanoparticles. In this way a slow release at pH 2 of the stom-
ach is obtained, while a faster release occurs at intestinal pH.
Chitosan derivatives have also been introduced to improve
water solubility, adhesion properties and permeability at
neutral pH. However, it must be considered that chitosan
shows a certain toxicity for the GI tract as it opens the tight
junctions and allows the passage into circulation even of
potentially harmful substances (Wang et al. 2022).

The oral insulin delivery was also proposed by the use
of PEG-coated silica nanoparticles. Andreani et al. (2014)
described a sol—gel technology for the production of silica
nanoparticles followed by the coating with PEG. Everted rat
intestine was used as the in vitro model to assess permeation
profile. The authors concluded that the release of insulin is
less prone to be influenced by the molecular weight of PEG,
but rather to its affinity to silanol groups at silica surface.
The released insulin kept its conformational changes under
gastrointestinal simulated conditions.

Some researchers have also formulated micelles consist-
ing of pH-sensitive cationic polymers. These core—shell
structures self-assemble in aqueous medium and are able
to prevent burst release of insulin at gastric pH (allowing a
controlled release), but also promote adhesion and increase
residence time in the gut (Wang et al. 2022). The formu-
lated micelles have a hydrophobic core consisting of methyl
methacrylate and methacrylic acid, while the hydrophilic
and pH-sensitive surface consists of poly (2-aminoethyl
methacrylate) (PAEMA). The PAEMA surface provides
stability to the formulation by protecting the surface: amine
residues fully protonate to the acidic pH of the stomach,
conferring positive charge to the surface, which thus adheres
better to mucous membranes, and improves bioavailability
and membrane permeability by loosening tight junctions.

Other types of polymeric micelles have also been formu-
lated by Han et al. (2020) who tried to mimic the surface
characteristics of chlamydia virus to achieve its same ability
to move in mucus. These micelles, consisting of an ampho-
teric betaine polymer conjugated to 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine (DSPE), showed an increase in
insulin bioavailability by proton-assisted amino acid trans-
porter 1 (PAT1). In fact, in vitro experiments demonstrated
a marked increase in the uptake of amphoteric cyclins in the
Caco-2 cell line that over-expresses PAT1, while the entry of
micelles into cells is inhibited by the receptor substrate. An
increase in retention time in the intestine was also observed
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for these micelles; animal studies showed a 42.6 percent
increase of bioavailability. In general, polymeric monolayer
micelles have smaller size and greater ability to permeate the
cells of the intestinal epithelium than liposomes, although
the drug loading capacity in micelles is lower. Micelles are
of interest in controlling postprandial glucose levels because
of their high release rate and responsive release capability
(Wang et al. 2022).

One of the nanocarrier models for delivering insulin
orally are also PLGA nanoparticles. PLGA is a synthetic
biodegradable polymer approved by the FDA for drug
delivery; studies have shown hydrophobic and hydrophilic
interactions with insulin. The most encouraging results were
obtained from the formulation of PLGA particles contain-
ing insulin and then embedded in a PVA hydrogels (Liu
et al. 2007). Particles so formulated in the system showed
a reduction in the rate of insulin release and in the total
amount of drug released. Further modifying the surface of
the nanoparticles with chitosan results in a better ability to
interact with cell membranes and a consequent increase in
endocytosis. This effect is due to the fact that chitosan as a
polycationic polymer masks the negative surface of PLGA.
PLGA nanoparticles and chitosan showed good bioadhesion
and bioavailability. A complex of PLGA-insulin-sodium
oleate (anionic surfactant that improves the liposolubility
of the protein) prepared through emulsion solvent diffusion
when administered in vivo to diabetic rats decreased glucose
levels by 23.85% after 12 h and the effect was maintained for
24 h (Sun et al. 2010). These results are promising because
they open the possibility to the treatment of diabetes with
only one oral dose per day (Jain et al. 2012).

One of the objectives is also to obtain a release of insulin
proportional to the amount of glucose in the blood, to have
a more precise control and avoid hypoglycemic crises. To
achieve this, studies were conducted on glucose-sensitive
and glucose-responsive nanomaterials. An example was the
formulation of a reverse microemulsion of dextran nanopar-
ticles and Concanavalin A (Con A), that is a tetrafunctional
glucose-binding protein. When in contact with free glucose,
Con A releases polymer glucose and binds other free glu-
cose, causing the system to disintegrate and insulin to be
released (Sharma et al. 2015).

The oral administration of lectin-modified, insulin-loaded
SLN was shown to reduce enzyme degradation and increase
oral absorption (Zhang et al. 2006). Lectins are a class of
proteins with adhesive properties for various carbohydrates
and since lipids and proteins lining the intestinal epithelium
are often glycosylated, lectins are responsible for increas-
ing SLN adhesion and uptake. The hypoglycaemic effect of
insulin-containing SLN synthesized by the solvent emul-
sification evaporation method was studied for 24 h and it
was concluded that SLN increase oral insulin absorption
(Sarmento et al. 2007). Other studies have shown that the

uptake in the Caco-2 cell line of insulin-SLN modified with
octaarginine is 18.44 times greater than with insulin solu-
tion. Other studies have formulated chitosan-coated SLN
that have shown the ability not to be internalized in mac-
rophages and escape phagocytosis. Lipid materials were
also tested as constituents of SLN and the best in terms of
hydrophobicity, drug availability was glyceryl palmitostea-
rate. SLN have improved bioavailability, have high toler-
ability and low toxicity, are easy to produce on a large scale,
are biodegradable. However, they have a low encapsulation
capacity, low half-life and poor physical stability (Wang
et al. 2022). An innovative technology has been tested by
Chu et al. (2023), who formulated an in situ rearranged
lipid nanoparticle encoding insulin for oral administration:
insulin was solubilized in lipids via reverse micelles with
the addition of functional components (chitosan, sodium
deoxycholate and sulfobetaine). The lipid NP has been tested
for insulin capacity, mucus and intestinal penetration, and
in vivo absorption mechanism. The activity and structure of
insulin don’t change during the preparation process, so the
protein is stable, the mucus penetration and the epithelial
cell crossing are improved, leading to a pharmacological
insulin bioavailability increased till 13.7% in diabetic rats.

These data are interesting starting points for oral insulin
administration, but further studies will be needed to arrive at
an effective, stable and safe formulation in vivo. Examples
of nanocarriers for the loading of insulin and main outcomes
are listed in Table 1.

To date, the research on oral insulin administration is
running fast both with nanodelivery system and without.
For example, a phase 3 clinical trial (NCT02954601) to
assess the safety and efficacy of multiple doses of oral
insulin (ORMD-0801) in subjects with type 2 diabetes is
currently being evaluated. This phase 3 follows the posi-
tive results of the phase 2, in which a total of 373 subjects
with glycated haemoglobin level > 7.5% were randomized
to receive either placebo or ORMD-0801 at doses of 8 mg
or 16 mg once or twice a day, or 32 mg once, twice or 3
times a day over 12-week period. Reduction in glycated
haemoglobin levels, compared to placebo, were observed
with 8 mg once and twice a day, and 32 mg once and twice
a day, while no results were obtained with 16 mg once and
twice a day. ORMD-0801 resulted safe and well tolerated,
with no significant adverse events, in the same phase 2 trial
(Eldor et al. 2023). Moreover, an oral treatment has been
recently approved by FDA (NDA: 213,182) with the name of
Rybelsus®: tablets composed of oral semaglutide co-formu-
late with the adsorption enhancer sodium N-(8-[2-hydroxy-
benzoyl] amino) caprylate (SNAC). Semaglutide is a GLP-1
(glucagon-like petide-1) analog, so it promotes insulin secre-
tion in a glucose concentration-depended manner, so it has
a hypoglycemic effect. Rybelsus® is the first GLP-1 recep-
tor agonist to be approved for oral administration, and it is
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Table 1 Examples of studies describing the loading of insulin in nanocarriers

Type of nanocarrier Surface functionalization

Results References

Cationic liposomes Bovine serum albumin

Uncapped positive-charged liposomal
NPs
Poly (methyl methacrylate) NPs

Betaine polymeric micelles DSPE

PLGA NPs -

In situ rearranged lipid NPs
fobetaine

Chondroitin-sulfate taurocholic acid

pH sensitive carboxylate chitosan

Chitosan, sodium deoxycholate, sul-

Increased epithelial permeability from
3t08

Increased bioavailability (34%)

Wang et al. (2022)

Kim et al. (2018);
Yu et al. (2019)

Clui et al. (2009)
Han et al. (2020)

Improved oral bioavailability

Improved insulin bioavailability
(42.6%)

Decrease in glucose levels of 23.8% in
12h

Increased insulin bioavailability
(13.7%) in diabetic rats

Sun et al. (2010)

Chu et al. (2023)

efficient in patients with type 2 diabetes at various stages,
either in monotherapy or in combination with other treat-
ments (Miyasaka 2022).

Proteins and Peptides-Loaded Delivery Systems
for Cancer

Despite the latest advancements towards the use of nano-
medicines for the treatment of cancer (e.g., liposomal iri-
notecan, liposomal daunorubicin), some risk of toxicity and
adverse effects still exists (van der Meel et al. 2019). That
is why it is becoming necessary to develop new anti-cancer
drugs with a higher efficacy/toxicity ratio. Among these new
therapies, protein-based drugs are becoming increasingly
popular, and, in particular, monoclonal antibodies (mAb)
are emerging more than other proteins (Zielinska et al.
2023). The reason why they have been studied for so long is
mainly because they can directly target cancer cells. Moreo-
ver, they can be receptors antagonist and inhibitors, and they
can induce immune-related cell death in the cancerogenic
tissue (Duran-Lobato et al. 2021). As mentioned above, pro-
teins and peptides have many stability problems, when orally
administered. That is why nanomedicine has emerged to face
this problems, with significantly positive results for the anti-
cancer therapy (Peer et al. 2007; van der Meel et al. 2019).
In preclinical studies, in facts, nanomedicine has shown an

increasing inhibition of tumoral growth compared with non-
formulated drugs (van der Meel et al. 2019).

The formulation of nanocarriers is not always simple and
may have some difficulty: for example, nanocarriers may
go through an excessive alteration when get in contact with
blood stream, and this could lead the loss of targeting ability
and could induce an immune reaction against the biologi-
cal drug inside the nanoparticle (Duran-Lobato et al. 2021).
The solution to this problem may be the addition of PEG or
other targeting ligands on the nanocarrier surface, so there
are higher possibilities for the drug-loaded nanoparticles to
reach the target (Cao et al. 2020).

So far, many clinical and preclinical studies have pro-
vided efficient results of nanomedicine for cancer therapy
application, showing a tumor growth inhibition and raising
the life time of patients (Igbal et al. 2021). Some examples
are listed in Table 2.

Fu et al. (2022) showed an efficient result of a nano-
encapsuled protein for cancer therapy. They encapsulated
a tetra-guanidinium (TG)-modified saporin, into tumor
microenvironment (TME) pH-responsive polymeric NP.
The formulation was administered and, after entering the
systemic circulation, reached the tumor site. Here two dif-
ferent mechanism have been described: a pH of 6.5 provide
the NP degradation and consequent protein release and
penetration in the cancerogenic tissue with the aid of TG;

Table 2 Examples of studies describing the loading of proteins/peptides in nanocarriers against cancer

Protein/peptide Delivery system Type of tumor

Results

References

Tetra-guanidinium-
modified saporin

pH-responsive polymeric NPs Lung cancer

Saporin TME pH-responsive Breast cancer
PEGylated polymer

(PPMEMA)

Granzyme B, GALA Platelet delivery platform Post-surgical
tumor recur-

rence

In vitro increase of cancer cells death, in vivo reduc-

Prevention of tumor recurrence after tumor surgical

Decrease of lung cancer cell growth in vivo and

in vitro
Shen et al. (2021)
tion of tumor size increasing

Fan et al. (2022)
resection
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some other proteins enter the cells by NPs endocytosis.
The results showed an effective cytosolic delivery, and an
excellent concentration-depending tumor inhibition at pH
6.5 (IC50=5.8 nM), so a decrease of lung cancer cells
growth both in vitro and in vivo was efficiently performed.
A similar TME pH-responsive polymeric NP loaded with
saporin has shown an inhibition effect on breast cancer
cells. A robust NP platform has been formulated with a
TME pH-responsive PEGylated polymer (PPMEMA) and
an amphiphilic cationic lipid-like compound (denoted as
GO0-C14), which form a complex with the saporin inside
the NP. When the system reaches the TME, the pH induces
the NP dissociation and exposure of protein/G0-C14 com-
plex: in this way the saporin can induce cell apoptosis
and the GO-C14 improves the endosomal escape of the
internalized protein. The results showed a 60% of loaded
saporin release from NP in 8 h at pH 6.8; an in vitro tumor
cell death rate of ~50% (IC50=12.8 nM) after 24 h of NP
treatment at saporin concentration of 10 nM on human
breast cancer cells; and an in vivo reduction of tumor
size increasing after 16 days of NP intravenous injec-
tion in tumor-bearing nude mice (Shen et al. 2021). Fan
et al. (2022) formulated a platelet delivery platform to
intracellular carry protein in post-surgical tumor recur-
rence. To be more specific, they first assembled a pro-
tein “backpack”, which is a nanogel formed through the
crosslinking of Granzyme B (the effective protease) and
a pore-forming peptide (GALA) with a disulfide linker.
The nanogels are conjugated on the surface of N;-platelets
with a benzoic-imine bond that is sensible to an acidic pH.
When the system reaches the tumor acid environment, the
benzoic-imine bond is cleaved and the protein backpack
is released into the cells thanks to its nanoscale size. In
the cells GALA and Granzyme B are decrosslinked, so the
Granzyme B can induce cell apoptosis. The results showed
that the platelets can quickly accumulate at the surgical
tumor sites and release the backpack protein. Moreover,
the Granzyme B demonstrated an efficient tumor recur-
rence preventions thanks to its cell apoptosis induction on
mice models with incomplete metastatic melanoma resec-
tion (Fan et al. 2022).

A nanodelivery system for cancer treatment is now in
phase I clinical trial (NCT04751786): PRECIOUS-01 is
an immunomodulating agent composed of the invariant
natural killer T cells activator threitolceramide-6 and the
New York Esophageal Squamous Cell Carcinoma-1 (NY-
ESO-1) cancer-testis antigen peptide, encapsulated in a
PLGA nanoparticle. PRECIOUS-01 is being developed for
the treatment of patients with NY-ESO-1-positive cancer.
The NT-ESO-1 peptide already demonstrated to be safe
and tolerated by patients with advanced cancer in previous
clinical trials (Creemers et al. 2021).

Proteins and Peptides-Loaded Delivery Systems
Against Viruses

In these last years, thanks to new research, the field of vac-
cines is being expanding. Traditional vaccines, made of live-
attenuated or inactivated viruses, have been slowly replaced
with vaccines containing proteins and peptides as main anti-
genic component. The advantages of this kind of antigens
are in their safety profile and in the elimination of viral rep-
lication risk (Skwarczynski and Toth 2014). When protein
or peptide-based vaccines are produced, it is, sometimes,
necessary to add in the formulation appropriate adjuvant,
because these biological antigens are less immunogenic.
This means that, without adjuvant, they may not produce an
enough strong immune response, so the vaccines do not give
the desired results (Duran-Lobato et al. 2021). To delivery
and target proteins and peptides antigens, nanotechnology
has been often used, which has shown good results for some
different types of vaccines. For example, Qi et al. (2018)
have recently conducted a study with self-assembling protein
nanoparticles made with ferritin and a conserved influenza
matrix protein. The nasal administration of this nanoparti-
cles provided promising results of protection against influ-
enza. Moreover, other good results were obtained with the
administration of nanofiber containing a peptide antigen
against influenza virus: the nanofiber, in contrast with the
non-coated peptide, showed an increased induction of the
immune response (Si et al. 2018). Other types of nanocarri-
ers for influenza vaccine have been produced. For example,
a study reported the use of lipid nanoparticles, in particular
liposomes made of lipid extracted from archaeal (archae-
osomes), which have an adjuvant activity for the immune
response. Into these liposomes were encapsuled an HIN1
influenza virus hemagglutinin protein, and the formulation
was compared to a non-encapsuled one. The archaeosomes
showed a strong immune response in intramuscular admin-
istered mice of different ages (Stark et al. 2019). In 2022,
results of a in human dose-escalation open-label phase I
clinical trial (NCT03814720) have been released. The study
tested an HA stabilized stem ferritin nanoparticle vaccine
(H1ssF) and evaluated the safety, tolerability, and antibody
response of this vaccine. HlssF demonstrated to be safe and
tolerated, with only mild local and systemic reactogenicity.
In addition, the results showed a durable antibody response:
H1ssF stimulated the production of neutralizing antibodies
against the conserved HA stem of group 1 influenza virus
(Widge et al. 2023).

Nowadays, one of the most studied and challenging vac-
cine is the one against HIV. As for the influenza, also for
this vaccine some researchers tried to use nanotechnology
formulations. Dacoba et al. (2019) encapsulated an HIV pep-
tide into a polysaccharide-based NP, specifically they used
a peptide (PCS5) that is part of the 12 highly conserved
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Table 3 Examples of studies describing the loading of proteins/peptides in nanocarriers against viroses

Protein/peptide Delivery system Disease Results References
Influenza virus matrix protein ~ Self-assembling protein NPs Influenza  Protection against the disease Qi et al. (2018)
Peptide antigen Nanofiber Influenza  Increased induction of immune response Si et al. (2018)
HINI influenza virus hemag-  Archaeosomes Influenza  Strong immune response Stark et al. (2019)

glutinin protein

PCS5 Polymer/poly(I:C)-based NPs  HIV

Increased amount of anti-PCS5 antibodies  Dacoba et al. (2019)

protease cleavage sites (PCS1-12), which has recently dem-
onstrated to be a strategical target to reduce the maturation
and infectivity of HIV. To form the nanoparticles, PCS5
was first conjugated with chitosan and hyaluronic acid, and
then with another oppositely charged polymer and poly(I:C).
They intramuscularly injected this formulation to BALB/c
mice. The results showed the ability of these NPs to elicit an
IgG response that increases over the time, since it reaches its
maximum values with an amount of anti-PCS5 antibodies 3
times higher than the levels detected in unvaccinated mice.
Examples of works describing the loading of peptides and
proteins into nanocarriers for the treatment of viroses are
given in Table 3.

Conclusions

In recent years, the search for new strategies capable of
overcoming physical and enzymatic barriers for the oral
administration of proteins and peptides has been very
promising, among them, nanoparticles have been proposed
to improve the gastrointestinal stability of such macromol-
ecules and thus their oral bioavailability. Besides, it has also
been shown that combining different approaches, such as
liposomes and hydrophobic ion pairing, as well as hybrid
systems made of polymers and lipids, may lead to syner-
gistic advantages in modifying the release profile and the
uptake of peptides/proteins through the gut. The selection
of the matrix composition of nanoparticles is key to improve
the physicochemical stabilization and behaviour profile of
loaded biomacromolecules intended for several biomedical
applications. Several recent studies that evaluated the pro-
tein/peptide encapsulation into nanoparticles for oral admin-
istration, show positive and encouraging results, especially
for the treatment of chronic diseases such as diabetes and
cancer. Patients suffering from chronic diseases would cer-
tainly benefit from oral drug regimens as an approach to
improve treatment compliance.
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