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Nanostructures for protein drug delivery

Juliana de Almeida Pachioni-Vasconcelos®, André Moreni
Lopesa“, Alexsandra Conceigdo Apolinario®, Johanna Karina
Valenzuela-Oses®, Juliana Souza Ribeiro Costab, Laura de
Oliveira Nascimentob’c, Adalberto Pessoa Junior?, Leandro
Ramos Souza Barbosa® and Carlota de Oliveira Rangel-Yagui®

Abstract

The use of nanoscale devices as carriers for drugs and imaging agents has
been extensively investigated and successful examples can already be found
in therapy. In parallel, recombinant DNA technology altogether with
molecular biology has opened up numerous possibilities for the large-scale
production of many proteins of pharmaceutical interest, reflecting in the
exponentially growing number of drugs of biotechnological origin. When we
consider protein drugs, however, there are specific criteria to take into
account in order to select adequate nanostructured systems as drug
carriers. In this review, we highlight the main features, advantages,
drawbacks and recent developments of nanostructures for protein
encapsulation, such as nanoemulsions, liposomes, polymersomes, single-
protein nanocapsules and hydrogel nanoparticles. We also discuss the
importance of nanoparticle stabilization, as well as future opportunities and
challenges in nanostructures for protein drug delivery.

nanobiotechnology;  drug  delivery; drugs;

Keywords: protein

nanostructures; therapeutic biomolecules; nanoencapsulation.
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1. Introduction

Research on the synthesis, properties and
applications of nanoscale materials and devices
has contributed to several biomedical fields such
as drug delivery, imaging agents and diagnostic
tools. The importance of nanotechnology can be
noticed in several angles, as the scientific one; the
number of papers in this field has risen sharply
from a handful in the early 1990s to several
thousand at the present time. The financial angle
shows estimates for the combined market of
nano-enabled medicine to overpass $100 billion in
the next few years. An equally important angle,
the regulatory, also endorse nanotechnology
prominence: the FDA (Food and Drug
Administration) created a specific program to
study the properties, risks and advantages of

nanotechnology products applied to drug
development, named the Center of Drug
Evaluation and  Research  Nanotechnology
Programs.1

Nanostructures as drug delivery systems
(nanocarriers) are key to overcome challenges
associated with drug therapy, including poor
solubility, poor permeability, short haIf life in the
target organism and high toxicity.>* They present
at least one dimension in the nanoscale range
(below 1 um) and generally high surface to volume
ratios”. Nanocarriers include a wide array of
systems such as nanocapsules, lipid complexes,
polymerlc micelles, liposomes, dendrimers and
others.>®’ As any ideal delivery system, they
should be non-toxic, protect their therapeutic

payload and exhibit biocompatibility,
biodegradation, physicochemical stability,
controlled-release  kinetics and  improved

pharmacokinetics.®

Therapeutic proteins, in particular, may
present all challenges related above for drug
therapy together W|th immunogenicity and
inflammatory potential.’ Proteins play a significant
role in cell signaling, immune responses, cell
adhesion, and the cell cycle. Native and
recombinant proteins benefit major sectors of the
biopharmaceutical industry and protein drugs are
produced using technologically advanced microbial
and mammalian cell biosystems. The
biopharmaceutical industry have been performing
exceedingly well in recent years and the future
looks bright for protein drugs development.
Therefore, the use of nanotechnology to deliver
protein drugs such as monoclonal antibodies,
antibody fragments, peptides, replacement
factors, enzymes and vaccines is increasing
exponentially. Through this strategy it is possible
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to obtain safe/effectwe therapeutic protein
preparations.’® Nanodelivery systems usually
stabilise protein drugs against denaturation by
enzymatic digestion, mcreasmg their
biopharmaceutical applications.*?

The type of nanocarrier to deliver proteins
has to be carefully chosen with regards to the drug
incorporation process and hydrophobic/
hydrophilic loading. The process has to consider
pH and thermal protein instability, whereas the
carrier must be able to upload hydrophilic and
large molecules, except for peptide encapsulation.
Route of administration is equally important, since
proteins are generally unstable in the
gastrointestinal tract and present low mucosal
permeability. As a conseqguence, oral
bioavailability is usually low and erratic, making
the parenteral route the first choice. Even when
given subcutaneously or mtramuscularly, systemic

bloavallablllty is often low and variable.” Figure 1
summarizes the obstacles for protein drug
delivery.

Considering the outstanding relevance of
protein drug delivery and the potential of
nanostructures to address the matter, this review
presents the main features, advantages,
drawbacks and recent developments of
nanocarriers to this end, and also discuss the
importance of nanostructure (colloidal)
stabilization and its main features. We focus on
systems that allow hydrophilic  protein
encapsulation and, therefore, protection against
degradation and immunogenicity, namely
nanoemulsions, liposomes, polymersomes, single
protein nanocapsules and hydrogel nanoparticles.

Oral route: stomach acidity,
=i[ | enzymes of the gastro-intestinal

Protein drugs: high tract and poor absorption

molecular weight,
instability, usually of
hydrophilic nature Intravenous injection:
rapid elimination through
RES recognition and renal
clearance

Transdermal route:

==7 hydrophobic nature of stratu
corneum is a main obstacl
for protein drugs permeatio

Intracellular uptake: for some
protein drugs, the molecular target
can be intracellular

Figure 1. Main human body challenges for protein drug delivery. RES -
reticuloendothelial system.

This journal is © The Royal Society of Chemistry 20xx
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2. Nanoemulsions (NE)

Nanoemulsions (NE) are colloidal
dispersions produced with oil (O), water (W) and
surfactants, considered as conventional emulsions
that contain very small droplets, in the range of
50-200 nm. They can be employed for delivery of
peptides and proteins by non- parenteral routes,
such as oral and transdermal delivery.* Despite
the structural similarities between nano and
microemulsions and confusing classification, these

two kinds of colloidal dispersions
differences, as presented in Table 1.}

Table 1.

Main

differences between

nanoemulsions (NE).

microemulsions

QOSSESS some

(ME) and

Aspects

ME

NE

Stability

Thermodynamically stable

Thermodynamically unstable
and kinetically stable

Components

Qil, water, surfactant and
possibly a co-surfactant

The same components of ME.
Proteins and polysaccharides
can also be used as surface
active agents

Surfactant/oil
ratio

Large surfactant/oil ratios

Low surfactant/oil ratios

Optical
properties

Transparent

Transparent to opaque

Droplet form

Sphericity depends
on the optimum curvature
of the surfactant monolayer
and the oil content

Generally spherical due to
relatively high interfacial
tension

Production

Formed spontaneously with

Requires the input of some
external energy to convert the

separate components into a
colloidal dispersion, like
ultrasound

method light magnetic agitation

NE are formed by one liquid phase dispersed
in a different immiscible continuous liquid phase.
An energy input is necessary to overcome
interfacial tension between the two immiscible
phases, breaking larger droplets down to a smaller
size; the newly formed system is then stabilized
W|th surfactants®®. Droplets are formed either by
high-energy or Iow -energy approach, whereas the
choice will depend on the propert|es of the
surfactant, oil and aqueous phases.”” Figure 2
illustrates a water-in-oil nanoemulsion and the
ability of these systems to carry biomolecules.

Increasing interest in NE stems from the
characteristic physicochemical properties that their
small droplet sizes provide. It allows -efficient
delivery, accelerated reIease and rapid absorption of
bioactive molecules. " *® Moreover, the significant
surfactant film thickness relative to droplet size
prevents thinning or dlsruptlon of the liquid film
between the droplets. *

NE enhance the solubility, transport,
dispersibility, bioavailability and bioaccessibility of
proteins, and can act as excellent encapsulation

This journal is © The Royal Society of Chemistry 20xx

systems compared to conventional emulsions.?" ??

The large surface area of NE enhances the
bioavailability of peptides and proteins due to
enhanced surface interaction with the absorpt|ve
epithelium. ** In addition, their small droplet size
may enhance the transport of bioactive peptides
carried within nanodroplets as droplets may pass
across the intestinal wall and facilitate their
absorption, bioavailability and bioaccessibility.

Hydrophilic

Hydrophobic tals
heads yerop

il-in-wat ?
oil (lgl\v;va) er %—gé

Nanoemulsion (O/W)

surfactant co-surfactant

Hydrophobic tals Hydrophilic

proteins

Figure 2. Schematic diagram of nanoemulsions. The system is formed by
nanodroplets with a hydrophobic core oil and surfactant tails and a
hydrophobic shell of surfactant head groups.

The release of the drugs from NE is generally
acknowledged to be quite rapid; however, attempts
towards retarded or controlled release as well as
site-specific targeting have been reported as well.**
NE support the penetration of incorporated actives
into the skin and may thus promote their
accumulation in the skin. In addition, the cosmetic
effect of the basic vehicles is of further interest. In
recent approaches, incorporation of hydrophlllc
drugs into NE systems is also being investigated. 2

A self-nanoemulsifying drug delivery system
(SNEDDS) was developed to increase oral
bioavailability of fluorescent labeled-B-lactamase
(FITC-BLM). This protein was loaded into the oil
phase by solid dispersion technique, forming a NE
upon water addition. More specifically, the SNEDDS
O/W NE-12-7 (composition: Lauroglycol FCC,
Cremophor EL and Transcutol; ratio: 5:4:3) formed
droplets of 22-50 nm, regardless of pH and dilution
factor, with good stability (4°C for 12 weeks) and
high enzyme activity. The SNEDDS significantly
increased the transport of FITC-BLM across Madin-
Darby canine kidney monolayer in vitro.® Oral
absorption of FITC-BLM in rats was also increased
with the NE system, resulting in higher bioavailability
and more than 12 h residence time; conversely, BLM
loaded in the NE aqueous phase presented the same
pharmacokinetics as the free one. The described
observations point out SNEEDS, with proteins

J. Name., 2013, 00, 1-3 | 3
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dispersed in the oil phase, as a viable alternative for
oral protein delivery.”®

As a strategy for oral delivery of insulin, NE
were developed from W/O/W multiple emulsion
(tris buffer/Labrafac CC, Span™ 80,
phospholipid/Cremophor EL, chitosan and alginate
in water), produced by high-pressure
homogenization.  Hypoglycemic effect was
evaluated in male Wistar rats and Goto-Kakizaki
diabetic rats, with a remarkable decrease in blood
glucose levels after oral administration of the NE.
Additionally, sodium alginate and chitosan have
mucoadhesive  properties, which  probably
prolonged NE retention in the gastromtestmal
tract and consequent drug absorption.?’

The advantages of NE over other emulsions
are derived from the smaller droplet sizes which
impart distinct physicochemical properties in NE
(e.g. bulk viscosity, optical transparency, and
physical stablllty) compared to those of other
emulsion systems.?® Most studies conducted so far
have concentrated on the use of the synthetic and
low molecular weight surfactants (e.g. the tweens
and spans) due to their excellent interfacial
diffusivity, compared to large blog)olymers such as
proteins and polysaccharides.

NE offer distinct advantages in terms of
dermal drug delivery, such as: high physical
stability compared to conventional emulsions, high
skin friendliness due to the low amount and the
mild nature of the surfactants employed and the
ease of preparation and scale-up. They avoid the
limitations of other colloidal drug delivery systems,
such as the limited drug loading and stability issues
of liposomes and the potentially irritating
compounds required for the production of
nanoparticles or ME. Depending on composition
and the nature of the employed drug, NE may
achieve higher rates of skin penetration and drug
accumulation W|th|n the skin than lipid
nanoparticles.®’ In a recent study investigating the
dermal delivery of lutein, a more rapid release was
found with NE, which achieved higher skin
permeation rates than nano- structured lipid
carriers and solid lipid nanoparticles.

3. Liposomes

Liposomes (LP) are composed of lipid
and/or phospholipid molecules containing a
hydrophilic head region and a hydrophobic tail
region, which aggregate to form an enclosed lipid
bilayer vesicle with an aqueous nucleus, so they
are able to deliver both hydrophilic and
hydrophobic protein drugs as shown in Figure 3.%3
Due to the aqueous core, large amounts of water-
soluble protein drugs can be incorporated into LP

4| J. Name., 2012, 00, 1-3

and the native structure of proteins is usuaIIy
maintained during the incorporation process.>* LP
are typically spherical self-closed structures with a
size varying from 50-1,000 nm*® that can naturally
occur or be art|f|C|aIIy prepared.>® Shape and
amphiphilic nature of phospholipids (and
surfactants in general) are critical to spontaneous
formation of bilayers in aqueous environments
and may be expressed by the critical packing
parameter (s), according to Equation 1:

aol (Eq. 1)

where v is the volume of the surfactant/
phospholipid tail, ay is the effective head group
cross-section area and [/ is the length of the
extended surfactant tail. Whens <1/3 spherical
micelles exist in solution. If 1/3 <s<1/2, rod-like
shape or hexagonal aggregates are most likely
formed. For 1/2 <s<1 the surfactant molecules
may ggregate in bilayer structures (like
vesicles).” In other words, surfactant molecular
shape determines the aggregate minimal or
“critical” radius of curvature R., and thus the
shape. Note that the packing shape is not fixed or
rigid; it is variable within the limits set by the
condition that the length of the extended
surfactant tail in the aggregate cannot exceed /.
Therefore, all radii R down to R, are granted, so
there will be a distribution of structures in
equilibrium with each other.

Polymer (PEG)-modified

Hydrophobic liposomes

proteins

Hydrophilic
core

Phospholipid
Hydrophilic

heads

Hydrophobic
tails

Hydrophilic
proteins

Figure 3. Schematic representation of liposomes formed by phospholipid
molecules containing a hydrophilic head region and hydrophobic tail region.
Hydrophilic and hydrophobic proteins can be incorporated in its structure.
By grafting polymers (PEG) on the liposome surface, dense conformational
clouds can form, shielding the surface charge of liposome. The steric
hindrance of polymer grafted on the liposome surface can prevent serum
protein opsonization and subsequent interactions with cells of the
mononuclear phagocyte system, resulting in an increased retention time of
the liposomes in the blood circulation.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 19



Page 5 of 19

Biomaterials Science

The simplest LP production process is the
mechanical dispersion of dry lipids in water,
resulting in concentric bilayers separated by narrow
aqueous channels. These structures, known as
multilamellar  vesicles (MLVs), have been
extensively employed to study the features of
bilayer structures. The regular arrays of bilayers and
relatively large size (2400 nm diameter) makes
MLVs ideally suited for X-ray studies and easier to
investigate by nuclear magnetic resonance (NMR)
than smaller systems. The use of MLVs in
permeability studies and cell membrane fusion
studies, on the other hand, is limited by the size,
heterogeneity and the presence of many internal
compartments.39’40

Usually, MLV preparations are
heterogeneous and single bilayer systems are
often present. The proportion of lipid exposed to
the external medium, i.e. in the outer monolayer
of the external bilayer, gives an average indication
of lamellarity. For highly multilamellar systems, it
corresponds to a small proportion of the total
lipids, but will be apprOX|mater half of the total
lipid in unilamellar systems.*

Several methods have been devised to
produce unilamellar systems, including disruption
of preformed MLVs by sonication and extrusion or
modifications of the phospholipid hydration
procedure to spontaneously form unilamellar
systems.>® For this last one, specific solvent
evaporation procedures have been employed,

as well as dialysis in the presence of
surfactants.*

Most part of the recent investigations with
LP for drug delivery use homogeneous unilamellar
vesicles in the size range 50-150 nm. This size
range is a compromise between loading efficiency
(increases with increasing size), liposome stability
(decreases with increasing size above an optimal
80-200 nm range) and ability to extravasate the
vascular system (decreases with increasing
size).**** The membrane thickness is around 4 nm,
and it may have a polymer coating and/or Ilgands
with defined functlonsé such as specific binding or
fusogenic activity. To elongate the
gastrointestinal tract survival of LP, the vesicles
have been modified in several ways including the
incorporation of bile salts and the design of
multilayered or multi-vesicular carriers.*

Unilamellar vesicles may be small (SUV,
small unilamellar vesicle) or large (LUV, large
unilamellar vesicle),** though a clear distinction
between these two types is often difficult. LUVs,
which are usually more stable than SUVs and
exhibit significantly larger trapped volumes, are
the most popular membrane model systems,

This journal is © The Royal Society of Chemistry 20xx

especially to permeability and
diffusion.

At the organizational level, defects may be
present in LP b|Iayers having lipids with
unsaturated tails.*®* This may cause an easy
disruption of the lipid bilayer and subsequent
leakage of the entrapped molecules into the
biological system. Lipids with long hydrocarbon
chains and a low degree of unsaturation and
branching are used to form tightly packed lipid
bilayers. Additionally, cholesterol may be
introduced into the lipid bilayers to improve the
packing and membrane stability.*’

LP can improve pharmacokinetics, provide
protection from degradation, mediate targeting to

the pathological site and facilitate uptake by the

investigate

target cells.*®4 However, although
pharmacokinetics, tissue distribution, and cellular
uptake can be improved using (targeted)

liposomes, the liposomal drug usually ends up in
the endo- and lysosomes, where both the
liposome particles as well as the encapsulated
macromolecules are subject to degradation.’®*!
Also, these nanostructures are highly susceptible
to enzyme degradation. *

LP have been extensively used for drug delivery
due to their ability to protect and deliver
hydrophilic and hydrophobic molecules,
biocompatibility with cell membranes and the
possibility to add specific ligands to their surface.
Several types of liposomal formulations have been
developed for protein drug delivery and many
were already evaIuated for clinical applications.>*
Anderson et al’> evaluated a method to
incorporate cytokine proteins into multilamellar
LP. A wvariety of human cytokines including
granulocyte-macrophage colony stimulating factor
(GM-CSF), interleukins 1a, 2 and 6 (IL-1a, IL-2, IL-6)
and interferon-y (IFN-y) were incorporated into LP
containing a single saturated synthetic lipid,
dimyristoyl phosphatidyl choline (DMPC). Sterile
cytokine liposomes were produced by gamma
irradiation of DMPC prior to use in cytokine
liposome synthesis. Meyer et al®> studied the
encapsulation of proteins within multilamellar LP.
These researchers found an efficient and gentle
method for granulocyte colony stimulating factor
(rhG-CSF) encapsulation in LP and slow release of
encapsulated material was demonstrated both in

vitro (90% serum, 37°C) and in vivo after
subcutaneous injection.
Regarding  transdermal  delivery of

liposome-encapsulated biomolecules, Guo et al**

applied insulin-loaded vesicles on the abdominal
skin of mice and showed a significant drop in the
bIood IeveI of glucose. In another study, Kajimoto
et al> investigated the iontophoretic delivery of

J. Name., 2013, 00, 1-3 | 5
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charged LP loaded with insulin through the skin of
diabetic rats after administration of glucose, and
reported a gradual decrease in blood glucose
levels, reaching 20% of initial values at 18 h. A
significant concentration of insulin was also
detected in plasma 18 h after the iontophoretic
application.

Although LP are typically made from natural,
biodegradable, non-toxic, and non-immunogenic
lipid molecules, their interaction with high-density
lipoproteins in blood may Iead to a premature
release of entrapped drugs.”® Several different
strategies can be applied to improve molecule
bioavailability from targeted and internalized
liposomal nanocarriers, for example usmg pH-
dependent fusogenic peptldes or lipids®® light-
sensmve probes enhancing endolysosomal
escape.” Furthermore, some LP have very short
blood circulation times due to the fast uytake by
the reticuloendothelial system (RES).? As an
alternative, long-circulating LP can be obtained by
coating the LP surface with inert, biocompatible
polymers, such as polyethyleneoxide (PEG or PEO)
(Figure 3). In this sense, we can define first-
generation LP as simple phospholipids vesicles,
while second-generation are long-circulating
aggregates obtained by surface modifications,
mostly PEGylation.®® The polyethylene OXIde
groups attached form a protective layer over LP
surface that slows down system identification by
opsonins and subsequent clearance. Besides
preventing opsonization, PEGylation may |mprove
encapsulatlon efficiency (formulation related).®?
Park et al®® showed that PEGylated LP presented
higher encapsulation yields of insulin compared to
its non-PEGylated counterpart. In addition, Kedar
et al** observed that IL-2 encapsulated in
PEGylated LP showed improved interaction with
cells compared to first generation LP.

Additionally to PEGylation, LP may be
functionalized with surface ligands, such as
antibodies and aptamers, for cellular recognition.
The attachment of pH-sensitive polymers to the
liposome surface is another strategy to provide
longevity and promote loading release. After
endocytosis of the pH sensitive LP in the intact
form, they fuse with the endovacuolar membrane
as a result of the low pH inside the endosome and
release their contents into the cytoplasm.®®
Regarding the targeting ligand, a careful selection
is required, concerning its selective expression or
overexpression on the target cell, possible
shedding of the targeting ligand and its capacity
for receptor-mediated endocytosis.®

Several targeting ligands have been studied
for development of targeted liposomes, including
antibodies and their fragments, peptides, vitamins,

6| J. Name., 2012, 00, 1-3

carbohydrates, nucleic acids and charged lipids.
Liposomal attachment of targeting ligands should
not interfere with normal physicochemical
characteristics of the liposomes and of the
targeting moiety such as size, stability, molecule

retention and receptor-binding affinity. In
addition, it should not affect liposome
pharmacoklnetlcs biodistribution and tumor

accumulation.® 768

These targeting ligands can result in (cell-)
specific localization and retention of the liposomal
drug in tumors, for example, on tumor cells or
tumor vasculature. Specific ligands can also
promote active cellular uptake of the drug-
containing liposome through binding to targeted
internalizing receptors. By these means, the
molecule is transported across the cell membrane,
which normally forms a significant barrier for drug
uptake.®®

Successful examples of liposomal protein
formulations can be found in literature. For
examDIe heat shock proteins (HSP) 70/Blc-2 for
cancer’® and Melan-A/MART-1,7_35 peptides for
melanoma.’ Studies regarding the use of
liposomes in vaccines mclude encapsulation of
hepatitis C peptides’”> and HIV peptides.”*
Nonetheless, the majority of current liposomal
protein formulations are still in preclinical research
stages, with relatively little known or reported
human clinical findings to date. There are still
pending challenges to create commercially stable
and bioactive protein formulations with lipids.”
Additionally, poor stability of liposomal delivery
systems limits their use in drug delivery and
resulted in a few marketed products regardless of
extensive and long research in this area. Chemical
instability results from oxidation, acylation and
rapid hydrolysis of phospholipids whereas;
physical instability is mainly due to low M,, of
phospholipids that lead to a thin (typically 3-4 nm)
and leaky membrane.”®

4. Polymeric Micelles and Polymersomes

Similar to classical surfactants, amphiphilic
block copolymers can self-assemble into a wide
range of morphologies upon hydration of the
copolymer, including spherical micelles, cylmdrlcal
micelles or even vesicles (Figura 4). The
critical packing parameter (s) can also be
employed to predict the resultant morphology of
these amphiphilic aggregates.

For amphiphilic block copolymers, the
curvature of the hydrophobic-hydrophilic surface
as described by its mean curvature (H) and its
Gaussian curvature (K) are related to the packing
parameter (s) as shown in Equation 2, in which Vis

This journal is © The Royal Society of Chemistry 20xx
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the volume of the copolymer hydrophobic branch,
aop the interfacial area per copolymer molecule and
| is the chain length of the copolymer hxdrophoblc
branch normalized to the interface.””

V KI?
s o +Hl+ 3 (Eq. 2)

The volume fraction of the hydrophilic
block of the copolymer (f) is also employed to
determine the morphology of the self-assembled
system. Usually, vesicular structures
(polymersomes) are favored when f is 10-40%. At f
~ 40-55%, cylindrical micelles tend to form and at
f ~ 50-70%, spherical micelles are predominantly
formed.”®”

Polymeric micelles (PM) are generally of
10-80 nm in size, with hydrophobic core and
hydrophilic surface and significantly more stable
than surfactant-based micelles®’. They do not
dissociate immediately after extreme dilution
following intravenous injection into the body
because they have remarkably Iow cr|t|cal
aggregation concentrations (CAC = 10 —-107 M)
and slow kinetics of dissociation.?®* Giving the
hydrophobic nature of PM core and considering
that most therapeutically employed proteins are
hydrophilic, proteins  cannot be easily
encapsulated in these nanostructures.
Nonetheless, there are some examples of modified
proteins incorporated within the micellar
structure. Weissig et al (84) studied a model
protein, soybean trypsin inhibitor (STI) modified
with a hydrophobic residue of N-glutaryl-
phosphatidyl-ethanolamine (NGPE) and
incorporated into polyethylene oxide (MW 5,000)-
distearoyl phosphatidyl ethanolamine (PEO-DSPE)
micelles (< 20 nm) and PEO-DSPE-modified long-
circulating liposomes (ca. 100 nm). When injected
in mice bearing subcutaneously-established Lewis
lung carcinoma, higher accumulation yields were
observed for STI incorporated into the polymeric
micelles than in PEO-liposomes (PEGylated
liposomes). Polymeric vesicles or polymersomes
(Ps) are a good aIternatlve to I|posomes to
encapsulate proteins.?> Ps are usually in the size
range of 10 nm to 5 um and are formed by a
hydrophobic  shell that can incorporate
hydrophobic proteins/drugs and an agueous core
that can encapsulate hydrophilic proteins/drugs.
808687 The composition and M,, of the polymers
employed can vary, which allows not only the
preparation of Ps with different properties and
responsiveness to stimuli but also Ps with dlfferent
membrane  thickness and permeability.®®

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the constituent block copolymers
might be finally excreted into the urine due to
their M,, being lower than the threshold of
glomerular filtration, suggesting the safety of Ps
(as well as PM) with a low risk of chronic
accumulation in the body.®

a) Polymeric micelles

Hydrophobic
proteins

Amphiphilic
copolymer

Hydrophilic
branch
Hydrophobic
branch

Hydrophilic core

b) Polymersomes

Hydrophobic
proteins

Hydrophilic
proteins

Hydrophoblc <
bilayer

Figure 4. a) Polymeric micelles can be spherical or cylindrical, with
hydrophobic core and hydrophilic surface and significantly more stable than
surfactant-based micelles. b) Polymersomes are nanovesicles composed of
synthetic copolymers.

In the last years, Ps have attracted
attention as versatile carriers because of their
colloidal stability, tunable membrane properties
and ability to encapsulate or. integrate a broad
range of drugs and molecules.” Such as liposomes,
Ps, could be prepared by the film rehydration
method, direct dissolution, double emulsion in
microfluidic device or electroformation. The choice
of method depends on the type of molecule to be
encapsulated and on the copolymer
characteristics. For protein drugs, film rehydration
is usually preferable since there is no contact
between protein and organic solvent.

The tunability of Ps structure and
properties has expanded considerably with the
recent advances in block copolymer chemistry.
Based on their multi drug loading capacity,
membrane robustness and stealth properties, Ps
are highly interesting for drug delivery applications
and a lot of work has been directed to develop Ps

J. Name., 2013, 00, 1-3 | 7
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for targeted drug delivery.”®**' The development

of stimuli-responsive Ps to further control the
release of drugs by switching the stability and
permeability of the membrane, has also received a
lot of attention and various block copolymers that
are responsive to pH, temperature, redox
conditions, magnetic field, ionic strength and
glucose concentration have been synthesized and
used to prepare Ps.”®

Previous studies also show that Ps are
mechanically stronger and possess superior
camouflage ability than PEG-liposomes. Moreover,
Ps offer more flexibility in the choice of vesicle
size, bilayer thickness, and camouflaging ability via
appropriate selection of the MW of the
hydrophilic/hydrophobic blocks.®**% While the
membrane thickness of Ilposomes and other
natural membranes are universally (d = 3-4nm) the
hydrophobic core thickness of PS can be
engineered to exceed 4nm by simply varying the
copolymer hydrophobic block molecular
weight.” Thicker membranes provide better
stability and mechanical strength as well as
influences the permeability of PS to small
molecules.” According to Lee (93) and
Discher (98), giant polymersomes with 8 nm
membrane thickness were found to be almost an
order of magnitude more mechanically resilient
and at least 10 times less permeable to water than
liposomes. These features can reduce osmotic
pressure gradients encountered with liposomes.
Beside, it can increase the nanostructure
circulation time.

The encapsulation of recombinant insulin
in Ps provides a good model for the encapsulation
of therapeutic proteins. Enhanced circulation
kinetics and controllable release of insulin in vivo
are desirable to increase patient compliance and
to decrease the need for intravenous iniections.
Although insulin is a peptide of onlv 5.8 kDa. it was
shown to aggregate to dimers., hexamers, and
eventuallv fibrils when exposed to agitation or
hvdrophobic interfaces. Therefore, insulin was a
challenging first model of therapeutic protein
encapsulation in PEO-based Ps.”® Ps composed by
polv(stvreneboroxole) (PBOx) and its block
copolvmers with PEO demonstrated the possibility
of using as sugar-responsive deliverv vehicle for
insulin in neutral phosphate buffer (pH 7.4).
Encapsulated insulin could be released from the Ps
onlv in the presence of sugars under
physiologically relevant pH conditions.*®

Ps with large aqueous compartments as
well as robust hydrophobic membranes have
emerged as ideal polymeric nanocarriers for
encapsulatlon and controlled delivery of proteins
and peptides.®® Lee et al®® proved the possibility of
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encapsulating proteins such as myoglobin,
hemoglobin and bovine serum albumin (BSA) in Ps
formed by poly(ethylene oxide)-b-
polyethylethylene (PEO-b-PEE). However, the
loading efficiency was low, and the mechanism of
encapsulation was not fully understood. More
recently, glucose oxidase was encapsulated in Ps
of polystyreneso-b-poly(L-isocyanoalanine(2-
thiophen-3-ylethyl)amide)so(Ps-PIAT)  developed
as enzyme nanoreactors for cascade react|ons The
enzyme loading efficiency was 25%.'" O’Neil et
al'® developed an effective method for ovalbumin
and BSA encapsulation. They mixed poly(ethylene
oxide)-b-poly(propylene sulfide) (PEO-b-PPS) and
PEO and then added a protein aqueous solution,
leading to the rapid formation of vesicles and
effective protein encapsulation. A formulation of
PEO-b-PPS/PEG500 yielded a mixture of different
sized Ps and encapsulated proteins at an efficiency
of 15-37%.

Wang et al™ studied the encapsulation of
BSA, myoglobin, immunoglobulin G and lysozyme in
poly(2-(methacryloyloxy)ethyl phosphorylcholine)-
b-poly(2-(diisopropylamino) ethyl methacrylate)
(PMPC-b-PDPA) Ps by electroporation. Morphology
and size of the Ps remained essentially unchanged
after incorporation, indicating efficient self-healing
of the Ps membranes after the applied high voltage
pulses. The surface charge of the proteins played a
key role in electroporation and negatively charged
molecules were loaded in higher amounts than
positively charged molecules. Also, encapsulation
efficiency, loading number (Ly), and efficiency (Lg)
were found to increase with the number of puIses
but were little affected by the applied voltage.™

Liu et al'® demonstrated that
biodegradable chimeric Ps based on asymmetric
poly(ethylene oxide)-b-poly(e-caprolactone)-b-
poly(2-(diethylamino) ethyl methacrylate) (PEO-b-
PCL-b-PDEA) triblock copolymers are
multifunctional nanocarriers that efficiently deliver
and release exogenous proteins into cancer cells.
Cytotoxicity assays (MTT) showed that the
unloaded Ps were non-toxic up to a concentration
of 0.5mg/mL. These chimeric Ps, showed
remarkably high Ly, and Lg values for BSA,
cytochrome C, lysozyme, ovalbumin and
immunoglobulin G. Moreover, the proteins
encapsulation did not significantly alter the Ps size
distribution and zeta potential. Protein release
studies showed that both BSA and cytochrome C
were released in a controlled manner and confocal
laser scanning microscopy showed that fluorescein
isothiocyanate-cytochrome C loaded Ps efficiently
delivered the protein into the cytoplasm of RAW
264.7 cells.

| 103

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 19



Page 9 of 19

Zhang et al**® developed pH and reduction
dual-bioresponsive nanosized Ps based on
poly(ethylene oxide)-SS-poly(2-(diethyl
amino)ethyl methacrylate) (PEO-SS-PDEA) diblock
copolymers. These copolymers exist as unimers in
water at mildly acidic conditions, but readily form
monodisperse nanosized Ps (54-67 nm) when
adjusting solution pH to 7.4. Therefore, they are
highly sensitive to intracellular pH and reductive
environments, which results in fast dissociation
and aggregation. Fluorescein isothiocyanate (FITC)-
labeled bovine serum albumin (FITC-BSA) and
cytochrome C (FITC-CC) were encapsulated into
PEO-SS-PDEA Ps, as a result of electrostatic
interactions between proteins and PDEA. In vitro
release studies showed that protein release was
minimal (<20% in 8 h) at pH 7.4 and 37°C, but
significantly enhanced (67.7% in 8 h) at pH 6.0 due
to collapse of Ps. The fastest protein release was
observed under intracellular-mimicking reductive
environments. Confocal laser scanning microscopy
revealed that FITC-CC-loaded PEO-SS-PDEA Ps
efficiently delivered and released cytochrome c
into MCF-7 cells following 6 h of incubation,
demonstrating the anti-tumor potentlal of thls
nanostructured system. Cheng et al'® also
developed reduction and temperature dual
responsive crosslinked Ps based on two thermo-
sensitive  triblock copolymers, PEOs-PAA; 7-
PNIPAMy and PEOs-PAAg 7k-PNIPAMy,c  (PEO-
PAA-PNIPAM), with elevated lower critical solution
temperatures. They demonstrated that both are
good nanocarriers for intracellular protein release.

Another interesting application refers to
the use of Ps as noncellular hemoglobm (Hb)-
based oxygen carriers. Arifin et al®* demonstrated
that poly(butadiene)-poly(ethylene oxide) Ps
loaded with Hb (PEH) presenting oxygen affinity
comparable to that of human erythrocytes and a
radii larger than 50 nm could be easily obtained.
PEH loading capacities were higher than PEG-
liposome encapsulating hemoglobin (LEH) and
PEGylated actin-containing liposomes loaded with
Hb (LEAcHD).

Encapsulation of proteins within the
aaueous lumen of Ps can in principle take
advantage of the extended circulation kinetics and
controlled release properties of Ps. Nonetheless.
Meier et al'® proved that proteins could also be
incorporated into hvperthick triblock copolvmer
membranes while maintaining their functionalitv
as measured bv membrane conductance.
Incorporation of proteins in “black films” of block
copolvmers has been expanded for applications in
sensors’® and protein-driven ene%gy transduction
across polymeric biomembranes.!

This journal is © The Royal Society of Chemistry 20xx

Biomaterials Science

Although Ps are attractive candidates for
protein encapsulation, further developments are
necessarv to overcome the poor encapsulation
efficiency  usually  observed.  Still,  these
nanocarriers have opened a new avenue to
intracellular delivery of proteins and peptide drugs
and may further be employed as a powerful tool
for understanding protein functions in cells.’®

As a major drawback of Ps in protein drugs
delivery, one can cite their poor encapsulatlon
efficiency, previously discussed in literature.'®® !
Comparing to liposomes, for example, the
encapsulation of proteins in polymesomes seems
complex because their large membrane thickness
(d = 8-21nm) compared to liposomes (d = 3-5nm)
increases thermodynamic barriers to mobility, and
thus the polymer can remain in a kinetically
trapped bulk phase if water |s directly added
without a thin film first. ! Lee (113) have
found an encapsulation efficiency of 5% for BSA
and 4,5% for hemoglobin by film rehydration,
Arifin and Palmer (92) describe encapsulation
efficiencies of 2.7 — 12% for bovine haemoglobin
by film rehydration employing different conditions.
Preparation method can directly interfere in Ps
encapsulation ability. In this sense, O’Neil (102)

showed that direct hydration of polymers
composed of poly(ethylene glycol)-bl-
poly(propylene sulphide) results in Ps with

encapsulation rates of 37% for ovalbumin (Ova),
19% for BSA and 15% for bovine y-globulin (y-
globulin).

5. Hydrogel Nanoparticles

The hydrogel technology has led to
dramatic advances in pharmaceutical and
biomedical fields.'****>*® " Over the years,

researchers have described many definitions for
this term; the most common is that hydrogel is a
water-swollen, crosslinked polymeric network
produced by the simple reaction of one or more
monomers (Figure 5). Another definition states
that hydrogel is a polymeric material that exhibits
the ability to swell and retain a significant fraction
of water W|th|n its structure, but will not dissolve
in water.'*” This type of carrier can be classified
based on source (natural or synthetic); polymeric
composition (homopolymeric, copolymeric,
multipolymer interpenetrating polymeric),
configuration (amorphous, semi-crystalline,
crystalline), type of crosslinking (chemical or
physical nature), physical appearance (matrix, film,
or microsphere) and according to network
electrical charge (non|on|c ionic, amphoteric
electrolyte and zwitterionic).™
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Crosslinker

NProtein

Polymer segment

Figure 5. Hydrogel nanoparticles (HN). Red line: crosslinker (hydrophobic
interaction, hydrogen bond, electrostatic interaction, coordination, host-

guest interaction). Blue lines: polymer segments.

Hydrogels have some common physical
properties resembling that of the living tissues:
high water content, soft and robbery consistency
and low interfacial tension with water or biological
fluids.'® The polymer ability to absorb water
comes from hydrophilic groups such as —OH, —
CONH-, —CONH,—, and -SOsH (119). Hydration
degree will depend on aqueous environment and
polymer composition (up to 90% wt.).”%*? |n
accordance, polymeric networks of hydrophobic
groups (e.g., poly(lactic acid) (PLA) or poly(lactide-
co-glycolide) (PLGA)) have limited water absorbing
capacities (< 5-10%). Despite their high water
absorbing affinity, hydrogels show a swelling
behavior, instead of dissolution, as a consequence
of the critical crosslinks present in their structure.
The crosslinks in the polymer network are
provided by covalent bonds, hydrogen bonds, van

der Waals interactions, or physical
entanglement.?
Considering the source, hydrogels are

divided in natural, synthetic and combinational. i.e..
based on semisvnthetic polvmers (Table 2). Among
the natural polvmers, chitosan and alginate are the
most studied ones for HN preparation. while
polv(vinvl alcohol). polv(ethvlene oxide).
polv(ethvleneimine). polv(vinvl pvrrolidone). and
polv-N-isopropvlacrylamide are the most employed
synthetic polymers.

Natural polymers are mainly polysaccharides,
generally subdivided in cationic (chitosan), anionic
(hyaluronic acid, alginate, heparin, pectin, and
others) and nonionic (pullulan and dextran). The
use of hydrogel technology can bring many
advantages, namely: they form  stable
nanostructures, biocompatible, biodegradable and
able to load a large variety of protein drugs.
According to Vermonden (122), hydrogels porous

10 | J. Name., 2012, 00, 1-3

structure and water content are extremely suitable
to accommodate high loads of water-soluble
proteins and peptides.

Table 2. Natural and synthetic polymers, and their derivatives used in

hydrogels. Adapted from Hamidi et al.”®

Natural polymers and their derivatives

Anionic hyaluronic acid, alginic acid, pectin, carrageenan,
polymers chondroitin sulfate, dextran
Cationic Chitosan and polylysine
polymers
Amphipathic | collagen (and gelatin), carboxymethyl chitin and fibrin
polymers
Neutral dextran, agarose and pullulan
polymers
Synthetic polymers
PEO—-PLA-PEO, PEO-PLGA-PEO, PEO-PCL-PEO, PLA-
Polyesters PEO-PLA, PHB, P(PF-co-EQ)s acrylate end groups and
P(PEO/PBO terephthalate)
PEO-bis-(PLA-acrylate), PEO¢CDs, PEO-g-P(AAm-co-
Other Vamine), PAAm, P(NIPAAm-co-AAc), P(NIPAAm-co-
olvmers EMA), PVAC/PVA, PNVP, P(MMA-co-HEMA), P(AN-
poly coallylsulfonate), P(biscarboxy-phenoxy-
phosphazene) and P(GEMA-sulfate)

Combinations of natural and synthetic polymers

P(PEG-co-peptides), alginate-g-(PEO—PPO—PEO), P(PLGA-co-serine),
collagen-acrylate, alginate—gcrylate, P(HPMA-g-peptide),
P(HEMA/Matrigel ) and HA-g-NIPAAm
*Abbreviations: PEO, poly (ethylene oxide); PLA, poly(lactic acid); PLGA,
poly(lactic-co-glycolic acid); PCL, polycaprolactone; PHB,
poly(hydroxybutyrate); PF, propylene fumarate; EO, ethylene oxide;
PBO, poly(butylene oxide); CD, cyclodextrin; PAAm, polyacrylamide
PNIPAAm, poly(N-isopropyl PVA, poly(vinyl alcohol);
PVamine, poly(vinyl amine) PVAc, poly(vinyl acetate); PNVP, poly(N-vinyl
pyrrolidone); PAAc, poly(acrylic acid); HEMA, hydroxyethyl methacrylate;
PAN, polyacrylonitrile; PGEMA, poly(glucosylethyl methacrylate); PPO,
PHPMA, poly(hydroxypropyl methacrylamide);
PAN, polyacrylonitrile; PMMA,

acrylamide);

poly(propyleneoxide);
PEMA, poly(ethyl methacrylate);
poly(methyl methacrylate).

Additionally, protein immobilization in the HN
polymeric network provides stability and preserves
protein 3D structure. Hydrogels swelling and
degradability can also be tailored according to the
type of polymer to achieve sustained release of
both small peptides and large proteins.'?® Another
advantage is that HN may surpass immune system
detection; if recognition occurs, it triggers T
independent immune responses that generally
result in lack of immunological memory.'?* The
latter feature is important for prolonging
nanostructure plasma half-life.

As an example, insulin-loaded chitosan HN
have been prepared by ionic gelation with
tripolyphosphate.'® Chitosan HN were obtained
within a size range of 300-400 nm, a positive
surface charge ranging from +54 to +25mV, and

This journal is © The Royal Society of Chemistry 20xx
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loading efficiency up to 55%. Pan et al**® also

prepared an insulin-loaded chitosan HN that
enhanced in vivo intestinal absorption of insulin in
alloxan-induced diabetic rats to a greater extent
than an aqueous solution of chitosan. After oral
administration of 21.1 IU/Kg of insulin loaded in
the chitosan HN, hypoglycemia was prolonged
over 15 h. Many ongoing investigations point to
the improved oral bioavailability of peptides and
proteins in chitosan HN. In these studies, it is
claimed that the bioadhesion property of chitosan
HN further enhances the intestinal absorption of
the drug.**’1?

Regarding synthetic polymers, poly(vinyl
alcohol) (PVA) HN were explored as
protein/peptide delivery systems. The water-in-oil
emulsion was produced by cyclic freezing—thawing
procedure and no emulsifiers.”® The average
diameter of PVA HN obtained was 675 %43 nm,
with BSA loading efficiency of 96.2 £3.8% and
diffusion-controlled release trend. More recently,
biodegradable polyesters consisting of short
poly(lactone) chains grafted to PVA or charge-
modified sulfobutyl-PVA (SB-PVA) were prepared
and used as a novel class of water soluble comb-
like polyesters.”® These polymers undergo
spontaneous self-assembling to produce HN,
which form stable complexes with a number of
proteins such as human serum albumin, tetanus
toxoid and cytochrom C.**°

Stimuli  responsive (pH, temperature)
hydrogels have also been prepared and found to
be tissue compatible.”*! For example, pH-sensitive
hydrogels with immobilized glucose oxidase were
investigated for a glucose-sensitive insulin-
releasing system.® Pattou and Palmer'®?
developed a novel type of temperature-responsive
HN of poly(N-isopropyl acrylamide) encapsulating
bovine hemoglobin, which might benefit tissue
hypoxia caused by decreased body temperature.

6. Single-protein nanocapsules

Recently, an innovative delivery system
with core-shell structure named single-protein
nanocapsules (SPN) was proposed.’®® In SPN
(Figure 6), a protein forms the core and a
polymeric shell is covalently linked to this core.
The polymeric shell comprises a thin permeable
layer of degradable or non-degradable polymer. To
obtain SPN, polymerizable groups are covalently
linked to the protein and the polymerization
occurs in an aqueous solution containing
monomers (ionic or neutral) and a crosslinker

This journal is © The Royal Society of Chemistry 20xx
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(degradable or not), resulting in each protein core
being enfolded in a thin polymer shell. From the
morphological point of view, these protein carriers
are spherical, with a uniform diameter in the
nanoscale range.”*

Figure 6. Single-protein nanocapsules (SPN) preparation, using a hydrophilic

Protein encapsulated in
a thin polymer shell
(ionic or neutral)

Covalent linkage between
polimerizable (ionic or neutral)
monomers (black lines)

Polymerization in aqueous media
in the presence of a cross-linker
(grey rectangle)

protein as model.

From the diagnostic point of view, non-
degradable SPN offer an interesting alternative for
the use of proteins such as green fluorescent
protein (GFP), horseradish peroxidase (HRP),
bovine serum albumin (BSA), superoxide
dismutase (SOD) and caspase-3 (CAS). The ability
of these SPN to circulate and accumulate in certain
tissues, such as tumors due to enhanced
permeation and retention effect, opens a new
direction for imaging and tumor tracking. Du et al
(124) encapsulated the enzyme horseradish
peroxidase by SPN and decorated the polymeric
shell with quantum dots, as a new possibility for
bioluminescence imaging and therapeutics.

Despite the use of covalent linkage in the
original description of this system, noncovalent
encapsulation of proteins into a positively-charged
polymeric shell organized by disulfide-containing
crosslinkers was also reported. This non-covalent

strategy resulted in SPN susceptible to cell
internalization and further dissociation in the
reducing cytosol to release the protein.®® In this

paper, the authors show that caspase 3 (CP-3) can
be delivered as a SPN and can induce apoptosis in
a variety of human cancer cell lines, including
Hela, MCF-7 and U-87 MG.

Therefore, SPN is also an interesting
alternative for intracellular delivery of proteins.
Proteases are commonly present in a physiological
environment and may lead to protein drugs
degradation. In this sense, the polymeric shell of
SPN protects the protein core from proteolysis.
Yan et al (133) show that the fluorescence
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intensity of native enhanced green fluorescent
protein (EGFP) exposed to proteases (trypsin and
a-chymotrypsin) corresponds to 60% of its original
fluorescence intensity, whereas the EGFP in SPN
retained more than 90% of fluorescence intensity.
It is clear to us the similarity between SPN and
the well-established PEGylation strategy to
improve proteins stability and pharmacokinetics.
PEGylation defines the modification of a protein,
peptide or non-peptide molecule by the linking
of one or more poly(ethylene oxide) (PEO or PEG)
chains (136). In spite of the beneficial effects
achieved with PEG coupling, this strategy is
usually associated with reduced protein
bioactivity. Nonetheless, the number and
location of PEG chains covalently attached to the
protein as well as geometry (e.g. linear versus
branched) and molecular weight of PEG can be
studied to minimize activity loss (137). Similarly
to PEGylation, SPN can be deleterious for protein
activity because amino acids that are
fundamental for protein-target interaction may
be directly involved in the coupling. Also, steric
hindrance may occur if the polymer is attached
close to the protein recognition surface.
Nonetheless, SPN seems an intelligent and
evolutionary strategy to PEGylation that allows
engineering of the thin polymeric shell to either
degrade or remain stable at different pHs and/or
other stimuli.

7. Nanostructures stabilization - Colloidal stability

Nanostructures stabilization is remarkably
important for commercial drugs, vaccines and
biomarkers, i.e., for products where long-term
stability is essential for an acceptable shelf life.
Colloidal instability may arise from different
physicochemical properties, such as pH, surface
charge of the particle and so on. In a simplified
physical view, considering the spherical
approximation for colloidal particles, stability
regarding aggregation depends on a balance
between repulsive and attractive forces, in which
gravity and buoyancy forces will dictate the
particles precipitation behavior. Dominance of
attraction makes particles adhere to each other
leading to aggregation or fusion; when gravity
forces dominate, particles settle down. On the
other hand, if buoyancy forces dominate, particles
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can cream up or flocculate. Moreover, in the case
of a liquid dispersed phase, instability results in
phase separation. Several models are available in
the literature attempting to describe and/or
predict these events, but there is no model able to
universally describe colloidal stability regardless of
nanoparticle type."*® Nonetheless, some common
features are important concerning colloidal
stability. In the simplest case, considering a sphere
in solution, there will be, at most, three forces
acting on the particle: gravity (g), the viscous force
(Fyise) and the buoyancy (F}3), written as:

4

F;: = psolution T R3g

(Eqg. 3)

where psoution iS the solution density and R the
sphere radius.

The viscous force (F,i.), on the other hand, can
be written as:

F:fisc = 67”7Rvsed (Eq. 4)

where mn is the solution viscosity, and vy, the
particle sedimentation velocity, which is directly
connected to the particle colloidal stability and can
be written as:

_ 2R2 (,Dparficle - psolvent )g (Eq 5)
o

Vxea'

Note that the velocity can have two
different directions depending on (Oparticle - Psolvent)
value. Moreover, Equation 5 shows that vy
decreases when (i) the solution dynamic viscosity
(77) increases; (ii) the difference between particle
and liquid densities (Oparticle - Psolvent) decreases,
and (iii) the particle size, R, is reduced.™ Viscosity
increment is performed with thickening agents like
biopolymers and polyacrylic acids**® as long as
compatibility with the administration route and
manufacturing is maintained. Density alterations
are mostly performed for the dispersion medium.
Nonetheless, thickening agents and density
modifiers may alter the electrical charge of the
dispersion medium, favoring repulsion or
attraction.

Since vy is proportional to the square of
particle radius (Eq. 5), reduction in the particle size
can effectively decrease sedimentation. However,
size reduction increases the surface energy and
may result in particle aggregation. If this is the

This journal is © The Royal Society of Chemistry 20xx
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case, stability will require the addition of
excipients to keep the particles apart. ***

Nanostructures dispersed in aqueous
medium can acquire a surface electric charge
through protonation, ionization, ion adsorption or
ion dissolution. One interesting physical parameter
that can be evaluated regarding protein
nanoparticle charge surface is the (-potential,
defined as the electric potential in the slipping
plane relative to the potential faraway from the
particle.

This electrical potential is related to the
colloidal stability, thus, the higher the C-potential,
the higher is the repulsion between adjacent
particles in solution and, as a consequence, higher
is the colloidal stability. Other forces may also act
in colloidal stability, like Van der Walls
interactions, that must be taken into account for
some specific cases.

Electrostatic stabilization of nanostructures
might come from pH change, chemical reactions or
ion adsorption.’® As a rule, C-potentials above an
absolute value of 30 mV provide long-term stability
for electrostatically-stabilized nanostructures.'* To
decide the appropriate C-potential and ionic charge,
nanostructures application should be considered. For
instance, positively charged nanostructures have
enhanced loading of negatively-charged proteins.
However, if high C-potential values may favor
loading, excessive positive charge causes non-
specific bindiné and consequent uptake by non-
targeted cells.”

Steric stabilization of nanostructures relies
on a variety of molecules, including: nonionic
surfactants (i.e. tweens, triton X-100)**® and
nonionic polymers (i.e. polyethylene oxide,
polyvinyl alcohol, polyvynilpirrolidone).*” These
molecules may be linked to the nanostructures by
adsorption or chemical conjugation (ex: PEGylated
liposomes). Electrostatic and steric stabilization
can be combined with the use of ionic
macromolecules, like negativelg charged alginate
or positively charged chitosan.***%°

8. Conclusions

Nanobiotechnology has already proven its
ability to overcome the barriers involved in protein
drug delivery and we expect to see more
successful examples with FDA approval in the
upcoming years. Also, the possibility of different
formulation methods, physicochemical properties,
release mechanisms and even targeting
chemistries make nanocarriers very attractive
to encapsulate proteins of therapeutic interest.
While liposomes are well-established
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nanostructures, with therapeutically approved
examples, chemical and physical instability have
prevented significant development of
commercially stable and bioactive protein
formulations with lipids. We believe
polymersomes are very promising and will get
each time more attention, with many possibilities
of copolymers to be employed, low RES
recognition and extended circulation time. In
comparison to lipids employed in liposomes
formulations, relatively stable and biodegradable
copolymers can be used to produce
polymersomes, thanks to the progress in polymer
chemistry. Hydrogel nanoparticles also deserve
attention and show great potential for non-
parenteral protein drug delivery. Again, the
progress in polymer chemistry, has been
contributing significantly to the synthesis of
hydrogels with well-defined and fine-tunnable
degradation kinetic as well as mechanical
properties. Regarding single-protein nanocapsules,
we consider it an interesting alternative, especially
for diagnostics. For therapeutic proteins, one
should keep in mind that covalent linkage of
polymers may result in loss of protein activity and
degradable crosslinkers are more appropriate.
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Nanostructured systems, such as nanoemulsions, liposomes, polymersomes and hydrogel
nanoparticles, are important tools to develop safe and effective therapeutic protein
preparations.



Page 19 of 19

Hydrophobic tails

proteins
W/O NANOEMULSION
DROPLET

Biomaterials Science

POLYMERSOME

39x19mm (300 x 300 DPI)

SINGLE-PROTEIN
NANOCAPSULE



