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A Special Issue on
Nanomedicine in Latin America

This special issue of Journal of Biomaterials and
Tissue Engineering includes articles from Latin Ameri-
can researchers that work in an emerging discipline at the
interface of biomaterials science, nanotechnology and ther-
apeutics called Nanomedicine and that comprises the use
of different mono, bi and three-dimensional nano-objects
(e.g., nanoplates, nanoparticles, nanotubes, etc.) to address
different medical problems. A peculiarity of Nanomedicine
is its pivotal role in the articulation of different com-
plementary research disciplines such as pharmaceutical
technology (aimed to develop drug dosage forms) and bio-
engineering (aimed to engineer medical devices without
pharmacological, immunological or metabolic activity).
In the first case, drug-loaded ad-hoc designed nano-objects
enable to control pharmacokinetics and intracellular traf-
fic of drugs without modifying their chemical structure.
Silver and zinc oxide nanoparticles are examples of nano-
objects displaying physical or redox activity and used as
antimicrobials in advanced medical devices. In the second
case, nano-objects can be used to modify the function of
the cellular machinery by delivering genetic material; for
instance switching to new metabolic pathways is a com-
petence of cell engineering. Besides, biocompatible and
potentially extremely bioactive nano-objects can be used
to build artificial extracellular matrices. By tailoring cell-
matrix interactions at the molecular level, a fine control of
signal transduction pathways can be triggered to modify
cell spreading, migration, proliferation and differentiation.
This fine control improves the development of in vitro
and in vivo tissue and it is the competence of bioma-
terials, tissue engineering and bioartificial organs areas.
Undoubtedly, the use of nano-objects to execute controlled
functions in the health field is blurring frontiers among
disciplines that were well defined until very recent times.

In this very dynamic scenario, the social and economic
impact of Nanomedicine has to be undertaken by a scien-
tific community that envisages and fully understands the
profound consequences of its intervention in living beings.
Unfortunately, a misinterpretation of the scope encom-
passed by Nanomedicine made at first glance in Latin
America gave access almost exclusively to chemistry and
physics experts. This vision restricted the involvement of
biomedical researchers in the nanotechnology arena and,
as a result of this phenomenon, most of the Latin American
countries and particularly Argentina, delayed the local
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development of the nanomedicine education programs and
scientific platforms.

The foundation of any emerging applied research field
demands the strategic investment of extensive govern-
mental funds and the consequent generation of a critical
mass of young, motivated and highly-qualified scientists
that will later develop powerful and versatile technologi-
cal platforms and educate a next generation of scientists.
Hence, to push the field forward, in 2010, we founded the
Argentine Society for Nanomedicines (NANOMED-ar).
One of the urgent issues to be addressed in Latin America
is the absence of a public health agenda focused on
Nanomedicine; priority research lines and disease-oriented
research projects have not been identified yet. In Argentina,
the critical mass of nanomedical scientists remains rela-
tively small and most of the activities are concentrated by a
few highly qualified research groups in public institutions
distributed across the country. These research groups own
solid expertise, know-how and nanotechnology platforms
in areas such as (i) synthesis, modification and characteri-
zation of polymeric and non-polymeric carriers; (ii) design
and development of drug delivery implants; (iii) encapsu-
lation, release and targeting of drugs, genes and vaccines
and (iv) development of standard and innovative pharma-
ceutical formulations and in vitro and preclinical studies,
among others. However, in the absence of a general con-
sensus and long-term development plans, efforts fade away
in a number of research lines that are in the best of the
cases self-sustained, but that owing to complex economic,
political and social contexts are not likely to be translated
into products.

A serious debate remains to be opened. In the frame-
work of neglected diseases, the development of innova-
tive medicines represents a less profitable niche for the
pharmaceutical industry and a fine equilibrium between
innovation and affordability needs to be achieved. In other
words, in these specific cases, nanotechnologies need to be
more scalable and cost-viable. An approach to make these
technologies more cost-viable is to develop robust and
versatile platforms that can be implemented in different
drug families displaying similar physicochemical and phar-
macokinetic drawbacks. Challenges related to scale-up,
toxicity, stability and regulatory issues, as well as environ-
mental impact and management of waste products derived
from the production of nano-objects will not be solved

doi:10.1166/jbt.2013.1063 1
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in the absence of new academic knowledge and an inti-
mate industry-academia interaction. Improved and deeper
knowledge could guide—at least partially—industrial
stakeholders to start their own way with fewer risks. In this
sense, our vision fits very well that of the European
initiatives (see the documents “Nanomedicine. A Euro-
pean Science Foundation—European Medical Research
Councils (EMRC) Forward Look report, 2005,” and the
“European Technology Platform, Strategic Research
Agenda for Nanomedicine, 2006).

Summarizing, Argentina and other countries in the
region undergo a transition and expansion period charac-
terized by the availability of a small number of highly-
qualified research groups that are very eager to take
Nanomedicine from an explorative to a more applied level.
This goal can be achieved mainly by improving the inter-
action with industry. Conversely, global pharmaceutical
companies are increasingly interested in extending the
utility of their expired patents and enrich their intellec-
tual portfolio. In this context, the current circumstances
represent a unique and advantageous milieu for future
fruitful academia-industry collaborations in our countries.
Cooperative research between Brazil and Argentina was
absent in the last years. This situation began to change and

ABOUT THE GUEST EDITORS

|

Abraham

it is expected that the intervention of initiatives such as
Nanomed-ar and other scientific and professional forums
will contribute to improve the interaction and exchange.
The next challenge will be to make this incipient inter-
action extensive to other countries of our region for the
common benefit of our patients.
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Gold Nanoparticle-Membrane Interactions:
Implications in Biomedicine
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There has been an increase in the research towards the use of nanoparticles as a promising tool for
nanomedicine, from imagenology, drug and gene delivery, to phototherapy. Little is known regard-
ing the interaction between nanoparticles and cell membranes despite its importance to achieve
an efficient therapy avoiding adverse effects, such as cytotoxicity and accumulation in undesired
targets. Gold nanoparticles have demonstrated to be a perfect candidate to use in biological sys-
tems because of their dimension, ease of characterization, biocompatibility, and ability to conjugate
to different compounds, such as active peptides. There are different biophysical properties such
as: shape, size, conjugation, surface charge and ligand arrangement that affect gold nanoparticle-
membrane interactions. In this review we will analyze how these properties are involved in the
mechanisms of interaction with membranes and the internalization pathways of gold nanoparticle
systems into cells. A new approach towards gold nanoparticles systems and model lipid mem-
branes is rising to better understand this interaction at an atomic level in order to extrapolate it to a
cellular level. We will discuss how gold nanoparticles interact with lipid membrane models and cell
membranes analyzing its relationship to cell penetration, which is relevant for drug delivery.

Keywords: Gold Nanoparticles, Lipid Membrane Model, Drug Delivery, Cell Membrane,
Nanotoxicology.
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to the amphipatic peptide CLPFFD that recognizes AS,
increasing the stability of nanoparticles by steric effect and
favoring the crossing of the blood brain barrier.>?* In
general terms, GNPs show a low degree of toxicity, which
depend on their size, shape, charge and capping.*3-*> GNPs
can be functionalized with different molecules of biolog-
ical interest offering a high selectivity for drug delivery?®
and due to their size they have the ability to spread and
cross biological barriers reaching specific targets with dif-
ficult access, such as the brain.*! The optical and electrical
properties of GNPs are some of the basis of their biomed-
ical applications.'®?* GNPs are characterized by a local-
ized surface plasmon resonance, and depending on their
size and shape, they are capable of absorbing electromag-
netic radiation in the visible region for GNSs and infrared
region for Gold Nanorods (GNRs) and Gold Nanoshells
(GNShs),¥:38 dissipating the absorbed energy in the form
of local heat which gives rise to the so-called photothermal
therapy and may thus destroy tumor cells or disaggregate
toxic protein aggregates.®

A relevant biomedical issue is the penetration of
nanoparticles (NPs) through the cell and biological barri-
ers. Important biological barriers are the cell membranes,
which are dynamic, fluid structures essential to de life of
a cell,* 0 they are formed by amphipathic lipids, which
consist of hydrophobic and hydrophilic portions. These
properties are the physical basis of the spontaneous for-
mation of membranes in aqueous environments.*>*" The
lipid molecules are arranged as a continuous double layer
of about 4 to 5 nm thick.?>*® The basic constituents of
the cell membrane are the phospholipids, which could be
saturated or unsaturated. The rate of saturation within lipid
membranes determines the fluidity of the membrane.*> 43

Nanoparticles can interact and enter to a cell by two
possible means; endocytosis and membrane penetration. In
endocytosis nanoparticles could be internalized by endo-
somes without reaching the cytosol (accumulated in vesic-
ular bodies) or not.*** On the other hand, nanoparticles
(by preference cationic) pass through the cell membrane
generating holes or pores in it contributing to the cytotox-
icity on the cell.*¢#’

6

The first interaction between NPs and membrane con-
stituents could dictate the fate of a nanoparticle (NP) into
the cell. In order to retrieve information about the physical
rules governing the interaction between biological mem-
branes and nanoparticles, model lipid bilayers are being
used as a promising approach.*®>° Such model systems are
mainly employed to characterize the interactions between
protein and lipid membranes, but they are also well adapted
to understand membrane-nanoparticles interactions. These
models are: Giant Unilamellar Vesicles (GUVs), Black
Lipid membranes (BLMs), and Supported Lipid Bilayers
(SLBs).>"32 The supported lipid bilayer (SLB) is typi-
cally formed by vesicle fusion or Langmuir transfer to a
suitable surface.’>* The latter model is a promising tool
to understand the interaction between nanomaterials and
membranes.***® SLBs have the advantage of being studied
at a nanometric scale as a planar system observed through
Atomic Force Microscopy (AFM).>*57 However the natu-
ral curvature presented in a cell is underestimated by this
model.>' A typical example of SLB is the use of a mixture
of  dioleoylphosphatidylcholine/dipalmitoylphosphatidyl
choline (DOPC/DPPC), which is composed by unsaturated
and saturated lipids respectively, mimicking the fluidity of
a cell membrane. 338

In this review we will discuss the different factors that
influence in the interaction between GNPs and membranes.
We will focus on how the surface charge density affects in
the interaction and subsequent internalization of the GNPs
into the cell. Then, we shall emphasize the importance of
the ligand arrangement in GNPs and its impact on cellular
uptake. Finally, we will examine on how the different size
and shape of GNPs affect on their uptake in a cell dis-
cussing the possible mechanisms of interaction with lipid
membranes.

2. HOW GNPS COATED WITH DIFFERENT
SURFACE CHARGED DENSITIES
INTERACT WITH MEMBRANES

In this section we shall summarize an important aspect
while studying the interaction between GNPs and
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Fig. 1. Gold nanoparticles of different morphologies and components
represented by TEM: (a) gold nanosphere, (b) gold nanorods, (c) gold
nanoshells. Scale bars are 100 nm. (a) and (b) adapted with permission
from [61], D. Bartczak et al., Interactions of human endothelial cells
with gold nanoparticles of different morphologies. Small 8, 122 (2012).
© 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) adapted
with permission from [113], D. Bartczak et al., Laser-induced damage
and recovery of plasmonically targeted human endothelial cells. Nano
Lert. 11, 1358 (2011). © 2011, American Chemical Society.
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membranes: the surface charge density. There are expla-
nations on how charged functional groups on GNPs affect
in the interaction with membranes.33 34 46:47.59-66 First we
shall analyze this interaction with model lipid membranes
and secondly with cell membranes.

2.1. Interaction of GNPs with
Model Lipid Membranes

To the date, only a few works have addressed the inter-
action of nanoparticles with model lipid membranes.®’"!
An important tool for such studies is AFM that allows the
research of early biophysical interactions between nano-
materials and model membranes, which is relevant to
understand the subsequent cell penetration of nanoparti-
cles. In Atomic Force Microscopy, force curves provide us
with a quantitative tool to investigate the biophysical fea-
tures of nanoparticle-membrane interactions. When press-
ing on a SLB for instance, the approaching force curve
presents a repulsive component until the bilayer is ruptured
and the tip makes contact with the substrate. Such jumps
are observed in a variety of bilayers.”” An interesting
example can be described by Schneider et al.”> where they
investigate the influence of the chemical properties of the
tip on the tip-lipid bilayer contact using gold-thiol coated
tips.”? Studies conducted by Leroueil et al.*>*7 using AFM
and SLB to understand membrane-nanoparticles interac-
tions, showed that various types of cationic nanoparticles
induce defects in SLBs.***” Positively charged nanopar-
ticles destabilized and disrupted the membrane, forming
holes or expanding the existing holes. An increasing dis-
ruptive effect was observed at higher positive charge den-
sities. The latter experiments were mainly conducted with
different generations of polyaminodoamine dendrimers on
SLBs, where the dendrimers with higher charged density
presented a major disruption on the SLB. These authors
also found that GNPs conjugated with an amine group
disrupted the SLB through the expansion of pre-existing
defects on the surface and appeared to aggregate on the
mica surface (Fig. 2). In this experiment, it is necessary
to take into account that the substrate (mica) offers a neg-
atively charged surface which could contribute in the for-
mation of the membrane holes, attracting the GNP-NH,
to the mica, therefore disrupting the membrane. These
defects, holes or pores in a membrane can be referred as
a wide range of structural changes that could lead to an
enhanced permeability ranging from the formation of an
actual hole in the membrane to more subtle changes in
the content of the membrane leading to an increased diffu-
sion rate. These authors demonstrated that all the cationic
nanoparticles studied (regardless of shape and chemical
composition) showed a disruption on SLBs.**47 This is an
important result that could correlate the interaction of NPs
and SLBs with NPs and cell membranes, providing valu-
able information on how nanoparticles could influence in
the nanotoxicity.
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Fig. 2. The GNP-NH, nanoparticles depicted in (a) were injected onto a DMPC-supported lipid bilayer represented in an AFM imagine in (b). After
the injection the GNPs expanded the pre-existing defects within the supported lipid bilayer and appeared to aggregate on the mica surface as it is
shown in the image (c). Scale bar is 500 nm. Adapted with permission from [47], P. R. Leroueil, et al., Wide varieties of cationic nanoparticles induce
defects in supported lipid bilayers. Nano Lett. 8, 420 (2008). © 2008, American Chemical Society.

Besides this model, GUVs have also been used to study
the interaction of nanoparticles and phospholipids because
of their similarity of size and morphology to native cells.
There are not many studies that detail the interaction
between GUVs and gold nanoparticles, nevertheless Zhang
et al.’”® have studied the interaction between GUVs as
model membranes and SiO, NPs, the authors demonstrated
that a competition between adhesion and elastic energy at
the membrane interface takes place leading to membrane
crumpling and micropore-formation.”” The morphological
changes of GUVs, observed under confocal microscopy,
after interacting with SiO, NPs were strongly dependent
on the size of these NPs. Small SiO, NPs create permanent
holes in GUVs, transforming the previously smooth and
spherical GUVs into crumpled objects with micropores,
whereas, the interaction between GUVs and bigger SiO,
NPs of 182 nm lead to wrapping events which are clearly
observed on the surfaces of GUVs. The authors suggest
that the wrapping events deplete the lipids and eventu-
ally lead to a GUV breakdown.” In this study, fluores-
cence recovery after photobleaching (FRAP) is employed
to investigate the modifications in lateral lipid mobility.
It is found that small SiO, NPs (less than 18 nm) cause
a “freeze” effect on fluid membranes decreasing phospho-
lipids lateral mobility, while large NPs (> 78 nm) promote
membrane wrapping along with significant increase in lat-
eral lipid mobility and in a complete vesicle disruption.
The energy balance leads the authors to conclude that the
energy required for membrane bending is the dominant
barrier when particles are small, suppressing membrane
wrapping,” whereas, Van der Waals forces and electro-
static interaction, between the negative charges on the SiO,
surface and the positively charged region of the DOPC
(P~—N™ dipole) are identified as the main contributions
to the adhesion in this system. A change in the tilt angle
of the head groups would be responsible of increasing the
lipid packing density leading to a rigid membrane with
a high lateral tension and small mobility. This tension is

8

eventually released creating a single microsized hole in the
membrane.” This interaction example is studied between
GUVs and SiO,NPs, and we believe further studies with
GNPs should be conducted.

Recently, GUVs have been employed to investigate the
thermal effect induced by the laser heating of GNPs.”
offering valuable data for GNPs biomedical applications.
While studying the interaction between GNPs and GUVs,
these model membranes are well suited to study the vari-
ations in membrane permeability due to the local heating
produced by GNPs while absorbing laser radiation near
their surface plasmon resonance. The temperature field
surrounding a GNP optically trapped can be character-
ized by simply measuring the distance between the par-
ticle and a leaking GUV. The method is based on the
fact that a lipid vesicle becomes leaky at the phase tran-
sition and it is intimately connected while triggering the
release of encapsulated molecules.”> GUVs in combina-
tion with GNPs absorbing radiation have been used in a
new method to deliver hydrophilic substances through the
membrane. The method basically combines optical tweez-
ers with local heating: an optical tweezers traps individual
GNPs and pushes it to through the gel-phase membrane,
while the optical heating of the GNPs causes the forma-
tion of a nanopore in the gel-phase membrane. This find-
ing is relevant, since membranes are impermeable to most
hydrophilic substances and numerous methodologies have
been developed to surpass this natural barrier imposed
by living cells in biomedical applications.”” This novel
method offers important opportunities for future studies in
single cells and provides the community a new method to
design and deliver GNPs.

Another interesting model to study are Black Lipid
Membranes (BLMs), which constitute of thin lipid films
placed across small apertures separating two chambers
containing ionic solutions. This model allows the study
of channels and pore formation in a lipid membrane,”!
technique that would be useful to study the interaction of

J. Biomater. Tissue Eng. 3, 4-21, 2013



Riveros et al.

nanoparticles with this model membrane. To the authors
knowledge there are no published studies regarding the
interaction between GNPs and BLMs.”! 7

Given the complexity of nanobiosystems, computer sim-
ulations have emerged as effective alternatives to describe
relevant aspects of NP-Membrane interactions.®!©2

Molecular dynamics studies propose that the interac-
tion between GNPs and lipid bilayers depend on the
surface charge density of the GNPs. GNPs with lower
charge densities penetrate a negatively charged bilayer,
whereas a highly charged cationic GNPs disrupts the mem-
brane (Fig. 3).#-%%% In addition, recent simulations in the
“coarse grain” approximation carried out by Lin et al.%?
provide valuable information and insight regarding the
interaction mechanisms of GNPs with model membranes.
It is found that GNPs with different sign and density
charge either adhere or penetrate the membrane. The max-
imum energy gain, upon adhesion and penetration, is a key
aspect to be considered for GNP-membrane penetration.
Lin et al.>% modeled several interesting situations and in
this review only two of the effects observed by the authors
are discussed. First, to explore a range of interactions and
charge densities, GNPs were functionalized with different
fractions of ammonium (positively charged), carboxylate
(negatively charged) and hydrophobic groups. Second, to
feature a neutral membrane a pure DPPC was considered,
whereas the negatively charged membrane was modeled
by a mixture of DPPC and dipalmitoylphosphatidylglyc-
erol (DPPG). The potential mean force (PMF) showed

Gold Nanoparticle-Membrane Interactions: Implications in Biomedicine

deep minima inside the negatively charged membrane for
cationic GNPs, whereas minima were observed near the
surface of neutral membrane for both, cationic and anionic
GNPs. In contrast, these simulations predict that GNPs do
not penetrate neither neutral nor negative membrane, prob-
ably due to the reduced local minimum of PMF which
locates at a few nanometers from the membrane (Fig. 3).
This latter result contrasts the observations made by other
authors*»% in which the inclusion of such GNPs inside
the membrane with experiments performed in a serum free
conditions was demonstrated. This point will be discussed
in the forthcoming sections. It is worth nothing that, for
charged GNPs, PMF wells are about 100 KJ/mol deep and
1 nm or 2 nm wide which implies an energy barrier per
molecule of AE =2 x 107! J, leading to forces of about
200 pN/molecule. This range of forces being accessible
by means of AFM, it would be instructive to characterize
PMF wells using AFM gold-tips functionalized following
the same strategy described above.

2.2. Interaction of GNPs with Cell Membranes

In contrast to the model membranes studies, there are
several works related to cell membranes. In this section
we will present some illustrating works. Studies with cell
membranes conducted by Cho et al.”® have shown that the
uptake of GNSs by SK-BR-3 cells was dependent on the
surface charge, where positively charged GNSs present a
higher uptake rate compared to the neutral or negatively
charged GNSs.” Negatively charged GNSs were taken

Fig. 3. A schematic illustration indicating the effect of GNPs surface charge on their cellular uptake and cytotoxicity of a typical mammalian cell.
Cationic GNPs are favored by the cell membrane while anionic and hydrophobic GNPs cannot reach the membrane easily. Increasing GNPs surface
charge density will promote uptake but also raise cytotoxicity. Exceeding a threshold of surface charge density may have the GNPs escape an endocytotic
route and diffuse directly into the cytosol. Further increase of charge density may result in overt disruption of the membrane and thus cause acute
toxic effect to cells. A certain amount of surface charge density may allow the GNPs to strike a balance between cellular uptake and cytotoxicity to
achieve optimal delivery efficiency. Adapted with permission from [62], J. Lin, et al., Penetration of lipid membranes by gold nanoparticles: Insights
into cellular uptake, cytotoxicity, and their relationship. ACS Nano 4, 5421 (2010). © 2010, American Chemical Society.
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up by the cells at a slightly higher level than the neu-
tral GNSs.”> The authors suggest that this could be due
to some of the positively charged domains in the mem-
brane that would be interacting with the negatively charged
GNSs,” nevertheless, it has been discussed by others
authors’®”’ that certain serum proteins bind to charged
ligands promoting the entry of these GNPs into the cell
through endocytosis. An effective cellular internalization
of oligonucleotide-modified GNSs was observed despite
of its negative surface coating.”®”” Knowing that a nega-
tive GNSs interacts little or nothing with a generally neg-
ative membrane’ the oligonucleotide coated GNSs were
internalized,”” therefore the authors showed that serum
proteins were adsorbed on the surface, becoming the latter
a contributing factor in the interaction of GNPs with cell
membranes.

2.2.1. The Charge Influences the Interaction of
GNPs with Serum Proteins and
Consequently Its Cell Penetration

While studying the internalization or biophysical inter-
action between GNPs and membranes it is fundamental
to know the interaction between the GNPs and the cul-
ture medium in order to correctly interpret the results
obtained in these studies, because the medium presents
electrolytes and serum proteins which can be adsorbed
by the surface of these nanoparticles forming the called
“Protein Corona”’®" modifying its dimensions and sur-
face charge, being this an important aspect to consider in
future biomedical applications.?* 7077 It is also impor-
tant to know which are those proteins, because accord-
ing to the GNP’s coating different proteins shall interact
with the system affecting its interaction with the membrane
and subsequent entry to the cell. For instance, Alkilany
et al. studied the cellular internalization of GNRs coated
with cetultrimethylammonium bromide (CTAB) and poly-
acrylic acid (PAA) as positive ligands and poly (alky-
lamine) hydrochloride (PHA) as negative ligands, thus
modifying the surface charge of the GNR.?* Remarkably,
the physicochemical surface properties of these GNRs sub-
stantially changed after being in contact with the biological
environment by adopting the surface charge of adsorbed
macromolecules ({ potential = —20 mV) increasing their
size by 22 to 36%. Interestingly these GNRs, despite hav-
ing the same charge and similar size, they enter into the
cells in different proportions, being internalized in the fol-
lowing order: GNR-PHA > GNR-PAA > GNR-CTAB.*
These results suggest that the net charge of the nanopar-
ticle under study does not directly influence in the inter-
nalization of the GNRs, but it influences in the type and
degree of adsorbed serum protein, and consequently the
type of receptor-mediated endocytosis pathways. In this
context, there is an interesting study.” in which differ-
ent shaped GNPs were functionalized with Poly(ethylene
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glycol) (PEG), a widely used synthetic ligand, as it is
biocompatible it improves the stability of the colloid and
it prevents non-specific interactions with proteins.?% 8! All
the studied models, showed that GNPs functionalized with
PEG penetrate much less, compared to those uncoated
GNPs, this is because PEG reduces the protein adsorption
around the GNPs reducing the interaction with the cell
membrane and subsequently its endocytic process.>

In order to conduct complete studies on how GNPs are
internalized into a cell, it is essential to take into consider-
ation the biological media components that could possibly
interact with GNPs.

Not only the surface charge or the serum proteins play
an important role in the internalization process, but the
hydrophilic/hydrophobic balance and the structure of the
GNP ligand are relevant factors to take into account while
studying this complex interaction between NPs and cell
membranes. An illustrative example has been shown by
Lund et al.® where they conjugated spherical-GNPs with
hydrophilic ligands, such as the negatively charged peptide
glutathione (at physiological pH) and the positive PEG-
NH, and hydrophobic-neutral ligand such as glucose.*
These authors observed that GNSs coated with glutathione
(GNP-GSH) were internalized more efficiently compared
to the spherical-GNPs coated with PEG-NH, or glucose.®
These authors demonstrated that while inhibiting all the
endocytic pathways the entry mechanisms are independent
to it. Moreover their experiments were conducted in serum
free conditions ruling out any secondary interaction. The
authors suggest that the remarkable higher uptake of a
negatively charged ligand could be due to the glutathione
structure, which is composed by a multitude of hydrogen
bond donors and acceptors, two carboxyl groups and one
free amine forming a compact structure on the surface
of the GNPs, a structure that could have cell penetrat-
ing properties.® The latter consideration brings up another
important feature that influence in the interaction between
GNPs and membranes, ligand arrangement.

3. THE LIGAND ARRANGEMENT ON A
GOLD NANOPARTICLE IS IMPORTANT
FOR ITS INTERACTION WITH CELL
MEMBRANES AND SUBSEQUENT
PENETRATION

Taking into consideration the natural mechanisms of Cell
Penetrating Peptides (CPPs), the group of Stellacci exam-
ined the cell-penetrating ability of organically coated
amphiphilic GNPs, which they called “striped” nanopar-
ticles, a self-assembled monolayer coated GNPs with an
alternating composition.*> While studying the uptake of
coated GNPs presenting the same size, {-potential, ligand
packing density and hydrophobic content, being the only
difference in the studied models the ligand arrangement,
Verma et al.*® reported that while GNPs were coated in
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an alternating composition (striped or structured) their cel-
lular uptake was higher than those coated with a ran-
domly arranged ligand (unstructured) where the latter were
inefficient in breaching the cell membrane barriers and
were instead trapped in endosomes (Fig. 4). Interestingly,
the striped GNPs displayed no disruption or pore forma-
tion in a manner similar to some of the cell penetrating
peptides.®>-82

Moreover, Lund and colleagues® found that GNPs
functionalized with a proportional mixture of glucose
(hydrophobic ligand) and PEG-NH, (hydrophilic ligand)
had a 18-fold higher penetration compared to the GNPs
functionalized with these ligands individually (GNP-
glucose and GNP-PEG-NH, only).®® Based on the work
of Verma and colleagues® the authors postulate that glu-
cose and PEG-NH, would be organized in an orderly man-
ner in the form of hydrophilic and hydrophobic discs on
the surface of the nanoparticle facilitating their internaliza-
tion. On the contrary a very low cell penetration of GNPs
functionalized with a mixture of glutathione and glucose
was observed, this might be because the structure of glu-
tathione becomes unstable in the presence of glucose, gen-
erating a less ordered ligand arrangement in the GNPs.%

Based on the studies of Verma et al.¥ and Lund et al.*®°
we know that striped nanoparticles enter to the cell with
a higher rate than those unstructured nanoparticles.*>%
Nevertheless, there is not a clear understanding on the
mechanisms governing the interactions between striped
nanoparticles and membranes. In the following paragraphs
we hypothesize a possible mechanism on how these striped
nanoparticles interact with the phospholipids forming the
cell membrane.

3.1. Which Could be the Possible Interaction
Mechanism Between Striped
Nanoparticles and Cell Membranes?

Striped nanoparticles offer hydrophobic—hydrophilic
domains whose dimensions are of the order of the phos-
pholipids molecule’s length. We believe such domains act
as templates over which ordered phospholipids molecules
could spontaneously organize themselves to diminish the
global energy of the Nanoparticle-bilayer system. It is
intuitive that ordered structures optimize energy more
suitably than unstructured systems, since in the former the
energy associated to the domain boundaries is less (Fig. 5).

For example in a negatively amphyphilic charged
NP, one possible phospholipids-structured nanoparticle-
coverage, induced during nanoparticle membrane penetra-
tion, corresponds to hydrophobic tails, which lay on the
hydrophobic nanoparticle domains, locating their negative
heads close to the negatively charged domains of the NP.
Although there might be an energy loss, a global energetic
gain would be obtained if the interactions, between the
polar heads and the charged nanoparticle domains, were
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mediated by the layers of water molecules. For such a
process to take place, an energy barrier due to the flip of
some phospholipids would be required. Such a flip mech-
anism has already been conjectured to mimic hydrophobic
nanoparticle interactions with lipid membranes.®

Further understanding onto NPs penetration into the
cell has been achieved by using “Dissipative Particles
Dynamics Simulations.” This method basically consists
in searching the solution of Newton’s equations for suit-
able designed beads, which are specially designed to fea-
ture ligands and phospholipids.** When NPs are decorated
with hydrophobic ligands by means of dynamic bonds
(reversible non-covalent dynamic bond) they can sponta-
neously penetrate the membrane. The degree of penetra-
tion depends on several factors including, ligand type and
density as well as NPs size and shape. For instance, for
increasing NPs diameter at constant ligand number, it is
found that the penetration efficiency decreases and is only
5% when the NPs size is 4.8 nm, which is attributed
to a decrease of ligands density. It is to be noted, that
while increasing the ligand’s density, in this case, the
nanoparticles-ligands complex is more hydrophobic mak-
ing it easier for the NP to enter the bilayer. It is important
to emphasize that the hydrophilic NPs can adhere to the
membrane due to the lipid headgroup-NP interaction and
when this interaction is strong enough the NPs are totally
engulfed by the membrane. In turn, hydrophobic NPs can
move into the bilayer, where they remain due to their pref-
erence for lipids tails. Ding et al.** designed a new type of
NPs, which combine subtle effects in a way that NPs can
effectively pass across the membrane taking advantage of
its reversible dynamic bonds.*

The hydrophobic/hydrophilic interplay illustrated by
Hong-mim Ding et al.** may also be related to understand
the greater efficiency of striped NPs for cell penetration
in contrast to the homogeneous or unstructured NPs, as
described by Stellacci’s group.*> We conjecture that when
a relatively small NP approaches the membrane due to the
hydrophobic interaction, its hydrophobic component might
favor the entry of the NP. Once the NP reaches the mem-
brane interior, its hydrophilic component might, in turn,
promote its further translocation into the cell. Thus, striped
NPs seem to be adapted to smooth the energy barrier out,
due to the domains of hydrophobic tails of the phospho-
lipids: NPs with sufficiently large domains are expected
to rotate and align with the hydrophobic/hydrophilic por-
tions of the membrane which should facilitate transloca-
tion. Numerical simulations as the ones described above
should prove useful while corroborating this hypothesis
(refer to Fig. 5 for a description).

3.2. GNPs Ligand Arrangement and Possible
Biomedical Applications

Given all the abovementioned discussion, an impor-
tant aspect while studying the interaction between
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Fig. 4. Nanoparticles with ordered arrangements of hydrophilic and hydrophobic surface functional groups play a key role in cell membrane pen-
etration. Schematic diagrams of the nanoparticle’s ligand shell structure; (a) homogenous; (b) unstructured and (c) structured ligand shell, and their
representative Scanning Tunneling Microscopy (STM) (scale bars 5 nm). Confocal microscopy experiments were performed with mouse dendritic
cells incubated with nanoparticles at 37 °C (d)—(f) and 4 °C (g)—(i) in serum free conditions. Adapted with permission from [45], A. Verma, et al.,
Surface-structure-regulated cell-membrane penetration by monolayer-protected nanoparticles. Nat. Mater. 7, 588 (2008). © 2008, Macmillan Publishers
Ltd.
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(a)

Fig. 5. Schematic diagram: (a) Striped GNP functionalized with amphi-
pathic molecules, ordered and structured on the surface. Represented
in orange are the hydrophilic domains and in yellow the hydrophobic
domains. The ordered arrangement of the hydrophobic and hydrophilic
domains, energetically favors the interaction with the self-assembled
phospholipid bilayer. This diagram represents the interaction between the
hydrophobic domains of the nanoparticle (represented in yellow) and the
hydrophobic domains of the phospholipid’s tails, which favor the inter-
nalization of the nanoparticles. (b) A GNP functionalized with unstruc-
tured amphipathic molecules, which are disordered on the surface, do no
interact with the lipid bilayer in an energetically favored manner as it
happens in the structured case.

nanoparticles and membranes is the ligand arrangement.”

Not all the published works emphasize on the ligand
arrangement in a nanoparticle or in the used culture
medium and we believe it is of utmost importance to
have the knowledge of it in order to compare and analyze
its effects on a cell or model membrane. Our group has
studied the ligand arrangement of amphipathic peptides
conjugated on spherical GNPs.** 8 The conformation and
charge exposure of peptides attached to colloidal GNSs are
critical for both the colloidal stability and for the recogni-
tion of biological targets in biomedical applications such
as diagnostics and therapy. We have shown that the peptide
sequence affects the conjugation and stability of GNSs,
and therefore in their interaction with target molecules.
We have prepared GNSs conjugated with different isomers
peptides capable of recognizing toxic aggregates of the
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amyloid beta protein (AS) involved in Alzheimer’s dis-
ease, namely, CLPFFD-CONH, and CLPDFF-CONH, as
shown in the Figure 6. In the case of GNS-CLPFFD-NH,,
the peptide is oriented orthogonally to the gold surface
adopting a 8 secondary structure, while in GNS-CLPDFF-
NH,, the peptide is in a disordered structure. In this work
we demonstrated that GNPs conjugated to the peptide that
adopts a 3 secondary structure (CLPFFD-NH,) is more
stable and presents a higher affinity for AS fibrils in
contrast to the GNSs coated with the peptide that forms
a disordered structure (CLPDFF-CONH,).*% % We have
demonstrated that the peptide sequence, the steric effects,
the charge and disposition of hydrophilic and hydrophobic
residues are determining parameters when considering the
design of GNP-peptide conjugates for biomedical applica-
tions, such as binding of GNSs to A fibrils.?%- 8

The use of GNPs in cancer therapeutics and diagnostics
has widely been studied.®>%® The group of Chan®® % has
studied the efficiency of tumor targeting through different
GNPs design.® They examined the effect of nanoparti-
cle size (10-100 nm) and surface chemistry on passive
targeting of tumors in vivo. Their GNPs were conjugated
with different sets of methoxy-polyethylene glicol (mPEG)
and in their findings they describe how the physical and

Fig. 6. Schematic diagram of GNS conjugated to isomers CLPFFD-
NH, and CLPDFF-NH,. The hydrophobic groups are represented in
green and the hydrophilic groups in orange. In the case of GNS-CLPFFD-
NH,, the peptide anchored to the GNS adopts a 3 secondary structure
increasing the ability to interact with A fibrils, while in GNS-CLPDFF-
NH,, the isomer CLPDFF-NH, adopts a more disordered structure avoid-
ing the accommodation of molecules, reducing the degree of function-
alization, the stability, and the affinity for A fibrils. The scale of the
molecules is not in proportion with the nanoparticles. Figure adapted with
permission from [30], I. Olmedo, et al., How changes in the sequence
of the peptide CLPFFD-NH, can modify the conjugation and stability of
gold nanoparticles and their affinity for B-amyloid fibrils. Bioconjugate
Chem. 19, 1154 (2008). © 2008, American Chemical Society.
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chemical properties of their mPEG-GNPs influence the
pharmacokinetic behavior of the GNP in the blood, which
ultimately determines the tumor accumulation capacity and
the permeation of the GNP within the tumor. Their study
describes how larger nanoparticles appear to stay near
the vasculature while smaller nanoparticles rapidly dif-
fuse throughout the tumor matrix. These are important
features to be considered for drug delivery and imagin-
ing in cancer.?* When the aim is to maximize the amount
of GNPs delivered into the tumor compartment but local-
ization within the tumor mass is unimportant, moderate
particle cores protected with large mPEG could be used
to improve diagnostic sensitivity.® The future perspec-
tive of this work towards tumor targeting is promising but
we believe it could be boosted and improved if its basic
nanoparticle design considers the ligand arrangement.

For a therapeutic approach, nanoparticles need to reach
the lumen of the cancer and tumor matrix and in order to
accomplish this the nanoparticle ligand design is impor-
tant to reach target tumor cells. The work of Li et al.”®
used dual-ligand gold nanoparticles to explore the thera-
peutic benefits of multivalent interactions between GNPs
and cancer cells.”” This system was tested on human epi-
dermal cancer cells, which had high expression of folate
receptors. These researchers demonstrate that dual-ligand
GNPs of folic acids and glucose show enhanced binding
to the folate receptor on cancer cells with a higher inter-
nalization than particles with folic acid alone, allowing
dual-ligand GNPs to enter selectively to the cancer cells.”®
However the interaction mechanism between the cancer
cells and the dual-ligand GNP is yet to be established,
a consideration in the ligand arrangement might improve
this understanding.

Riveros et al.

Taking into consideration the aforementioned, the group
of Lund et al.%° explored the uptake of single and dual-
ligand GNPs in colorectal cancer cells, where they ana-
lyzed the ligand arrangement of a dual ligand formed by
glucose (hydrophobic ligand) and PEG-NH, (hydrophilic
ligand). Changing the hydrophilic and hydrophobic ratios,
they show that the uptake of GNPs in these cancer cells is
not determined by the charge of the ligands but rather by
the way how the ligands are organized on the surface of
the particles as discussed earlier.*®’

Moreover, Yang et al.’' studied dual-ligands GNPs by
including multiple surface ligands on GNPs surface. This
was done, by using two types of lipids and two surface
chemical procedures, in which patchy phospholipids lay-
ers were obtained on GNPs surface depending on the lig-
and. Mixed-lipid-coated GNPs are biocompatible as they
allow the mimicry of cellular surfaces in terms of solvent-
facing functional groups and charge density.”! In this work
the researchers successfully incorporated a biotinylated
lipid in their hybrid lipid GNP system, thus, as inspired
by this study,”! for multifunctional targeting, imaging
and therapeutic applications purposes, one can imagine
GNPs functionalized with several specific ligands, each
one devoted to a specific target. For instance, optimized
ligands would be used for membrane penetration or disrup-
tion, whereas other ligands would collect or deliver spe-
cific drugs in the cell. This knowledge could be efficiently
used in tumor imagining, for example, researchers have
demonstrated a promising strategy to target cancer imag-
ing through the use of GNPs stabilized with biotinylated
PEG.?® In this work the accumulation of a fluorescent con-
trast in an in vivo tumor model is studied, as represented in
Figure 7. In the experiment the researchers passively inject
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Fig. 7. Schematic of nanoparticles assembling with contrast agent in vivo. Gold nanoparticles stabilized with biotinylated PEG are injected as a first
step. These enter tumors through leaky vasculature and passively accumulate in the extracellular matrix over 24 h. Fluorescently labeled streptavidin
is injected, leaks into tumors, and interacts with biotin on the gold nanoparticles in the interstitium. This favorably alters the contrast agent’s tumor
accumulation kinetics. Adapted with permission from [88], S. D. Perrault and W. C. W. Chan, In vivo assembly of nanoparticle components to improve
targeted cancer imaging. Proceedings of the National Academy of Sciences 107, 11194 (2010). © 2010, National Academy Sciences.
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biotinylated-PEG-GNPs into a tumor xenograft model, fol-
lowed by a second injection of streptavidin labeled with a
fluorescent contrast agent. The streptavidin interacts with
biotin on the GNPs allowing the imagining on an in vivo
assembly.®® This targeted cancer imagining seems to be a
promising tool in nanomedicine, nevertheless, we believe
that further investigations towards the arrangement of the
ligands could improve the targeting to specific cells.

To the date, three generations of nanoparticles have been
designed for biomedical applications.’” The first genera-
tion of nanoparticles considered the material design, water
solubility and biocompatibility, but their biological chal-
lenges were instability, removal by phagocytic cells and
poor tumor targeting. Therefore, a second generation of
nanoparticles was developed using PEG and specific anti-
bodies that maximized delivery and specified targeting.
Unfortunately for the later, the addition of excess targeting
ligands increased the clearance by phagocytes and pro-
moted a higher interaction with culture medium, moreover
there was no universal antigen to be considered.®” Taking
into consideration the ongoing concerns, a third genera-
tion of nanoparticles is being developed considering the
dynamic properties of the nanoparticles such as size, shape
and surface chemistry, because these are features that influ-
ence the environment-responsiveness and membrane pen-
etration. However, we believe that a fourth generation of
nanoparticles that consider ligand arrangement would def-
initely enhance membrane penetration allowing the use of
nanoparticles for different biomedical applications.

4. HOW THE SIZE AND SHAPE OF GNPS
INFLUENCE IN THE INTERACTION WITH
MEMBRANES AND CELL PENETRATION

4.1. Spherical GNPs

Studies to the date show that the different means of entry
to a cell highly depend upon the GNP’s size. In this section
we will discuss, firstly, the effect of the NP size on the
interaction with model membranes and secondly on the
interaction with cell membranes and its subsequent uptake.

4.1.1. Effect of the Size on the Interaction
with Model Membranes

Despite the fact that the size effect is well recognized
in nanoparticle’s uptake and adhesion to a cell, only few
studies address this issue in simple model systems, which
are not experimented with GNPs. Evidence of NP size
effects has been obtained by Roiter et al.*® in the case
of silica NPs interacting with lipids membranes. Nanopar-
ticles whose diameter ranged from 1 to 140 nm were
first deposited onto silicon wafers and subsequently a lipid
membrane was grown onto such “decorated nanoparticles”
substrate. Combining phase images provided by AFM,
Confocal Microscopy and TEM, these authors showed
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that membranes can sustain stable pores around silica
nanoparticles when their size ranges from 1.2 to 22 nm,
while larger nanoparticles are mostly covered with lipids
bilayer without piercing the membrane.*® Moreover, Hou
et al.”? investigated the size distribution and surface func-
tionalities of functionalized GNPs breaching SLBs, and
they observed that equally functionalized small GNPs dis-
tributed into the lipid bilayers more rapidly than large
GNPs. These experiments were performed through Scan-
ning electron microscopy (SEM) and TEM.*?

Roiter’s model indicates that a lipid membrane spread
over larger nanoparticles with little cost on bending
energy associated to membrane curvature. In contrast, a
membrane pore would be caused by the inability of the
membrane to produce highly curved zones imposed when
wrapping small nanoparticles. Thus, a pore is formed to
the unfavorable bending energy compared to the attractive
force pulling the membrane to the substrate, and this is
despite the energetic cost of introducing membrane distor-
tion at the pore. Thus, size effects can be explained by
the optimization between an energy cost due to bending
and an energy gain provided by the surface energy. This
conclusion is confirmed experimentally since the critical
nanoparticle size, for the wrapping-unwrapping transition,
was about 22 nm, which is close to that predicted by a
balance of adhesion and bending membrane energy.*®

4.1.2. The Effect of GNP’s Size on Cellular Uptake

It has been described that small spherical GNPs of sizes
between 1, 4 nm to 5 nm enter the cell.*>**%7 and it has
been shown that GNS of 5 nm are internalized passively
not involving an endocytic,* ® lipid raft-mediated or other
energy-demanding pathways.* Verma et al. and Lund et al.
hypothesize that the entry of these small spherical GNPs
occurs through transient holes without membrane disrup-
tion. It is known that GNPs of bigger size, from 20 nm
to 50 nm, are internalized through endocytosis,* %%
whereas GNP of size greater than 70 nm do not enter,
and if they do, they enter in a very low proportion,3%% 100
therefore, we could say that there is a tendency in which
the cellular uptake is inversely proportional to the GNPs
size.¥ On the other hand, the group of Warren Chan
showed that GNPs of 50 nm enter with a higher rate com-
pared to those of 14 nm and 100 nm, this difference could
be due to the fact that the entry mechanism studied in
their work is with GNPs coated with transferrin, a plasma
protein carrier of iron, which enters the cell via receptor-
mediated endocytosis.”® Refer to Figure 8 for an illustra-
tive diagram.

These authors demonstrated through Transmission Elec-
tron Microscopy (TEM) the entry of a single GNPs of
50 nm, whereas GNPs of smaller size require at least 6
GNPs to cluster and enter a cell.”® and DPD simulations
studies have also shown that the internalization of mul-
tiple small NPs is a cooperative process.'”! This can be
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Fig. 8. Schematic representation on how different GNPs sizes affect
in the interaction with cell membranes and therefore its possible inter-
nalization. Diagrams (a), (c) and (e), exemplify how GNPs coated with
transferrin ligands are internalized through receptor mediated endocy-
tosis. Adapted and modified from [98], B. D. Chithrani, et al., Deter-
mining the size and shape dependence of gold nanoparticle uptake into
mammalian cells. Nano Lett. 6, 662 (2006). © 2006; From [102], B. D.
Chithrani and W. C. W. Chan, Elucidating the mechanism of cellular
uptake and removal of protein-coated gold nanoparticles of different
sizes and shapes. Nano Lett. 7, 1542 (2007). © 2007. Whereas diagrams
(b), (d) and (f) represent uncoated GNPs and their possible interaction
with cell membranes. (a) and (b) represent GNP from 4 to 14 nm; (c) and
(d) represent GNP from 30 to 50 nm; (e) and (f) represent GNP > 70 nm.

explained due to the binding capacity of the GNPs to
the receptors. Experimental results showed a smaller dis-
sociation constant value for 40 nm GNPs compared to
smaller GNPs, therefore the authors suggest these GNPs
could anchor to the cell surface with a higher bind-
ing avidity in contrast to 2 nm GNPs that lack multi-
valent binding and dissociate from the receptors before
being wrapped.'®” GNPs larger than 70 nm lack membrane
wrapping due to their high contact area and multivalent
binding which reduces the receptor diffusion, restraining
the cellular internalization given the depletion of recep-
tor within the area of binding limiting the process of
membrane wrapping that is necessary for nanoparticle
internalization.'® Chithrani et al.'”” showed that bigger
NPs require a reduced wrapping time because of the
slower receptor diffusion kinetics leading to the uptake of
fewer NPs. As stated by Chithrani et al.'”> “The cellular
uptake can be considered only as a result of competition
between thermodynamic driving force for wrapping and
the receptor diffusion kinetics. The thermodynamic driv-
ing force refers to the amount of free energy required to
drive the NPs into the cell while the receptor diffusion
kinetics refer to the kinetics of recruitment of receptors to
the binding site.” 12 Refer to Figure 8 for an illustrative
diagram.

An interesting study has shown that 75 nm GNPs tend to
immobilize in the cell membrane, although GNPs of 45 nm
enter the cell through endocytosis and are accumulated
in endosomal vesicles. The authors of this work suggest
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the different uses that these nanoparticles could have in
nanomedicine, like imagenology for a 75 nm GNPs and
drug delivery for a 45 nm (Fig. 9).%

It is fundamental to consider how the experiment
was performed and which were the techniques used to
define the amount of GNPs entering a cell. Not all the
experiments that measure the uptake of GNPs through
Inductively coupled plasma mass spectrometry (ICP-MS)
or Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES).33 3% 61.103-105 congider the actual entry
of GNPs. The analysis of ICP could also include those
GNPs that are on the membrane surface, in such case
an etching solution with low toxicity should be used in
order to selectively remove the GNPs from the surface of a
cell®® ™ maintaining those GNPs inside a cell. Experiments
that use Transmission Electron Microscopy'?? and/or Opti-
cal Sectioning Microscopy with Dark-field Illumination®
provide a better picture on what happens in a cell regard-
ing the GNPs uptake (Fig. 9).

4.2. GNRs

While studying the interaction of nanoparticles with mem-
branes, the case of GNRs is different to spherical-GNPs
mainly because of the aspect ratio between the length and
width, which is an important factor regarding the inter-
action with the plasma membrane and subsequent cellu-
lar uptake. Qiu and co-workers.! conducted studies with
GNRs capped with CTAB analyzing four aspect ratios
(30 x 33, 21 x40, 17 x 50 and 14 x 55 nm) demonstrating
that as the aspect ratio increases, fewer GNRs were taken-
up. Therefore, this authors postulate that the aspect ratio
mediates the cellular uptake.'®

In turn, Chithrani et al.'® studied the internalization
of GNRs coated with transferrin, presenting an aspect
of 20 x 30, 14 x 50 and 7 x 42 nm. In this work, the
authors conclude that the internalization of these GNRs
decrease while their aspect ratio increases. They state that
the width of a gold nanorod (GNR) would be more impor-
tant than its length. The latter is because it is at the ends of
the GNR where the ligand resides.!?? 1% Therefore, while
GNR present a greater width, there is a higher coating
degree that makes it more likely for the ligand molecule
to contact its receptors.

On the other hand, Ghandehari’s group® showed that
GNRs coated with PEG, presenting an aspect ratio of
10 x 45 nm, were taken-up in greater proportion than the
10 x 35 nm GNRs. Therefore these authors say that GNRs
with higher aspect ratio are internalized more than those
with lower aspect ratio.’

The different conclusions presented by these works
rely in several factors, for instance, in the different coat-
ings used. Qiu et al.'® worked with GNR coated with
CTAB, which is a cationic surfactant used for the syn-
thesis of GNR, this molecule is able to be placed on
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Fig. 9. Dark-field CCD images for 70-nm, 45-nm-GNPs and cells at different interaction time. The focus plane was fixed near the glass substrate,
i.e., Az =0. The scale bar is 10 um. An enlarged image with a representative diagram depicting the fact that many 45 nm GNPs are moved and
then uptaken by cell, while many 75 nm-GNPs only moved to the apical surface of the cells. Adapted with permission from [99], S. H. Wang, et al.,
Size-dependent endocytosis of gold nanoparticles studied by three-dimensional mapping of plasmonic scattering images. J. Nanobiotechnology 8, 33

(2010). © 2010, Biomed. Central.

a GNR surface and thereby provides a positive coating
in the entire GNR surface, which could contribute to its
adsorption to the cell membrane!® facilitating its inter-
nalization. Additionally, Ghandehari’s group® used GNRs
functionalized with PEG, preventing the interaction with
certain proteins and molecules, thus decreasing it cellular
internalization.> 197 1%® Considering the fact that GNR’s
functionalization occurs mainly at its ends,'” the remain-
ing CTAB molecules would stay throughout the length
of the GNR, providing a positive surface charge density.
Thus, GNRs with higher aspect ratio would have a greater
positive surface charge density that would contribute to
its internalization as it discussed in the case of cationic
gold nanoparticles.®> % Another factor that could affect in
the internalization of GNRs is the exposure time, which is

J. Biomater. Tissue Eng. 3, 4-21, 2013

different in the works herein discussed, and this could be
a contributing factor in the internalization process.

Although the work of Qiu et al.!® and Chithrani
et al.'® strongly demonstrate that the GNR internalization
is greater when the aspect ratio is lower. These authors do
not study GNRs with the same width; therefore this does
not illustrate what are the effects in the uptake consider-
ing the same width. We believe that future investigations
should analyze the uptake of GNRs with different aspect
ratios, maintaining the width or length constant.

4.3. GNShs

To the best of our knowledge, there are very few published
works regarding the use of GNShs in biomedicine, and
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most of these works are based on the synthesis, charac-
terization and functionalization of GNShs for its potential
applications.® 110! To the date, there are very few pub-
lished studies regarding the toxicity and internalization of
GNSh in cell cultures. This is mainly because the synthesis
is more complex than other types of nanoparticles.

Liang and colleagues® studied the cellular
internalization of 231 nm GNShs functionalized with
meso-2,3-dimercaptosuccinic-acid (DMSA), which pro-
motes intracellular destination.!!? It was shown that GNSh
and GNSh-DMSA were able to enter in all the cell lines
studied, observing a higher internalization for GNSh-
DMSA. The authors suggest that this could be due to the
different physicochemical properties affecting the interac-
tion between the GNShs and serum proteins, which would
affect in their interaction with cell membranes.®> More-
over, a comparative study between GNS, GNR and GNShs
functionalized with a negative ligand, demonstrated that
51 nm GNSh enter at a much lower rate than a 25 nm
GNSs and a 17 x 47 nm GNRs.®! The possible difference
in the cellular uptake of the compared GNPs is due to the
different surface charge densities and size, not due to its
shape,®! though GNSs and GNShs present similar shape,
in this study they were not strictly compared. Therefore
we believe that in order to understand how the shape of
a GNShs affects in the cellular uptake and interaction
with cell membrane, it is compulsory to maintain constant
parameters between the nanoparticles of similar shape.

5. CONCLUSIONS AND
FUTURE PROSPECTS

In this review we have summarized the different aspects
that are important for the interaction between nanoparti-
cles and membranes as surface charge, shape, size, order
in the surface and capping of the nanomaterials. Most of
the studies are focused in the interaction with cells and
internalization processes; however it is necessary to extend
the investigation to biophysical studies to determine the
influence of the abovementioned parameters in the interac-
tion with membrane cells. To obtain information of these
interactions, it is fundamental to take advantage of the
different existing techniques such as; AFM, cryo-TEM,
SEM, Confocal Microscopy, Fluorescence Recovery After
Photobleaching (FRAP), Fourier Transform Infrared Spec-
troscopy (FTIR). STM and Small Angle X-rays Scattering
(SAXS) which will help us reveal structural details of the
effects of nanomaterials on the membranes, for example by
using SLB or liposomes. This investigation is in progress
in our laboratories.

On the other hand, it is relevant to analyze the interac-
tion of the nanomaterials with proteins that are present in
the culture cell or in vivo which form the so-called Protein
Corona. The true entity that is interacting with the biolog-
ical system is the capped nanoparticle. Thus, it is impor-
tant to carry out biophysical studies with the complete
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entity i.e., nanomaterial capped with the protein corona
with model membranes. In this regard, the identification
of the proteins that are forming the Protein Corona, by
the use of proteomic tools, is currently in progress in our
laboratory.

Several studies regarding the penetration of nanomateri-
als into cells have been carried out, but before this mech-
anism starts, the early biophysical interaction between
the nanomaterial and membrane is crucial. In this regard,
there is an open avenue to address this relevant issue.
The phospholipids arrangement on nanoparticles surfaces
is an important piece of information in the understand-
ing of membrane-nanoparticle interactions and this aspect
has received little attention. Indeed, most of the litera-
ture findings hypothesize about the final arrangement of
phospholipids on the nanoparticle surface claiming that
some energy gain would drive either their inclusion or
penetration. In general, the energy cost is associated to
various effects including, membrane bending and disrup-
tion, membrane distortion or defects generation and also
unfavorable phospholipids surface interactions, whereas
energy gain relies mainly on favorable phospholipids sur-
face interaction. Experimental methods are now available
to study phospholipids arrangement in a wide variety of
substrates and templates, and this should prove valuable to
the basic understanding of membrane-nanoparticle inter-
actions, which is a crucial aspect when it comes to the
biomedical applications of nanoparticles.

Current investigations address towards a new area of
research; the surface charge density, size, shape, ligand
feature and arrangement could govern the earlier inter-
actions with cell membranes indicating the fate of the
nanoparticle in the cell. In this sense, we believe it is
necessary to emphasize biophysical studies for a thorough
understanding of the NP-biological behavior in order to
create better nanomaterials for drug-delivery.
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Microparticles (MPs) and nanoparticles (NPs) have received considerable attention for the design
of drug delivery systems (DDS) with unique properties owing to the increased surface area and
the ability to fine tune the release process. More recently, a new type of DDS that capitalize on
the advantages of both NPs and MPs has been introduced. Nanoparticle-in-Microparticle Delivery
Systems (NiMDS) comprise the encapsulation of NPs within MPs and lead to features that are
unique and different from those of the individual components. These technology platforms can be
produced employing from conventional to more sophisticated methodologies and equipment and
they are administered by different routes such as oral, pulmonary or even parenteral. Moreover,
if designed appropriately, “they can (i) protect drug payloads and prevent physical and chemical
instability phenomena in the biological environment, (ii) improve the release profile of the encap-
sulated agent, (iii) reduce or eliminate the burst effect and (iv) target specific cells, tissues and
organs.” Should be changed to “they can protect drug payloads and prevent physical and chemical
instability phenomena in the biological environment, improve the release profile of the encapsulated
agent, reduce or eliminate the burst effect and target specific cells, tissues and organs.”

Keywords: Nanoparticle-in-Microparticle Delivery Systems, Burst Effect Control, Release

Kinetics Fine Tuning, Drug Targeting.
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has emerged. These carriers are comprised of three main
components: (i) the core material or nano-platform, (ii) the
payload to be released and (iii) the shell material or micro-
platform (Fig. 1).
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dedicated exclusively to organic nano-platforms. It is worth
mentioning that employment of pure drug NPs (nano-
crystals) as the nano-platform to be microencapsulated is
a simplified useful strategy;'®2° nanocrystals are drug NPs
composed of 100% drug. In this case, there is not nanocar-
rier and the NiMDS is limited to two components. The
main use of pure drug NPs is in dissolution enhance-
ment because according to the Noyes and Whitney law, the

Fig. 1. Schematic illustration showing the components of Nanoparticle- greater the surface area of the powder, the greater and the
in-Microparticle Delivery Systems (NiMDS).

faster the dissolution rate. For this reason, nanocrystals rep-
resent an effective tool to increase the dissolution rate of
poorly water soluble drugs classified in the Class II and IV
of the Biopharmaceutic Classification System (BCS) show
poor aqueous solubility and do not dissolve adequately dur-
ing their transit through the gastrointestinal tract (GIT).
This nanoplatform is meaningless for most of the Class
I and III compounds because their entire dose would
dissolve rapidly in the biological environment. Several

The NPs can be dispersed through the entire MP matrix
(Fig. 2(A)), they can encapsulated within the MP core
(Fig. 2(B)) or adsorbed onto the surface of the MP
(Fig. 2(C)). This unique disposition permits to control the
pattern and rate of the drug release process.

A thorough review of the literature shows that there
are numerous types of organic and inorganic nano-
platforms that could be encapsulated within the micro-
platform. Organic nano-platforms include polymeric®> and ~ groups have developed drug nanocrystals that were further
solid lipid NPs,%7 polymeric micelles® and liposomes.>'2 microencapsulated to achieve not only a better dissolution,
Meanwhile, inorganic nano-platforms usually comprise but also a better control of the release kinetics.!32
metallic'®'* and silica NPs.'>"'” Due to their more exten- The selection of the core material is widely depen-
sive application in drug delivery, this work will be dent on the properties of the encapsulated payload such
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Fig. 2. Schematic representation of the three possible dispositions of NPs within MPs. (A) NPs dispersed through the entire MP matrix, (B) NPs
encapsulated within the MP core and (C) NPs adsorbed onto the surface of the MP.

as size, lipophilicity, surface charge and therapeutic index.
A main technological advantage of the nano-platform is
its high encapsulation capacity. Based on this, NiMDS
have become an appealing strategy to combine both nano-
structure for maximum drug loading and microstructure to
improve the delivery of the payload.?!??

This review describes the most popular methods for
NiMDS preparation and the administration routes explored
and it highlights the potential advantages of NiMDS over
simple NPs and MPs. A thorough overview of the poly-
mers feasible for this application and the variety of drugs
that have been explored is presented. This integrated
glance about NiMDS permits to understand how this novel
hybrid technology provides a valuable platform for the
enhancement of drug delivery.

2. APPLICATIONS OF NiMDS
2.1. Protection of the Payload

MPs and NPs are useful means to protect the payload
against enzymatic and hydrolytic degradation in the GIT
by preventing the direct contact between the drug and
the biological fluids.?>?* However, sometimes the protec-
tion provided by these particles is not efficient enough to
prevent the release of the drug at an inappropriate time
point/rate and body site. For example, gelatin is one of
the most promising materials for the delivery of nucleic
acids, peptides and proteins owing to its hydrophilic nature,
non-toxicity, good biocompatibility and biodegradability
properties.? It is reported that gelatin undergoes fast degra-
dation by proteases, abundantly present in the stomach.
Since nucleic acids, peptides and proteins are also sensi-
tive to low pH values and gastric enzymes, gelatin becomes
an ineffective carrier for the oral administration of these
cargos because it would allow their early release in the
stomach. In this context, the microencapsulation of gelatin
NPs using a polymer that withstands the gastric pH and
degrades or dissolves in the bowel would ensure the release
of the drug-loaded NPs and the encapsulated agent in the
appropriate site. For example, Bhavsar and Amiji devel-
oped plasmid DNA encoding B-galactosidase or enhanced
green fluorescent protein (EGFP), respectively, loaded
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within gelatin NPs that were further encapsulated in PCL
microspheres.?® Optimization of this system was achieved
using a 33 randomized full factorial design through which
it was possible to assess the influence of variables such
as polymer concentration in the organic phase, amount of
NPs added as internal phase and the homogenization speed
on the particle size of NiMDS.?’ To evaluate the biodis-
tribution, !'!In-radiolabeled gelatin NPs alone or encapsu-
lated within PCL microspheres were administered by the
oral route to fasted Wistar rats. Organs were harvested at
different time points to measure the '''In concentration.
Gelatin NPs went through the GIT rather quickly and a
high accumulation was found in the large intestine after
1 h. Conversely, NiMDS resided first in the stomach (1 h)
and then they were transferred predominantly to the large
intestine (after 2 h).2® To assess the effect of this biodis-
tribution profile on transfection, DNA-loaded gelatin NPs
and NiMDS were administered orally to fasted rats and
after five days, they were sacrificed and the GIT was har-
vested for analysis. Results did not show any transfection
with DNA-loaded gelatin NPs, while apparent transgene
expression in the small and large intestines was observed
with DNA-loaded NiMDS (Fig. 3).

Based on these results, Bhavsar et al. suggested that
free gelatin NPs were degraded by proteolytic enzymes
present in stomach and the gut and that the high radioac-
tivity levels found in the large intestine derived proba-
bly from protein fragments rather than intact NPs. In the
case of NiMDS, a certain fraction remained intact until it
reached the large intestine and it could potentially trans-
fect the encapsulated plasmid DNA. Similar results were
obtained in studies conducted with Balb/c mice.?® Other
groups have reproduced the same platform, namely, gelatin
NPs in PCL microspheres to load diverse pharmacologi-
cally active agents like TNF-a-specific small interfering
RNA (siRNA),” TNF-a and cyclin D1-specific siRNA’
and plasmid DNA encoding IL-10,% obtaining in the all
cases encouraging results.

Similar to gelatin, liposomes display an extremely low
stability in the gastrointestinal environment where they are
rapidly degraded’ and in the blood stream®' where they
are phagocytozed by cells of the reticuloendothelial sys-
tem (RES). Thus, the microencapsulation of liposomes

J. Biomater. Tissue Eng. 3, 22-38, 2013
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Fig. 3. Qualitative enhanced green fluorescent protein (EGFP) expression in the small and large intestines of Wistar rats after oral administration of

NiMDS: Production, Administration Routes and Clinical Potential

EpHuorescence
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saline (A), naked pEGFP-N1 plasmid DNA (B), EGFP-NI plasmid DNA encapsulated in gelatin NPs (C), and EGFP-N1 plasmid DNA encapsulated
in NiMDS (D). Reproduced with permission from [26], M. D. Bhavsar and M. M. Amiji, J. Control Release 119, 339 (2007). © 2007, Elsevier.

stabilized them in the hydrolytic environment of the
GIT? and prolonged the circulation time upon parenteral
administration.'!-32

2.2. Reduction or Elimination of the Burst Effect

Burst effect is a phenomenon taking place during the first
minutes of contact between the DDS and the biological
environment. It is characterized by the fast release of a sub-
stantial fraction of the cargo before a stable release profile
is attained and it may lead to adverse effects, especially in
case of low therapeutic index drugs.**3* MPs and NPs are
not an exception and they often exhibit a burst effect in vivo
which is unpredictable and difficult to control':33-3¢ There
are several reasons for which this early release occurs:

(i) Heterogeneous drug distribution owing to the presence
of drug crystals having ready access to the particle surface
either by direct contact with the medium or through pores
and channels that connect the interior with the microsphere

J. Biomater. Tissue Eng. 3, 22-38, 2013

surface; in this case the release of these drug is not con-
trolled by the polymeric matrix.’’

(ii) Temperature, that affects not only drug distribution but
also the morphology of the particles, is another parameter
of consideration.*

(iii) The physicochemical nature of the polymer and the
drug also play fundamental roles;*®*” it is well known that
the diffusion coefficient of a dispersed drug is much higher
in an amorphous polymer than in a crystalline one.*®*
Thus, the degree of crystallinity will have a tremendous
impact on the release rate and the appearance of burst
effect.

(iv) The lipophilicity of both the polymer and the drug.
The lipophilic nature of the polymer slows down the per-
meation of water molecules into the polymeric matrix,
whereas a more hydrophilic drug will tend to diffuse more
quickly towards the surrounding aqueous phase.

(v) The size of the loaded drug is an additional notewor-
thy parameter; larger particles have a greater chance of an
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incomplete encapsulation than smaller ones, bursting the
release. >

(vi) The porosity of the particles due to the use of
the emulsion-solvent evaporation/extraction technique; the
elimination of the organic solvent leads to the formation of
pores distributed across the structure.?* ¢

Aiming to prevent the burst effect and to control
the release kinetics, several strategies have been pur-
sued.!®36:5- Among them, NiMDS have shown very
promising results.>* 6! As abovementioned, smaller par-
ticles are more likely to be completely encapsulated than
larger ones. Thus, two approaches could be followed to
reduce the size of the drug payload to the nano-scale and
to ensure the efficient microencapsulation in a later stage:
(i) production of pure drug NPs by nanonization? 6% %3
or (ii) drug encapsulation within a nanocarrier.3?%%- %
Besides, when the drug is not nanonized but it is previ-
ously encapsulated within a polymeric or lipidic nanocar-
rier, drug molecules have to overcome two barriers to be
released. First, the NP matrix and second the outer matrix
of the microparticle, the latter contributing more crucially
to decrease the burst effect.® Comparing the release pro-
file of NPs, MPs and NiMDS, it could be concluded that
the burst release is much more notorious in NPs than in
MPs due to their smaller size. The lowest burst effect being
achieved with NiMDS?*% (Table I). Moreover, the fine
tuning of the carrier lipophilic-hydrophilic balance (HLB)
plays an important role in achieving a decrease of the burst
effect. NiMDS made with hydrophobic polymers such
as poly(lactic acid) (PLA), poly(lactic-co-glycolic) acid
(PLGA) acid (PLGA), PCL, Eudragit® RS 100 (a copoly-
mer of ethylacrylate, methylmethacrylate and methacrylic
acid esterified with quaternary ammonium groups), ethyl-
cellulose (EC) for both the NP and the MP diminish or

Table I. Mean cumulative drug release (expressed in %) from poly-
meric NPs, MPs and NiMDS after 15 min.

Formulation Drug Polymer Drug release (%) Ref.
NP Ibuprofen PCL 86.00+6.90  [34]
MP PLGA 21.50+6.10
NiMDS PCL/PLGA 8.70+4.10
NP Diclofenac sodium  PCL+EC 8831+1.15 [65]
MP EC 61.12+8.20
NiMDS PCL+EC/EC  23.46=+0.77
NP Ibuprofen PCL 71.70+12.10  [36]
MP RS 45.80+1.20

EC 19.90+5.30
NiMDS RS 32.90+6.50

EC 27.70+9.70
NP Triptorelin acetate PCL 71.00+11.20
MP RS 56.90+3.20

EC 7.10+4.30
NiMDS RS 26.70+2.20

EC 5.40+7.80

Notes: PCL: poly(epsilon-caprolactone); PLGA: poly(lactic-co-glycolic) acid; EC:
Ethylcellulose; RS: Eudragit RS 100, a copolymer of ethylacrylate, methyl-
methacrylate and methacrylic acid esterified with quaternary ammonium groups.
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eliminate the burst effect more effectively than hydrophilic
polymers such as gelatin, alginate, and chitosan.3

Furthermore, there are differences among the hydropho-
bic polymers; the greater the hydrophobicity of the poly-
mer, the smaller the burst effect. For example, Eudragit®
RS 100 is more hydrophilic than EC due to the presence
of quaternary ammonium moieties that increase the per-
meability to water and thus the burst effect and the drug
release (Table I).

Summarizing, it was demonstrated by different research
groups that NiMDS can reduce or eliminate burst effect
efficiently, which is of special interest in formulations
intended to release over several weeks or months® and to
diminish and control the toxic side effects of highly potent
drugs.3*

2.3. Fine Tuning of the Release Profile

In recent years, a lot of research was dedicated to develop
drug-loaded NPs and MPs that ensure greater bioavail-
ability, constant drug levels in plasma, reduced side
effects, minimized dosing frequency and increased patient
compliance.®® For this purpose, hydrophobic polymers
such as PCL, PLA, PLGA and EC were extensively
used.®”-% Furthermore, by varying the composition of the
polymeric matrix or the molecular weight, it was possible
to attain the desired release rate.%®® However, hydrophilic
drugs are often difficult to encapsulate within hydropho-
bic polymers due to the low affinity that exists between
them, resulting in low encapsulation efficiency. On this
basis, researchers have initially loaded hydrophilic drugs
into hydrophilic NPs and further microencapsulated them
in a hydrophobic polymer.?®”! Moreover, to achieve sus-
tained release of a hydrophobic protease inhibitor (e.g.,
indinavir free base), it was possible to microencapsulate
pure drug NPs within MPs of the mucoadhesive polymer
chitosan. This NiMDS would prolong the residence time
of drug at the absorption site (e.g., intestine).”

Independently of the hydrophilicity of the encapsulated
drug, NiMDS provide an additional diffusion layer that
serves as an extra barrier and that prolongs the release time
with respect to single NPs or MPs.?!

A different strategy to produce NiMDS that provide
controlled release is the introduction of NPs that adsorb the
drug incorporated into the MPs and that serve as a diffu-
sion barrier for the drug release.!* Li et al. evaluated a for-
mulation consisting of ZnS NPs encapsulated along with
aspirin in alginate/chitosan microcapsules.”? The incorpo-
ration of ZnS resulted in a dramatic decrease of the burst
effect and the release rate owing to its ability to adsorb
aspirin (Fig. 4). Moreover, the greater the amount of ZnS
NPs, the slower the release rate of the microencapsulated
drug, probably because ZnS NPs occupied pores in the
hydrogel microcapsules and hindered the release of the
drug” (Fig. 5).

J. Biomater. Tissue Eng. 3, 22-38, 2013
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Fig. 4. In vitro release profile of aspirin from dry powders (pure aspirin)
and microspheres without and with ZnS NPs. Reproduced with permis-
sion from [73], Z. Li, et al., Mat. Sci. Eng. C 29, 2250 (2009). © 2009,
Elsevier.

Similar results were obtained with gold NPs encapsu-
lated within thioridazine-containing EC microcapsules.'*

2.4. Drug Targeting

To achieve specificity in the release and thus greater effec-
tiveness, while constraining the systemic exposure and
reducing side effects, numerous DDS have been designed.
Active targeting is based on the decoration of the par-

ticle surface with ligands that are selectively recognized
by specific receptors. For example, lectins are a type of
transmembrane glycoprotein that bind to specific carbohy-
drates such as glucose, mannose and galactose.”*7 Since
not only the normal but also the diseased intestine presents
a heterogeneous sugar distribution pattern, lectins became
useful for targeting specific areas of the GIT.”® For this
reason, these proteins have been coined as “second genera-
tion mucoadhesives” and they were anchored to the surface
of NPs and MPs to improve their accumulation in spe-
cific zones of the GIT.?!*”7 More recently, the modification
of NiMDS was also reported.?! In addition, these hybrid
systems displayed their own typical advantages:

(i) high drug entrapment efficiency,

(ii) controlled drug release,

(iii) potential enhanced absorption.!

On the other hand, although it was possible to attain
selective targeting using the aforementioned strategies, this
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Fig. 5. Release profile of aspirin from microcapsules containing differ-
ent amounts of ZnS NPs in PBS. Reproduced with permission from [73],
Z. Li, et al., Mat. Sci. Eng. C 29, 2250 (2009). © 2009, Elsevier.
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could led to the accumulation of the polymeric carrier
in non-diseased cells owing to the often basal expression
of antigens, carbohydrates and receptors. Moreover, the
chemical modification of particles with specific ligands
might demand complex synthetic pathways that substan-
tially increases the cost of the medication. Thus, its imple-
mentation in diseases that mainly hit developing nations
could eventually reduce patient affordability.”s-%2

In this context, the use of stimuli-responsive formula-
tions that release the payload in response to specific envi-
ronmental changes would be another promising alternative
with better chances of translation into clinics. For example,
the selective delivery to a specific region of the GIT was
possible employing either pH->%% or enzymatic-sensitive
polymers®!-3%%* to produce the micro-platform of NiMDS.
In the first case, the MP matrix withstands the acid pH of
the stomach, allowing the fast release of the encapsulated
NPs exclusively in the intestine. On the other hand, some
polymers are sensitive to the enzymatic degradation. For
instance, gelatin and PCL are degraded by proteases and
lipases abundant in the stomach and the intestine, respec-
tively. In this way, NiMDS made of gelatin NPs in PCL
MPs would be able to protect the payload during its transit
through the stomach and to release the NPs specifically in
the intestine as it was previously discussed.

Independently of the strategy, it is noticeable that the
control of the particle size is critical to obtain an efficient
targeted drug delivery.’*® For example, particles with an
aerodynamic size between 1 to 5 um could be targeted
to the deep lung when they are administered by the pul-
monary route'”%’ (see Section 3.3). Conversely, NiMDS in
the same size range could be used to increase the uptake
by the M-cells of the Peyer’s patches in the small intestine
when they are administered orally.®

3. ADMINISTRATION ROUTES FOR NiMDS
3.1. Oral Route

Oral administration represents the most popular and patient
compliant route.*2® Furthermore, the GIT displays a large
surface area for drug absorption, becoming very useful for
the treatment local and systemic diseases.?®2% 7

For the design of an effective oral delivery system,
it is necessary to take into account that these platforms
have to overcome anatomical (e.g., mucus and epithelial
layer) and physiological barriers (e.g., varying pH, degra-
dation enzymes).®” For these purpose, many NPs and MPs
have been developed. Notwithstanding, the protection pro-
vided by simple particles is not always sufficient in all the
cases, as it was discussed in Section 2.1. In light of this,
NiMDS would represent attractive devices to protect pay-
loads from the aggressive environment of the GIT. Thus,
the micro-platform provides stability and selective delivery
of the payload, while the nano-platform enables not only
a greater loading of the drug but rather a more efficient
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Fig. 6. Plasma concentrations of pranlukast hemihydrate (PLH) in rats,
after oral administration of (e) PLH powder and (o) PLH/mannitol
NiMDS. Reproduced with permission from [88], T. Mizoe, et al., J. Con-
trol Release 122, 10 (2007). © 2007, Elsevier.

retention in the mucosal layer of the intestinal tract owing
to their small size. The high retention permits a more pro-
longed absorption of the drug increasing the area-under-the
curve (AUC)® (Fig. 6).

3.2. Parenteral Route

Administration of therapeutic agents by the parenteral
route is a common practice due to the high bioavailabil-
ity achieved. In fact, most of the proteins on the mar-
ket are destined for this route. However, injections do not
supply sustained plasma concentrations and proteins have
relatively short half lives, leading to the necessity of a
repeated administration. This, together with the fact that
injections are painful, compromises patient compliance.>
In this context, NPs and MPs are attractive carriers to
provide controlled release and to diminish the number of
administrations over a certain period. Besides, they are
useful to administer poorly water soluble drugs that can-
not be formulated as aqueous solution and drugs that are
more stable in suspension than in solution form 3% %%
Particles can be injected directly through a needle as a
suspension or they can be dried to form a free-flowing
powder that is re-suspended in an injectable liquid vehi-
cle immediately before the administration.*>*!-°> Despite
the abovementioned benefits, micron and sub-micron par-
ticles show a clear disadvantage: the appearance of an
initial burst release which is a significant problem espe-
cially when the encapsulated agent has a very narrow ther-
apeutic window. Thus, burst control is one of the main
challenges of parenteral administration.** For this reason,
a large amount of work has been devoted to formulate
NiMDS (see Section 2.2). In addition, NiMDS can be
manipulated to develop injectable drug delivering scaf-
folds containing cells. These sophisticated systems play a
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dual function. First, they support cell adhesion, prolifer-
ation and function to promote tissue regeneration, and at
the same time they allow the delivery of an encapsulated
agent (e.g., growth factor, antibiotics) that improves the
therapeutic outcome.” To obtain an effective scaffold, the
polymeric matrix needs to be highly porous and intercon-
nected to allow cell adhesion and proliferation.®**> This
tissue engineering approach is exemplified in Figure 7.%

3.3. Pulmonary Route

The pulmonary route is receiving great attention for the
delivery of therapeutic agents due to unique features such
as large alveolar surface area (~ 140 m?) available for drug
absorption, reduced thickness of the alveolar epithelium in
the deep lung (0.1-0.2 wm), profuse vascularization, low
proteolytic activity relative to other administration routes
and less remarkable first-pass metabolism with respect
to liver.?%57-96-100 Thege attributes enable the use of the
deep lung not only for local but also for systemic drug
administration, a route known as transpulmonary.??°!- 101
Independently of the anatomical and physiological advan-
tages previous depicted, inhalatory delivery also consti-
tutes a minimally invasive administration route.!”? In this
framework, there is a considerable interest in develop-
ing drug carriers suitable for inhalatory administration to
the deep lung. However, achieving this goal is not triv-
ial because the airways present numerous mechanisms
such as their own tortuous structure, mucociliary clear-
ance, phagocytosis by alveolar macrophages and enzymatic
activity (protease inhibitors, isozymes of the cytochrome
P-450 family and lysozyme) put together to eliminate for-
eign and potentially harmful substances.’® 3193104 I Jight
of this, researchers have investigated the development of
different inhalatory NPs!%-17 and MPs.!®® Both types of
carriers display advantages and drawbacks. NPs have a sig-
nificantly increased surface area (per total particle mass)
with respect to MPs.?>!'% Furthermore, NPs can evade
mucociliary clearance and phagocytic mechanisms.!1%!!1
On the other hand, NPs have to face at least two limitations.
First, the too small size does not allow the efficient deposi-
tion in the deep lung thereby most of them are exhaled after
the administration.''>!'® Second, due to their small dimen-
sions, they tend to undergo agglomeration.''*!? For that
reason, managing of NPs is very difficult not only in lig-
uid but also in solid form.!®-5-12! Conversely, MPs can be
adjusted to fit the size range for deposition in the deep lung;
authors agree that particles with an aerodynamic diame-
ter between 1-5 um deposit efficiently in the deep lung
(bronchiole and alveolar region),’” ! although this range
is restricted to 2-3 wm in some systems, %% 101 112114, 123-126
Particles with a greater aerodynamic diameter will mostly
deposit in the upper regions (bronchial region and oropha-
ryngeal cavity),'!>- 114125126 while those with a smaller
aerodynamic diameter will be predominantly exhaled. To
capitalize on the features of both types of particles,

J. Biomater. Tissue Eng. 3, 22-38, 2013
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Fig. 7. SEM micrographs of thrombin receptor activator peptide-6 (TRAP-6)-loaded PLA NPs encapsulated within monomethoxypoly(ethylene
glycol)-PLGA MPs (A), surface porosity of NiMDS (B), interior structure of simple MPs (C) and interior surface of NiMDS (D). Reproduced with
permission from [93], Y. Wen, et al., J. Control Release 156, 11 (2011). © 2011, Elsevier.

different types of NiMDS have been produced for pul-
monary delivery.® %22 1277130 Thege platforms present the
maximum drug loading capacity characteristic of NPs and
the suitable aerodynamic diameter of MPs, so that they can
reach the deep lung where the NPs are later delivered.'® 3!
Pharmaceutical excipients such as mannitol or lactose that
are highly soluble in water have been used to produce
the micro-platform, so it may dissolve immediately in
the aqueous environment of the lung ephitelium allow-
ing the delivery of the encapsulated NPs.7 !27-130.132.133
By virtue of their high aqueous solubility, these excipients
did not affect the release profile of the payload,”!?% 132
as exemplified in Figure 8 for insulin.’’ However, if the
nano-platform of NiMDS is formed by hydrophobic drug
nanocrystals, they could be retained in the pulmonary
mucous, resulting in more prolonged absorption.®

Another interesting strategy was the production of a res-
pirable hybrid system that exhibited a geometric diame-
ter of 10-15 um. Due to the highly porous nature of the
matrix, they showed the appropriate aerodynamic size for
targeting to the lung (1-5 wm). This size pattern avoided
uptake by alveolar macrophages because the maximum
phagocytic activity in the lung is for particles having
a geometric diameter of 1-2 um, this activity decreas-
ing substantially for smaller and larger particles.''! 134 135
Furthermore, their great flowability and aerosolization
efficiency achieved by virtue of the large geometric size
made their use extensive as dry powders.!”- 13

J. Biomater. Tissue Eng. 3, 22-38, 2013

Different options have been proposed to develop sys-
tems with the preceding features including:
(i) large porous particles with web-like or hollow interior
that host drug-loaded NPs (Fig. 9),'8
(ii) micron-sized agglomerates of NPs that are hollow or
not and that are designed to disassociate into primary NPs
in the aqueous environment of the lung,'¢:17- 131137
(iii) semi-interpenetrating polymer network (IPN) hydro-
gel microspheres loaded with NPs which have appropriate
aerodynamic size in dry state and larger geometric diam-
eter when swollen after deposition in the moist lung.>*8

Fig. 8. Release profile of insulin from chitosan NPs (e) and NiMDS
consisting of chitosan NPs within mannitol MPs (O) in PBS, at 37 °C.
Reproduced with permission from [57], A. Grenha, et al., Eur. J. Pharm.
Sci. 25, 427 (2005). © 2005, Elsevier.
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Fig. 9. SEM micrographs of the surface (A), (B) and the interior (C), (D) of large porous particles with web-like (A), (C) or hollow interior (B), (D).
Reproduced with permission from [18], M. M. Arnold, et al., J. Control Release 121, 100 (2007). © 2007, Elsevier.

In addition to the optimal properties to target the
deep lung which have been challenging in recent years,
these platforms could be designed to achieve controlled
or sustained release.>%7-!3132 Grenha et al. reported on
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Fig. 10. Release profile of insulin from (#) chitosan nanoparticles, ()
complexes (DPPC)/chitosan NPs, (A) complexes DPPC-DMPG/chitosan
NPs and (A) NiMDS containing DPPC-DMPG/chitosan NPs in mannitol

microspheres. Reproduced with permission from [132], A. Grenha, et al.,
Eur. J. Pharm. Biopharm. 69, 83 (2008). © 2008, Elsevier.
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the production of microspheres containing insulin-loaded
lipid/chitosan NPs complexes.!* The two phospholipids
used were dipalmitoyl phosphatidylcholine (DPPC) and
dimiristoyl phosphatidylglycerol (DMPG) because they
are endogenous and principal constituents of the pul-
monary surfactant.!® These phospholipids represent an
extra barrier that the encapsulated protein had to overcome
before its release, so the presence of the lipid layer is a
determining factor in controlling the delivery, especially
when both lipids were present in the system (Fig. 10).

Biodegradable PLGA NPs loaded with rifampicin (RIF),
a first-line anti-tuberculosis drug, were microencapsu-
lated in mannitol microspheres employing a four-fluid
nozzle spray-dryer.'”® The in vivo uptake of the drug
included NiMDS by alveolar macrophages in rat lungs
was improved significantly with respect to RIF-containing
PLGA or mannitol microparticles. This work represents a
hallmark in the one-step production of NiMDS.

4. DEVELOPMENT OF NiMDS

As previously described, NiMDS generally consist of three
main components. The selection of the different materials
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and the production methodology depend on the active agent
that will be encapsulated and the administration route.'*
In this section, we will discuss the key variables to design
and develop NiMDS suitable for different applications.

4.1. Biomaterials for the Production of NiMDS

NiMDS can be produced with different types of natu-
ral and synthetic biomaterials such as polymers, lipids
and sugars. Nevertheless, there is a tendency to use poly-
mers of proven biocompatibility, biodegradability and non-
or low toxicity like chitosan, alginate, gelatin, PCL and
PLGA. In the present section we will overview the most
popular polymers used for the production of NiMDS,
according the administration route.

4.1.1. Oral Route

Various polymers have been used to produce NiMDS for
oral administration. Among them, PCL has been widely
used due to its ability to extend the release over more pro-
longed periods than PLA and its copolymers.'* Jelvehgari
et al. reported a microstructured hybrid matrix consist-
ing of PCL and EC.® EC is non-toxic, non-irritant, safe
and stable polymer'#''*? that is water permeable but not
water soluble.'®” The mixture of EC with PCL conferred
a slower and more progressive drug release. On the other
hand, the muco-adhesiveness and the ability to transiently
open epithelial tight junctions have granted chitosan a cen-
tral role in the development of oral NiMDS.*2!-! Besides,
it can be blended with alginate in order to achieve a more
stable matrix and more controlled release profile. Other
polymers extensively used for the production of the nano-
and/or the micro-platform are Eudragit,®® gelatin®? and
PLGA %

4.1.2. Parenteral Route

For parenteral delivery, NIMDS must be produced with
biodegradable polymers like dextran,” PLGA 3% 526393
PLA* or blends of them.’*® Furthermore, if NiMDS is
administered as a depot implant, the use of biodegrad-
able polymers prevents the surgical retrieval of the matrix
from the site of administration after the drug release was
completed. The result would be the improvement of the
patient compliance and the lowering of the therapeutic
cost. On the other hand, the aforementioned polymers
have a great potential for controlled drug release which is
widely important in this administration route %68 144,145

4.1.3. Pulmonary Route

The most commonly used biomaterials for pulmonary
route are polymers such as chitosan and alginate, and
carbohydrates specially mannitol and lactose. Carbohy-
drates mentioned above are approved by the US Food and
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Drug Administration (FDA) and other regulatory agencies
for pulmonary delivery'?* by virtue of their non-toxicity
and biodegradability and they are extensively implemented
in the production of dry powder inhalers (DPI). In gen-
eral, these carriers are employed as the micro-platform
that contains nanocrystals or drug-loaded NPs, homoge-
neously dispersed owing to their ability to prevent NPs
agglomeration.'#6- 147 At the same time, the high water
solubility allows an immediate release of the NPs after
the deposition in the moist epithelium of the deep lung.
Thereby, it only serves as an inert carrier of the NPs to
the alveolar region'*® A difference between mannitol and
lactose is that the former is non-hygroscopic as opposed
to the latter.'?>'*! In this context, handling lactose pow-
ders during and after production is often difficult because
they become sticky upon the absorption of environmental
humidity.>’

As abovementioned, chitosan is a natural polysaccha-
ride obtained by deacetylation of chitin which presents
special properties of biocompatibility, biodegradability
and low or non-toxicity."*®'** In addition, chitosan is
muco-adhesive'3 % and opens the intercellular tight junc-
tion of the lung epithelium enabling the permeation of
macromolecules through well-organized epithelia.'>’-162
Moreover, chitosan can be degraded by the pulmonary
lysozyme.'%® That is why chitosan can be used to produce
the micro-platform where the NPs will be embedded® and
the nano-platform itself.% 37 130- 133

Phospholipids like DDPC and DMPG are main con-
stituents of the lung surfactant.!*® 164165 Thereby, their
inclusion at the surface of NiMDS decreases the phago-
cytic mechanisms.'%% 97 Furthermore, they are neces-
sary additives to facilitate the formation of large porous
particles. 68 169

Finally, PLA, PLGA and other aliphatic polyesters are
extensively used to attain controlled drug release.®’-!™
That is why some groups have proposed their use in the
production of the microstructure of NiMDS.'® However,
the toxicological evaluation of these biomaterials upon
pulmonary administration still needs to be assessed.!”!"!7?

4.2. Therapeutic Agents Encapsulated in NiMDS

NiMDS are able to load different substances such as

(i) hydrophilic and hydrophobic drugs,

(ii) peptides and proteins and

(iii) nucleic acids. For that reason, NiMDS has turned
into a versatile platform especially useful in the field of
nanomedicine.

4.2.1. Hydrophilic and Hydrophobic Drugs

With a careful selection of the nanocarrier, the poly-
mers and the methodology of production, NiMDS can
be exploited to incorporate both hydrophilic*® and
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hydrophobic?® 8 drugs. For example, one of the main
drawbacks exhibited by most of the hydrophilic drugs
is the burst effect which occurs even in sustained drug
delivery devices. This problem might be approached by
developing this new platform. In fact, several groups have
demonstrated the advantage of encapsulating NPs in MPs
to reduce the burst effect of hydrophilic drugs." 3863173

4.2.2. Peptides and Proteins

The short half-life and instability of peptides and pro-
teins reveal the need to develop sustained delivery sys-
tems with very controlled burst effects to reduce the dosing
frequency, therefore increasing patient compliance .38 174173
As it was discussed before, NIMDS are promising plat-
forms to achieve these requirements. However, a challenge
in protein drug delivery is to preserve its tertiary/quaternary
structure, vital for the bioactivity. Exposure of proteins
to unfavorable conditions during the manufacturing pro-
cess tended to decrease their bioactivity.'”® Two general
approaches have been used to avoid protein denaturation
during the production of NiMDS. One strategy relied on the
incorporation of solid protein NPs into hydrophobic poly-
meric MPs that would release the protein slowly.!?5% 3462
It was reported that the protein in solid state is kineti-
cally trapped in the original (and bioactive) thus hampering
conformational changes.”* % The second strategy aimed to
use a combination of polymers of different HLB to form
the nano- and the microstructure; hydrophilic polymers
are biocompatible with peptide and protein drugs, while
hydrophobic polymers are not. It is worth mentioning that
achieving controlled release with hydrophilic polymers is
difficult. On the other hand, hydrophobic polymers might
provide sustained release though their hydrophobicity
might induce unfolding of peptide or protein drugs.?!-!77-178
Thus, peptides/proteins could be primarily encapsulated
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in NPs made of hydrophilic polymers such as dextran®
or gelatin’! and then microencapsulated in a hydrophobic
polymer like PLGA® 7! (o attain sustained release.

4.2.3. Nucleic Acids

Many therapeutic nucleic acid-based macromolecules such
as siRNA or DNA-plasmids were discovered in the past
years.”® Thereby, the design of an effective carrier able
to protect these substances from degradation is an emerg-
ing challenge. The most common vehicles for the deliv-
ery of nucleic acids are viral and non-viral vectors.!7% 180
Viral vectors are questioned due to their limited transfec-
tion capacity and unknown toxicity, issues that are espe-
cially crucial upon chronic administration.'#>- 81-182 T this
framework, non-viral vectors have received meaningful
attention®” 183185 because they showed better chances
of translating an experimental strategy into a clinical
reality.'3¢- 187 Following this conceptual trend, NiMDS
could become another valuable non-viral vector. One of
the most important advantages of using NiMDS is the
ability to extensively increase nucleic acid loading, thus
overcoming the shortcomings exhibited by viral vectors.
Moreover, NIMDS might permit the delivery of the nucleic
acid in a specific area of GIT such as the intestine using
a pair of polymers: (i) an acid pH-resistant polymer for
the shell to protect the loaded NPs from the degradation
and (ii) a compatible polymer with the structure of nucleic
acid to produce the core (see Section 2.1.).>%%:3° On the
other hand, taking advantage of the negative charge of the
DNA, it is possible to complex anionic nucleic acids with
cationic gold NPs, obtaining nanoplexes with overall neg-
ative charge, which are further complexed with cationic
gold MPs."3 These NiMDS formed only by electrostatic
attraction between nanoplexes onto the surface of the MPs

Table II. Description of the techniques most commonly used to prepare NiMDS.

Conventional methodology Modified methodology Ref.

Spray drying (i) The nanosuspension can be spray dried either immediately after
its preparation to obtain nanoparticles aglommerates or mixed
with an adequate polymer obtaining NPs embedded in MPs

(ii) The sediments of NPs ontained following centrifugation of
the fresh nanosuspensions which are mixed with an appropriate

polymer solution and then spray dried

[4,7, 16,17, 19, 21, 48, 131, 133]

[57, 127, 129]

Emulsion/solvent evaporation (i) The nanosuspension may act as the inner phase of the emulsion

(ii) The lyophilized NPs may be redispersed in the internal phase
of the emulsion

(i) The lyophilized NPs are suspended in a polymer solution (inner

oil phase) which is then emulsified into the outer phase

[14, 34]
[5, 26-30, 36, 50, 65, 71, 83]

S/0/0* or S/O/0/0** emulsion [52, 54, 60, 63]

Emulsification/chemical cross- linking (i) The nanosuspensions might be mixed with CHT which is dis- [61]
persed in an oil emulsion to be gelated in NiMDS
(ii) The nanoparticulate powder might be mixed with a CHT solu- [6]
tion which is dispersed in an oil emulsion to be gelated in
NiMDS

Notes: *S/O/O: Solid-in-oil-in-oil emulsion; **S/O/O/O: Solid-in-oil-in-oil-in-0il emulsion.
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provide a great protection capacity against degradation,'88
leading to a sharp increase of the transfection efficiency.

4.3. Manufacturing Technologies

Several methodologies have been developed to prepare
NiMDS. Generally, this process involves two steps. First,
the production of the nano-platform by any of the avail-
able methods and second, the further microencapsulation
of such NPs. To fulfill this goal, NPs must be incorporated
in some of the different production stages of conventional
MPs.

There are two pathways that can be followed to accom-
plish this purpose. The nanosuspension is directly used
or, conversely, this formulation is primarily dried (e.g.,
lyophilization) and, only then, the solid NPs are incorpo-
rated into the micro-platform. The most common methods
for the preparation of NiMDS are summarized in Table II.

5. CONCLUSIONS

After the great revolution caused by micro and nanotech-
nology in the field of pharmaceutical technology, a new era
has arrived. The combination of these platforms in more
complex and advantageous systems such as NiMDS con-
stitutes a useful tool to develop systems capable of carry-
ing and protecting high drug amounts that can be released
in a more controlled manner without burst effect and with
selective targeting. The foregoing shows that NIMDS can
be made with different materials, prepared in a variety of
diverse conditions, applied by many routes of administra-
tion and designed to deliver a wide variety of therapeutic
substances resulting in versatile platforms able to address
a broad range of health concern. Taking into account the
state-of-the-art, we believe that NIMDS show unique fea-
tures to play a key role in the emergence of a new gener-
ation of DDS.

Acknowledgments: Julieta C. Imperiale dedicates this
article to the memory of her father, who passed away
during its writing. Julieta C. Imperiale thanks a Ph.D.
scholarship of the National Agency for the Promotion of
Science and Technology (ANPCyT). AS is staff-member of
CONICET. Authors thank ‘Red Iberoamericana de Nuevos
Materiales para el Disefio de Sistemas Avanzados de Lib-
eraciéon de Farmacos en Enfermedades de Alto Impacto
Socioeconémico’ (RIMADEL) of the Iberoamerican Pro-
gram CYTED.

References and Notes

1. K. Fu, R. Harrell, K. Zinski, C. Um, A. Jaklenec, J. Frazier,
N. Lotan, P. Burke, A. M. Klibanov, and R. Langer, A potential
approach for decreasing the burst effect of protein from PLGA
microspheres. J. Pharm. Sci. 92, 1582 (2003).

J. Biomater. Tissue Eng. 3, 22-38, 2013

NiMDS: Production, Administration Routes and Clinical Potential

2. C. Dong and J. A. Rogers, Acacia-gelatin microencapsulated lipo-
somes: preparation, stability, and release of acetylsalicylic acid.
Pharm. Res. 10, 141 (1993).

3. I. M. El-Sherbiny and H. D. Smyth, Biodegradable nano-micro
carrier systems for sustained pulmonary drug delivery: (I) self-
assembled nanoparticles encapsulated in respirable/swellable semi-
IPN microspheres. Int. J. Pharm. 395, 132 (2010).

4. F. Q. Li, R. R. Ji, X. Chen, B. M. You, Y. H. Pan, and J. C.
Su, Cetirizine dihydrochloride loaded microparticles design using
ionotropic cross-linked chitosan nanoparticles by spray-drying
method. Arch. Pharm. Res. 33, 1967 (2010).

5. C. Kriegel and M. M. Amiji, Dual TNF-a/Cyclin D1 Gene Silenc-
ing With an Oral Polymeric Microparticle System as a Novel Strat-
egy for the Treatment of Inflammatory Bowel Disease. Clin. Transl.
Gastroenterol. 2, €2 (2011).

6. K. Dharmala, J. W. Yoo, and C. H. Lee, Development of chitosan-
SLN microparticles for chemotherapy: in vitro approach through
efflux-transporter modulation. J. Control Release 131, 190 (2008).

7. Y. Z.Li, X. Sun, T. Gong, J. Liu, J. Zuo, and Z. R. Zhang, Inhalable
microparticles as carriers for pulmonary delivery of thymopentin-
loaded solid lipid nanoparticles. Pharm. Res. 27, 1977 (2010).

8. Y. T. Yang, C. T. Chen, J. C. Yang, and T. Tsai, Spray-
dried microparticles containing polymeric micelles encapsulating
hematoporphyrin. AAPS Journal 12, 138 (2010).

9. R. J. Stenekes, A. E. Loebis, C. M. Fernandes, D. J. Crommelin,
and W. E. Hennink, Degradable dextran microspheres for the con-
trolled release of liposomes. Int. J. Pharm. 214, 17 (2001).

10. N. O. Dhoot and M. A. Wheatley, Microencapsulated liposomes in
controlled drug delivery: strategies to modulate drug release and
eliminate the burst effect. J. Pharm. Sci. 92, 679 (2003).

11. V. DiTizio, C. Karlgard, L. Lilge, A. E. Khoury, M. W. Mittelman,
and F. DiCosmo, Localized drug delivery using crosslinked gelatin
gels containing liposomes: factors influencing liposome stability
and drug release. J. Biomed. Mater. Res. 51, 96 (2000).

12. I. Takagi, H. Shimizu, and T. Yotsuyanagi, Application of alginate
gel as a vehicle for liposomes. I. Factors affecting the loading of
drug-containing liposomes and drug release. Chem. Pharm. Bull.
44, 1941 (1996).

13. S. A. Svarovsky, M. J. Gonzalez-Moa, M. D. Robida, A. Y.
Borovkov, and K. Sykes, Self-Assembled Micronanoplexes for
Improved Biolistic Delivery of Nucleic Acids. Mol. Pharm. 6, 1927
(2009).

14. M. K. Lai, C. Y. Chang, Y. W. Lien, and R. C. Tsiang, Appli-
cation of gold nanoparticles to microencapsulation of thioridazine.
J. Control Release 111, 352 (2006).

15. S. Simovic, P. Heard, H. Hui, Y. Song, F. Peddie, A. K. Davey,
A. Lewis, T. Rades, and C. A. Prestidge, Dry hybrid lipid-
silica microcapsules engineered from submicron lipid droplets and
nanoparticles as a novel delivery system for poorly soluble drugs.
Mol. Pharm. 6, 861 (2009).

16. K. Hadinoto, P. Phanapavudhikul, Z. Kewu, and R. B. Tan, Dry
powder aerosol delivery of large hollow nanoparticulate aggregates
as prospective carriers of nanoparticulate drugs: effects of phospho-
lipids. Int. J. Pharm. 333, 187 (2007).

17. K. Hadinoto, P. Phanapavudhikul, Z. Kewu, and R. B. Tan, Novel
Formulation of Large Hollow Nanoparticles Aggregates as Potential
Carriers in Inhaled Delivery of Nanoparticulate Drugs. Ind. Eng.
Chem. Res. 45, 3697 (2006).

18. M. M. Arnold, E. M. Gorman, L. J. Schieber, E. J. Munson,
and C. Berkland, NanoCipro encapsulation in monodisperse large
porous PLGA microparticles. J. Control Release 121, 100 (2007).

19. C. Klingler, B. W. Muller, and H. Steckel, Insulin-micro- and
nanoparticles for pulmonary delivery. Int. J. Pharm. 377, 173
(2009).

33

M3IA3H



REVIEW

NiMDS: Production, Administration Routes and Clinical Potential

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

34

A. Z. Chen, Y. Li, F. T. Chau, T. Y. Lau, J. Y. Hu, Z. Zhao, and
D. K. Mok, Microencapsulation of puerarin nanoparticles by poly(l-
lactide) in a supercritical CO(2) process. Acta Biomater. 5, 2913
(2009).

F. Q. Li, Y. B. Fei, X. Chen, X. J. Qin, J. Y. Liu, Q. G. Zhu,
and J. H. Hu, Anchoring of ulex europaeus agglutinin to chitosan
nanoparticles-in-microparticles and their in vitro binding activity to
bovine submaxillary gland mucin. Chem. Pharm. Bull. 57, 1045
(2009).

L. J. Peek, L. Roberts, and C. Berkland, Poly(D,L-lactide-co-
glycolide) Nanoparticle Agglomerates as Carriers in Dry Powder
Aerosol Formulation of Proteins. Langmuir 24, 9775 (2008).

D. T. O’Hagan, Microparticles and polymers for the mucosal deliv-
ery of vaccines. Adv. Drug Deliv. Rev. 34, 305 (1998).

S. S. Guterres, H. Fessi, G. Barratt, F. Puisieux, and J. P.
Devissaguet, Poly (D,L-lactide) nanocapsules containing nons-
teroidal anti-inflammatory drugs: gastrointestinal tolerance follow-
ing intravenous and oral administration. Pharm. Res. 12, 1 (1995).
J. Price (ed.), Handbook of Pharmaceutical Excipients, The Phar-
maceutical Press, London (2003).

M. D. Bhavsar and M. M. Amiji, Gastrointestinal distribution and
in vivo gene transfection studies with nanoparticles-in-microsphere
oral system (NiMOS). J. Control Release 119, 339 (2007).

M. D. Bhavsar, S. B. Tiwari, and M. M. Amiji, Formulation opti-
mization for the nanoparticles-in-microsphere hybrid oral delivery
system using factorial design. J. Control Release 110, 422 (2006).
M. D. Bhavsar and M. M. Amiji, Development of novel biodegrad-
able polymeric nanoparticles-in-microsphere formulation for local
plasmid DNA delivery in the gastrointestinal tract. AAPS Pharm.
Sci. Tech. 9, 288 (2008).

C. Kriegel and M. Amiji, Oral TNF-a gene silencing using a
polymeric microsphere-based delivery system for the treatment of
inflammatory bowel disease. J. Control Release 150, 77 (2011).
M. D. Bhavsar and M. M. Amiji, Oral IL-10 gene delivery in a
microsphere-based formulation for local transfection and therapeu-
tic efficacy in inflammatory bowel disease. Gene Ther. 15, 1200
(2008).

T. M. Allen and A. Chonn, Large unilamellar liposomes with low
uptake into the reticuloendothelial system. FEBS Lett. 223, 42
(1987).

A. Joshi, R. Keerthiprasad, R. D. Jayant, and R. Srivastava, Nano-
in-micro alginate based hybrid particles. Carbohydr. Polym. 81, 790
(2010).

Y. Yeo and K. Park, Control of encapsulation efficiency and initial
burst in polymeric microparticle systems. Arch. Pharmacol. Res.
27, 1 (2004).

A. Sheikh Hassan, A. Sapin, A. Lamprecht, E. Emond,
F. El Ghazouani, and P. Maincent, Composite microparticles with
in vivo reduction of the burst release effect. Eur. J. Pharm. Bio-
pharm. 73, 337 (2009).

T. Freytag, A. Dashevsky, L. Tillman, G. E. Hardee, and
R. Bodmeier, Improvement of the encapsulation efficiency of
oligonucleotide-containing biodegradable microspheres. J. Control
Release 69, 197 (2000).

A. S. Hasan, M. Socha, A. Lamprecht, F. E. Ghazouani, A. Sapin,
M. Hoffman, P. Maincent, and N. Ubrich, Effect of the microen-
capsulation of nanoparticles on the reduction of burst release. Int.
J. Pharm. 344, 53 (2007).

X. Huang and C. Brazel, On the importance and mechanisms of
burst release in matrix-controlled drug delivery systems. J. Control.
Rel. 73, 121 (2001).

J. Wang, B. A. Wang, and S. P. Schwendeman, Characterization of
the initial burst release of a model peptide from poly(D,L-lactide-
co-glycolide) microspheres. J. Control Release 82, 289 (2002).

O. L. Johnson and M. A. Tracy, Peptide and protein drug deliv-
ery, edited by E. Mathiowitz, John Wiley and Sons, USA (1999),
pp. 816-832.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Imperiale and Sosnik

Y.-Y Yang, T.-S. Chung, and N. P. Ng, Morphology, drug distribu-
tion, and in vitro release profiles of biodegradable polymeric micro-
spheres containing protein fabricated by double-emulsion solvent
extraction/evaporation method. Biomaterials 22, 231 (2001).

G. Jian, B. C. Thanoo, and P. P. DeLuca, Effect of osmotic pressure
in the solvent extraction phase on BSA release profile from PLGA
microspheres. Pharm. Dev. Technol. 7, 391 (2002).

R. A. Jain, The manufacturing techniques of various drug loaded
biodegradable poly(lactide-co-glycolide) (PLGA) devices. Bioma-
terials. 21, 2475 (2000).

C. Wang, W. Ye, Y. Zheng, X. Liu, and Z. Tong, Fabrication
of drug-loaded biodegradable microcapsules for controlled release
by combination of solvent evaporation and layer-by-layer self-
assembly. Int. J. Pharm. 338, 165 (2007).

C. Berkland, K. Kim, and D. W. Pack, PLG microsphere size con-
trols drug release rate through several competing factors. Pharm
Res. 20, 1055 (2003).

B. Guiziou, D. J. Armstrong, P. N. Elliott, J. L. Ford, and
C. Rostron, Investigation of in-vitro release characteristics of
NSAID-loaded polylactic acid microspheres. J. Microencapsul.
13, 701 (1996).

A. Fernandez-Carballido, R. Herrero-Vanrell, I. T. Molina-
Martinez, and P. Pastoriza, Biodegradable ibuprofen-loaded PLGA
microspheres for intraarticular administration. Effect of Labrafil
addition on release in vitro. Int. J. Pharm. 279, 33 (2004).

C. J. Thompson, D. Hansford, S. Higgins, C. Rostron, G. A.
Hutcheon, and D. L. Munday, Evaluation of ibuprofen-loaded
microspheres prepared from novel copolyesters. Int. J. Pharm.
329, 53 (2007).

I. M. El-Sherbiny and H. D. Smyth, Controlled release pul-
monary administration of curcumin using swellable biocompatible
microparticles. Mol. Pharm. 9, 269 (2012).

M. Hombreiro-Pérez, J. Siepmann, C. Zinutti, A. Lamprecht,
N. Ubrich, M. Hoffman, R. Bodmeier and P. Maincent, Non-
degradable microparticles containing a hydrophilic and/or a
lipophilic drug: preparation, characterization and drug release mod-
eling. J. Control Rel. 88, 413 (2003).

M. Jelvehgari, J. Barar, H. Valizadeh, and N. Heidari, Prepa-
ration and evaluation of poly (e-caprolactone) nanoparticles-
inmicroparticles by W/O/W emulsion method. Iran J. Basic Med.
Sci. 13, 85 (2010).

W. D. Rhine, D. S. Hsieh, and R. Langer, Polymers for sustained
macromolecule release: Procedures to fabricate reproducible deliv-
ery systems and control release kinetics. J. Pharm. Sci. 69, 265
(1980).

Y. Han, H. Tian, P. He, X. Chen, and X. Jing, Insulin nanopar-
ticle preparation and encapsulation into poly(lactic-co-glycolic
acid) microspheres by using an anhydrous system. Int. J. Pharm.
378, 159 (2009).

W. Al-Azzam, E. A. Pastrana, and K. Griebenow, Co-lyophilization
of bovine serum albumin (bsa) with poly(ethylene glycol) improves
efficiency of bsa encapsulation and stability in polyester micro-
spheres by a solid-in-oil-in-oil technique. Biotechnol. Lett. 24, 1367
(2002).

W. T. Leach, D. T. Simpson, T. N. Val, E. C. Anuta, Z. Yu, R. O.
Williams, 3rd, and K. P. Johnston, Uniform encapsulation of stable
protein nanoparticles produced by spray freezing for the reduction
of burst release. J. Pharm. Sci. 94, 56 (2005).

H. R. Costantino, L. Firouzabadian, K. Hogeland, C. C. Wu,
C. Beganski, K. G. Carrasquillo, M. Cordova, K. Griebenow, S. E.
Zale, and M. A. Tracy, Protein spray-freeze drying. Effect of
atomization conditions on particle size and stability. Pharm. Res.
17, 1374 (2000).

S. Sant, V. Nadeau, and P. Hildgen, Effect of porosity on the release
kinetics of propafenone-loaded PEG-g-PLA nanoparticles. J. Con-
trol Release 107, 203 (2005).

J. Biomater. Tissue Eng. 3, 22-38, 2013



Imperiale and Sosnik

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

A. Grenha, B. Seixo, and C. Remuiidn-Lopez, Microencapsulated
chitosan nanoparticles for lung protein delivery. Eur. J. Pharm. Sci.
25, 427 (2005).

K. E. Lee, S. H. Cho, H. B. Lee, S. Y. Jeong, and S. H. Yuk,
Microencapsulation of lipid nanoparticles containing lipophilic
drug. J. Microencapsul. 20, 489 (2003).

H. Maeda, T. Nakagawa, N. Adachi, Y. Sakai, T. Yamamoto,
and A. Matsuoka, Design of long-acting formulation of protein
drugs with a double-layer structure and its application to rhG-CSF.
J. Control Release 91, 281 (2003).

A. J. Thote, K. Ono, and R. B. Gupta (eds.), AIChE Annual Meet-
ing, Conference Proceedings, Cincinnati, OH (2005), p. 8566.

S. Hua, H. Yang, and A. Wang, A pH-sensitive nanocompos-
ite microsphere based on chitosan and montmorillonite with in
vitro reduction of the burst release effect. Drug. Dev. Ind. Pharm.
36, 1106 (2010).

Y. Kakizawa, R. Nishio, T. Hirano, Y. Koshi, M. Nukiwa,
M. Koiwa, J. Michizoe, and N. Ida, Controlled release of protein
drugs from newly developed amphiphilic polymer-based micropar-
ticles composed of nanoparticles. J. Control Release 142, 8 (2010).
A. J. Thote and R. B. Gupta, Formation of nanoparticles of a
hydrophilic drug using supercritical carbon dioxide and microen-
capsulation for sustained release. Nanomedicine 1, 85 (2005).

T. Ren, W. Yuan, H. Zhao, and T. Jin, Sustained-release polylactide-
co-glycolide microspheres loaded with pre-formulated protein
polysaccharide nanoparticles. Micro and Nano Letters 6, 70 (2011).
M. lJelvehgari, J. Barar, H. Valizadeh, B. D. Loveymi, and
M. Ziapour, Controlled- and modulated-release drug-delivery sys-
tems. Transaction on Nanotechnology 17, 79 (2010).

Y. W. Chien, Encyclopedia of Pharmaceutical Technology, edited
by J. Swarbrick and J. C. Boylan, Marcel Dekker, New York (1990),
pp. 281-313.

S. Acharya and S. K. Sahoo, PLGA nanoparticles containing var-
ious anticancer agents and tumour delivery by EPR effect. Adv.
Drug. Deliv. Rev. 63, 170 (2011).

J. S. Golub, Y. T. Kim, C. L. Duvall, R. V. Bellamkonda, D. Gupta,
A. S. Lin, D. Weiss, W. R. Taylor, and R. E. Guldberg, Sustained
VEGEF delivery via PLGA nanoparticles promotes vascular growth.
Am. J. Physiol. Heart. Circ. Physiol. 298, 1959 (2010).

D. Klose, F. Siepmann, K. Elkharraz, and J. Siepmann, PLGA-
based drug delivery systems: importance of the type of drug and
device geometry. Int. J. Pharm. 354, 95 (2008).

R. Bodmeier, K. H. Oh, and H. Chen, The effect of the addi-
tion of low molecular weight poly(dl-lactide) on drug release from
biodegradable poly(dl-lactide) drug delivery systems. Int. J. Pharm.
51, 1 (1989).

J. K. Li, N. Wang, and X. S. Wu, A novel biodegradable sys-
tem based on gelatin nanoparticles and poly(lactic-co-glycolic acid)
microspheres for protein and peptide drug delivery. J. Pharm. Sci.
86, 891 (1997).

J. C. Imperiale, D. A. Chiapetta, and A. Sosnik, Nuevos nano-
sistemas de liberacién de drogas mucoadhesivos para la liberacion
sostenida de inhibidores de proteasa en el tratamiento de HIV, Pro-
ceedings of the XVIII Argentine Congress of Bioengineering, Mar
del Plata, Argentina (2011).

Z. Li, P. Chen, X. Xu, X. Ye, and J. Wang, Preparation of chitosan-
sodium alginate microcapsules containing ZnS nanoparticles and
its effect on the drug release. Mat. Sci. Eng. C 29, 2250 (2009).
H. Lis and N. Sharon, Lectins as molecules and as tools. Annu.
Rev. Biochem. 55, 35 (1986).

C. M. Lehr, J. A. Bouwstra, W. Kok, A. B. Noach, A. G. de Boer,
and H. E. Junginger, Bioadhesion by means of specific binding of
tomato lectin. Pharm. Res. 9, 547 (1992).

G. Ponchel and J. Irache, Specific and non-specific bioadhesive
particulate systems for oral delivery to the gastrointestinal tract.
Adv. Drug Deliv. Rev. 34, 191 (1998).

J. Biomater. Tissue Eng. 3, 22-38, 2013

NiMDS: Production, Administration Routes and Clinical Potential

71

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

9.

9s.

96.

97.

. C. M. Lehr, Lectin-mediated drug delivery: the second generation
of bioadhesives. J. Control Release 65, 19 (2000).

A. Sosnik, D. A. Chiappetta, and A. M. Carcaboso, Drug deliv-
ery systems in HIV pharmacotherapy: what has been done and the
challenges standing ahead. J. Control Release 138, 2 (2009).

A. Sosnik, A. M. Carcaboso, R. J. Glisoni, M. A. Moretton, and
D. A. Chiappetta, New old challenges in tuberculosis: potentially
effective nanotechnologies in drug delivery. Adv. Drug. Del. Rev.
62, 547 (2010).

A. Sosnik and M. Amiji, Nanotechnology solutions for infectious
diseases in developing nations. Preface. Adv. Drug Del. Rev. 62, 375
(2010).

A. Sosnik, Nanotechnology contributions to the pharmacotherapy
of pediatric HIV: A dual scientific and ethical challenge and a still
pending agenda. Nanomedicine-UK 5, 833 (2010).

A. Sosnik, K. P. Seremeta, J. C. Imperiale, and D. A. Chiappetta,
Novel formulation and drug delivery strategies for the treatment of
pediatric poverty-related diseases. Expert Op. Drug Deliv. 9, 303
(2012).

A. Lamprecht, H. Yamamoto, H. Takeuchi, and Y. Kawashima,
A pH-sensitive microsphere system for the colon delivery of
tacrolimus containing nanoparticles. J. Control Release 104, 337
(2005).

A. Kikuchi and T. Okano, Pulsatile drug release control using
hydrogels. Adv. Drug Deliv. Rev. 54, 53 (2002).

S. Wee and W. R. Gombotz, Protein release from alginate matrices.
Adv. Drug Deliv. Rev. 31, 267 (1998).

J. H. Eldridge, C. J. Hammond, J. A. Meulbroek, J. K. Staas,
R. M. Gilley, and T. R. Tice, Controlled vaccine release in the
gut-associated lynphoid tissue. I. Orally administered biodegradable
microspheres target the Peyer’s patches J. Control Release 11, 205
(1990).

R. Martien, B. Loretz, and A. B. Schnurch, Oral gene delivery:
Design of polymeric carrier systems shielding toward intestinal
enzymatic attack. Biopolymers 83, 327 (2006).

T. Mizoe, T. Ozeki, and H. Okada, Preparation of drug
nanoparticle-containing microparticles using a 4-fluid nozzle spray
drier for oral, pulmonary, and injection dosage forms. J. Control
Release 122, 10 (2007).

M. Tobio, J. Nolley, Y. Y. Guo, J. Mclver, and M. J. Alonso,
A novel system based on a poloxamer/PLGA blend as a tetanus
toxoid delivery vehicle. Pharm. Res. 16, 682 (1999).

T. J. Carstensen, Modern Pharmaceutics, edited by G. S. Banker
and C. T. Rhodes, Academic Press, New York (1973), Vol. 2,
pp. 1-89.

J. L. Cleland, A. Daugherty, and R. Mrsny, Emerging protein deliv-
ery methods. Curr. Opin. Biotechnol. 12, 212 (2001).

R. Jalil and J. R. Nixon, Microencapsulation using poly (L-lactic
acid) II: Preparative variables affecting microcapsule properties.
J. Microencapsul. 7, 25 (1990).

Y. Wen, M. R. Gallego, L. F. Nielsen, L. Jorgensen, H. Everland,
E. H. Mgller, and H. M. Nielsen, Biodegradable nanocomposite
microparticles as drug delivering injectable cell scaffolds. J. Control
Release 156, 11 (2011).

H. J. Chung, I. K. Kim, T. G. Kim, and T. G. Park, Highly open
porous biodegradable microcarriers: In vitro cultivation of chondro-
cytes for injectable delivery. Tissue Eng. A 14, 607 (2008).

Q. Hou, P. A. De Bank, and K. M. Shakesheff, Injectable scaffolds
for tissue regeneration. J. Mater. Chem. 14, 1915 (2004).

J. S. Patton and R. M. Platz, Routes of delivery: Case studies:
Pulmonary delivery of peptides and proteins for systemic action.
Adv. Drug Deliv. Rev. 8, 179 (1992).

R. U. Agu, M. I. Ugwoke, M. Armand, R. Kinget, and N. Verbeke,
The lung as a route for systemic delivery of therapeutic proteins
and peptides. Respir. Res. 2, 198 (2001).

35

M3IA3H



REVIEW

NiMDS: Production, Administration Routes and Clinical Potential

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

36

H. M. Courrier, N. Butz, and T. F. Vandamme, Pulmonary drug
delivery systems: recent developments and prospects. Critical
Reviews in Therapeutic Drug Carrier Systems 19, 425 (2002).

M. Jalalipour, K. Gilani, H. Tajerzadeh, A. R. Najafabadi, and
M. Barghi, Characterization and aerodynamic evaluation of spray
dried recombinant human growth hormone using protein stabilizing
agents. Int. J. Pharm. 352, 209 (2008).

R. U. Agu, M. I. Ugwoke, M. Armand, R. Kinget, and N. Verbeke,
The lung as a route for systemic delivery of therapeutic proteins
and peptides. Respiratory Research 2, 198 (2001).

D. A. Edwards, A. Ben-Jebria, and R. J. Langer, Recent advances
in pulmonary drug delivery using large, porous inhaled particles.
J. Appl. Physiol. 85, 379 (1998).

D. A. LaVan, T. McGuire, and R. Langer, Small-scale systems for
in vivo drug delivery. Nat. Biotechnol. 21, 1184 (2003).

R. H. Hastings, H. G. Folkesson, and M. A. Matthay, Mechanisms
of alveolar protein clearance in the intact lung. Am. J. Physiol.
Lung. Cell Mol. Physiol. 286, 679 (2004).

M. Duszyk, CFTR and lysozyme secretion in human airway epithe-
lial cells. Eur. J. Physiol. 443, S45 (2001).

R. Fernandez-Urrusuno, D. Romani, P. Calvo, J. L. Vila-Jato, and
M. J. Alonso, Development of a freeze-dried formulation of insulin-
loaded chitosan nanoparticles intended for nasal administration.
STP Pharm. Sci. 9, 429 (1999).

A. E. John, N. W. Lukacs, A. A. Berlin, A. Palecanda, R. F.
Bargatze, L. M. Stoolman, and J. O. Nagy, Discovery of a potent
nanoparticle P-selectin antagonist with anti-inflammatory effects in
allergic airway disease. J. FASEB 17, 2296 (2003).

M. Kumar, X. Kong, A. K. Behera, G. R. Hellermann, R. F. Lockey,
and S. S. Mohapatra, Chitosan IFN-gamma-pDNA Nanoparticle
(CIN) Therapy for Allergic Asthma. Genet. Vaccines Ther. 1, 3
(2003).

T. Mizoe, T. Ozeki, and H. Okada, Application of a four-fluid noz-
zle spray drier to prepare inhalable rifampicin-containing mannitol
microparticles. AAPS Pharm. Sci. Tech. Published online 18 June,
9, 755 (2008).

J. Wendorf, M. Singh, J. Chesko, J. Kazzaz, E. Soewanan,
M. Ugozzoli, and D. O’Hagan, A practical approach to the use of
nanoparticles for vaccine delivery. J. Pharm. Sci. 95, 2738 (2006).
S. Schurch, P. Gehr, V. 1. Hof, M. Geiser, and F. Green, Surfactant
displaces particles toward the epithelium in airways and alveoli.
Resp. Physiol. 80, 17 (1990).

K. Makino, N. Yamamoto, K. Higuchi, N. Harada, H. Ohshima,
and H. Terada, Phagocytic uptake of polystyrene microspheres by
alveolar macrophages: effects of the size and surface properties of
the microspheres. Colloid Surf. B 27, 33 (2003).

C. J. Musante, J. D. Schroeter, J. A. Rosati, T. M. Crowder, A. J.
Hickey, and T. B. Martonen, Factors affecting the deposition of
inhaled porous drug particles. J. Pharm. Sci. 91, 1590 (2002).

J. N. Pritchard, The influence of lung deposition on clinical
response. J. Aerosol. Med. 14, S19 (2001).

B. J. Lipworth, Targets for inhaled treatment. Respir. Med. 94, S13
(2000).

J. Heyder, J. Gebhart, G. Rudolf, C. F. Schiller, and W. Stahlhofen,
Deposition of particles in the human respiratory tract in the size
range 0.005-15 wm. J. Aerosol. Sci. 17, 811 (1986).

W. H. Finlay, K. W. Stapleton, and P. Zuberbuhler, Fine particle
fraction as a measure of mass depositing in the lung during inhala-
tion of nearly isotonic nebulized aerosols. J. Aerosol. Sci. 28, 1301
(1997).

W. H. Finlay and M. G. Gehmlich, Inertial sizing of aerosol inhaled
from two dry powder inhalers with realistic breath patterns versus
constant flow rates. Int. J. Pharm. 210, 83 (2000).

A. Clark, Formulation of proteins and peptides for inhalation. Drug
Deliv. Syst. Sci. 2, 73 (2002).

S. Bozdag, K. Dillen, J. Vandervoort, and A. Ludwig, The effect of
freeze-drying with different cryoprotectants and gamma-irradiation

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Imperiale and Sosnik

sterilization on the characteristics of ciprofloxacin HCl-loaded
poly(D,L-lactide-glycolide) nanoparticles. J. Pharm. Pharmacol.
57, 699 (2005).

D. Quintanar-Guerrero, A. Ganem-Quintanar, E. Allemann,
H. Fessi, and E. Doelker, Influence of the stabilizer coating layer on
the purification and freeze-drying of poly(D,L-lactic acid) nanopar-
ticles prepared by an emulsion-diffusion technique. J. Microencap-
sul. 15, 107 (1998).

L. A. Dailey, T. Schmehl, T. Gessler, M. Wittmar, F. Grimminger,
W. Seeger, and T. Kissel, Nebulization of biodegradable nanoparti-
cles: Impact of nebulizer technology and nanoparticle characteris-
tics on aerosol features. J. Control Release 86, 131 (2003).

I. Gonda, Pharmaceutical Inhalation Aerosol Technology, Second
edn., edited by A. J. Hickey, Targeting by Deposition, Informa
Healthcare, USA (2003).

C. Bosquillon, C. Lombry, V. Préat, and R. Vanbever, Influence of
formulation excipients and physical characteristics of inhalation dry
powders on their aerosolization performance. J. Control Release
70, 329 (2001).

G. Oberdorster, E. Oberdorster, and J. Oberdorster, Nanotoxicol-
ogy: An emerging discipline evolving from studies of ultrafine par-
ticles. Environ. Health Perspect. 113, 823 (2005).

N. Y. Chew and H. K. Chan, Use of solid corrugated particles to
enhance powder aerosol performance. Pharm. Res. 18, 1570 (2001).
H. Chrystyn, Is total particle dose more important than particle
distribution? Resp. Med. 91, 17 (1997).

J. O. Sham, Y. Zhang, W. H. Finlay, W. H. Roa, and R. Lobenberg,
Formulation and characterization of spray-dried powders contain-
ing nanoparticles for aerosol delivery to the lung. Int. J. Pharm.
269, 457 (2004).

K. Ohashi, T. Kabasawa, T. Ozeki, and H. Okada, One-step
preparation of rifampicin/poly(lactic-co-glycolic acid) nanoparticle-
containing mannitol microspheres using a four-fluid nozzle spray
drier for inhalation therapy of tuberculosis. J. Control Release
135, 19 (2009).

S. Al-Qadi, A. Grenha, and C. Remundn-Lépez, Microspheres
loaded with polysaccharide nanoparticles for pulmonary delivery:
Preparation, structure, and surface analysis. Carbohydr. Polym.
86, 25 (2011).

A. Grenha, C. I. Grainger, L. A. Dailey, B. Seijo, G. P. Martin,
C. B. Remuiidn-Lépez, and B. Forbes Chitosan nanoparticles are
compatible with respiratory epithelial cells in vitro. Eur. J. Pharm.
Sci. 31, 73 (2007).

G. Pilcer, F. Vanderbist, and K. Amighi, Preparation and character-
ization of spray-dried tobramycin powders containing nanoparticles
for pulmonary delivery. Int. J. Pharm. 365, 162 (2009).

A. Grenha, C. Remufidn-Lépez, E. L. S. Carvalho, and B. Seijo,
Microspheres containing lipid/chitosan nanoparticles complexes for
pulmonary delivery of therapeutic proteins. Eur. J. Pharm. Bio-
pharm. 69, 83 (2008).

N. Mohajel, A. R. Najafabadi, K. Azadmanesh, A. Vatanara,
E. Moazeni, A. Rahimi, and K. Gilani, Optimization of a spray
drying process to prepare dry powder microparticles containing
plasmid nanocomplex. Int. J. Pharm. 423, 577 (2012).

F. Ahsan, I. P. Rivas, M. A. Khan, and A. I. Suarez-Torres, Target-
ing to macrophages: role of physicochemical properties of partic-
ulate carriers—liposomes and microspheres—on the phagocytosis by
macrophages. J. Control Release 79, 29 (2002).

J. B. Lyczak, C. L. Cannon, and G. B. Pier, Lung infections asso-
ciated with cystic fibrosis. Clin. Microbiol. Rev. 15, 194 (2002).
D. L. French, D. A. Edwards, and R. W. Niven, The influence
of formulation on emission, deaggregation and deposition of dry
powders for inhalation. J. Aerosol. Sci. 27, 769 (1996).

N. Tsapis, D. Bennett, B. Jackson, D. A. Weitz, and D. A. Edwards,
Trojan particles: large porous carriers of nanoparticles for drug
delivery. Proc. Natl. Acad. Sci. U.S.A. 99, 12001 (2002).

J. Biomater. Tissue Eng. 3, 22-38, 2013



Imperiale and Sosnik

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

S. M. McAllister, H. O. Alpar, Z. Teitelbaum, and D. B. Bennett,
Do interactions with phospholipids contribute to the prolonged
retention of polypeptides within the lung? Adv. Drug Deliv. Rev.
19, 89 (1996).

J. Wan, J. B. Gordon, K. Muirhead, M. W. Hickey, and
M. Coventry, Incorporation of nisin in micro-particles of calcium
alginate. Letr. Appl. Microbiol. 24, 153 (1997).

Y. Y. Yang, T. S. Chung, and N. P. Ng, Morphology, drug dis-
tribution, and in vitro release profiles of biodegradable polymeric
microspheres containing protein fabricated by double-emulsion sol-
vent extraction/evaporation method. Biomaterials 22, 231 (2001).
A. H. Kibbe (ed.), Handbook of Pharmaceutical Excipients,
American Pharmaceutical Association, Washington and Pharma-
ceutical Press, London (2000).

A. Wade and P. J. Weller (eds.), Handbook of Pharmaceutical
Excipients, Second edn., The Pharmaceutical Press, Washington
DC (1994), pp. 186-190.

M. G. Moldenhauer and J. G. Nairn, Formulation parameters
affecting the preparation and properties of microencapsulated ion-
exchange resins containing theophylline. J. Pharm. Sci. 8, 659
(1990).

W. Hennink, O. Franssen, W. van Dijk-Wolthuis, and H. Talsma,
Dextran hydrogels for the controlled release of proteins. J. Control
Rel. 48, 107 (1997).

K. Janes, P. Calvo, and M. Alonso, Polysaccharide colloidal parti-
cles as delivery systems for macromolecules. Adv. Drug Deliv. Rev.
47, 83 (2001).

C. Freitas and R. H. Miiller, Spray-drying of solid lipid nanoparti-
cles (SLN TM). Eur. J. Pharm. Biopharm. 46, 145 (1998).

P. O. Souilliac, C. R. Middaugh, and J. H. Rytting, Investigation
of protein/carbohydrate interactions in the dried state. 2. Diffuse
reflectance FTIR studies. Int. J. Pharm. 235, 207 (2002).

A. Grenha, B. Seijo, C. Serra, and C. Remuiidn-Lépez, Chitosan
nanoparticle-loaded mannitol microspheres: structure and surface
characterization. Biomacromolecules. 8, 2072 (2007).

N. V. Majeti and R. Kumar, A review of chitin and chitosan appli-
cations. React. Funct. Polym. 46, 1 (2000).

S. Cao, B. Liu, X. Deng, and S. Li, Core/shell particles contain-
ing 3-(methacryloxypropyl)-trimethoxysilane in the shell: synthesis,
characterization, and applicati. Macromol. Biosci. 5, 669 (2005).
S. Koennings, A. Berie, J. Tessmar, T. Blunk, and A. Goepferich,
Influence of wettability and surface activity on release behavior
of hydrophilic substances from lipid matrices. J. Control Release
119, 173 (2007).

S. Hirano, H. Seino, Y. Akiyama, and I. Nonaka, Biocompatibility
of chitosan by oral and intravenous administrations. Polym. Mater.
Sci. Eng. 59, 897 (1988).

M. Issa, M. Koping-Hoggard, and P. Artursson, Chitosan and the
mucosal delivery of biotechnology drugs. Drug Discov. Today:
Technologies 2, 1 (2005).

F. Andrade, F. Goycoolea, D. A. Chiappetta, J. das Neves,
A. Sosnik, and B. Sarmento, Chitosan-grafted copolymers and
chitosan-ligand conjugates as matrices for pulmonary drug delivery.
Int. J. Carbohyd. Chem. Article ID 865704 (2011).

C. M. Lehr, J. A. Bouwstra, E. H. Schacht, and H. E. Junginger, In
vitro evaluation of mucoadhesive properties of chitosan and some
other natural polymer. Int. J. Pharm. 78, 43 (1992).

S. A. Agnihotri, N. N. Mallikarjuna, and T. M. Aminabhavi, Recent
advances on chitosan-based micro- and nanoparticles in drug deliv-
ery. Journal of Control Release 100, 5 (2004).

J. H. Park, S. Kwon, M. Lee, H. Chung, J. H. Kim, Y. S. Kim,
R. W. Park, I. S. Kim, S. B. Seo, I. C. Kwon, and S. Y. Jeong,
Self-assembled nanoparticles based on glycol chitosan bearing
hydrophobic moieties as carriers for doxorubicin: in vivo biodistri-
bution and anti-tumor activity. Biomaterials 27, 119 (2006).

J. Biomater. Tissue Eng. 3, 22-38, 2013

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

NiMDS: Production, Administration Routes and Clinical Potential

P. Artursson, T. Lindmark, S. S. Davisa, and L. Illum, Effect of
chitosan on the permeability of monolayers of intestinal epithelial
cells (Caco-2). Pharm. Res. 11, 1358 (1994).

A. De Campos, A. Sianchez, and M. J. Alonso, Chitosan nanopar-
ticles: a new vehicle for the improvement of the delivery of drugs
to the ocular surface. Application to cyclosporin A. Int. J. Pharm.
224, 159 (2001).

G. Borchard, H. L. Lueszen, A. G. De Boer, J. C. Verhoef, C. M.
Lehr, and H. E. Junginger, The potential of mucoadhesive poly-
mers in enhancing intestinal peptide drug absorption. III: Effects
of chitosan-glutamate and carbomer on epithelial tight junctions in
vitro. J. Control Release 39, 131 (1996).

A. Portero, C. Remuiidn-Lopez, and H. M. Nielsen, The potential
of chitosan in enhancing peptide and protein absorption across the
TR146 cell culture model-an in vitro model of the buccal epithe-
lium. Pharm. Res. 19, 169 (2002).

A. Bernkop-Schniirch, C. E. Kast, and D. Guggi, Permeation
enhancing polymers in oral delivery of hydrophilic macro-
molecules: Thiomer/GSH systems. J. Control Release 93, 95
(2003).

R. A. Muzzarelli, Human enzymatic activities related to the ther-
apeutic administration of chitin derivatives. Cell. Mol. Life Sci.
53, 131 (1997).

Z. Leonenko, M. Rodenstein, J. Dohner, L. M. Eng, and
M. Amrein, Electrical surface potential of pulmonary surfactant.
Langmuir 22, 10135 (2006).

T. S. Wiedmann, R. Bhatia, and L. W. Wattenberg, Drug solubi-
lization in lung surfactant. J. Control Release 65, 43 (2000).

C. Evora, I. Soriano, R. A. Rogers, K. M. Shakesheff, J. Hanes,
and R. Langer, Relating the phagocytosis of microparticles by
alveolar macrophages to surface chemistry: the effect of 1,2-
dipalmitoylphosphatidylcholine. J. Control Release 51, 143 (1998).
B. G. Jones, P. A. Dickinson, M. Gumbleton, and I. W. Kell-
away, Lung surfactant phospholipids inhibit the uptake of respirable
microspheres by the alveolar macrophage NR8383. J. Pharm. Phar-
macol. 54, 1065 (2002).

D. A. Edwards, J. Hanes, G. Caponetti, J. Hrkach, A. Ben-Jebria,
M. Eskew, J. Mintzes, D. Deaver, N. Lotan, and R. Langer, Large
porous particles for pulmonary drug delivery. Science 276, 1868
(1997).

H. Steckel and H. Brandes, A novel spray-drying technique to pro-
duce low density particles for pulmonary delivery. Int. J. Pharm.
278, 187 (2004).

H. J. Chung, I. K. Kim, T. G. Kim, and T. G. Park, Highly Open
Porous Biodegradable Microcarriers: In vitro Cultivation of Chon-
drocytes for Injectable Delivery. Tissue Eng. 14, 607 (2008).

S. Suarez, P. O’Hara, M. Kazantseva, C. E. Newcomer, R. Hopfer,
D. N. McMurray, and A. J. Hickey, Respirable PLGA microspheres
containing rifampicin for the treatment of tuberculosis: Screening
in an infectious disease model. Pharm. Res. 18, 1315 (2001).

L. A. Dailey, N. Jekel, L. Fink, T. Gessler, T. Schmehl, M. Wittmar,
T. Kissel, and W. Seeger, Investigation of the proinflammatory
potential of biodegradable nanoparticle drug delivery systems in the
lung. Toxicol. Appl. Pharmacol. 215, 100 (2006).

V. R. Sinha, K. Bansal, R. Kaushik, R. Kumria, and A. Tre-
han, Poly-epsilon-caprolactone microspheres and nanospheres: An
overview. Int. J. Pharm. 278, 1 (2004).

F. Wu and T. Jin, Polymer-based sustained-release dosage forms
for protein drugs, challenges, and recent advances. AAPS Pharm.
Sci. Tech. 9, 1218 (2009).

T. H. Lee, J. J. Wang, and C. H. Wang, Controlled release
of Etanidazole from double-walled biodegradable microspheres.
J. Control Release 83, 437 (2002).

Y. Yeo, N. Baek, and K. Park, Microencapsulation methods for
delivery of protein drugs. Biotechnol. Bioproc. Eng. 6, 213 (2001).
V. Sluzky, J. A. Tamada, A. M. Klibanov, and R. Langer, Kinetics
of insulin aggregation in aqueous solutions upon agitation in the

37

M3IA3H



REVIEW

NiMDS: Production, Administration Routes and Clinical Potential

178.
179.

180.

181.

182.

183.

38

presence of hydrophobic surfaces. Proc. Natl. Acad. Sci. 88, 9377
(1991).

E. R. Johnson, L. A. Lanaski, V. Gupta, M. J. Griffin, H. T. Gaud,
T. Needham, and H. Zia, Pharm. Res. 7, S-181 (1990).

E. Kai and T. Ochiya, A method for oral DNA delivery with
N-acetylated chitosan. Pharm. Res. 21, 838 (2004).

E. Walter, M. A. Croyle, B. L. Davidson, B. J. Roessler, J. M.
Hilfinger, and G. L. Amidon, Adenovirus mediated gene transfer to
intestinal epithelial cells as a potential approach for oral delivery
of peptides and proteins. J. Control Release 46, 75 (1997).

D. J. Glover, H. J. Lipps, and D. A. Jans, Towards safe, non-viral
therapeutic gene expression in humans. Nat. Rev. Genet. 6, 299
(2005).

C. W. Pouton and L. W. Seymour, Key issues in non-viral gene
delivery. Adv. Drug Deliv. Rev. 34, 3 (1998).

J. M. Dang and K. W. Leong, Natural polymers for gene delivery
and tissue engineering. Adv. Drug Deliv. Rev. 58, 487 (2006).

184.

185.

186.

187.

188.

Imperiale and Sosnik

D. R. Sorensen, M. Leirdal, and M. Sioud, Gene silencing by sys-
temic delivery of synthetic siRNAs in adult mice. J. Mol. Biol. 327,
761 (2003).

Y. Zhang, P. Cristofaro, R. Silbermann, O. Pusch, D. Boden,
T. Konkin, V. Hovanesian, P. R. Monfils, M. Resnick, S. F. Moss,
and B. Ramratnam, Engineering mucosal RNA interference in vivo.
Mol. Ther: 14, 336 (2006).

S. Lecollinet, F. Gavard, M. J. Havenga, O. B. Spiller, A. Lemckert,
J. Goudsmit, M. Eloit, and J. Richardson, Improved gene delivery
to intestinal mucosa by adenoviral vectors bearing subgroup B and
d fibers. J. Virol 80, 2747 (2006).

G. Romano, C. Pacilio, and A. Giordano, Gene transfer technology
in therapy: current applications and future goals. Stem Cells 17, 191
(1999).

G. Han, C. T. Martin, and V. M. Rotello, Stability of gold
nanoparticle-bound DNA toward biological, physical, and chemical
agents. Chem. Biol. Drug Des. 67, 78 (2005).

Received: 23 April 2012. Revised/Accepted: 18 May 2012.

J. Biomater. Tissue Eng. 3, 22-38, 2013



Copyright © 2013 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of

Biomaterials and Tissue Engineering
Vol. 3, 39-60, 2013

Development of Electrospun Nanofibers for Biomedical
Applications: State of the Art in Latin America

Pablo C. Caracciolo, Pablo R. Cortez Tornello, Florencia Montini Ballarin,
and Gustavo A. Abraham*

Instituto de Investigaciones en Ciencia y Tecnologia de Materiales, INTEMA (UNMdP-CONICET),
Av. Juan B. Justo 4302, B7608FDQ Mar del Plata, Argentina

Electrospinning is a powerful processing technique with huge potential in many attractive and
cutting-edge research fields. This technique allows the production of non-woven micro/nanofibrous
materials, including polymers, ceramics and metals, with a wide range of morphologies and func-
tionalities. The highly porous electrospun scaffolds are ideal for biomedical applications, in particular
for tissue engineering and drug delivery of biologically active compounds. In this review, we summa-
rize the works on electrospun micro/nanofibers for biomedical applications carried out by research
groups from Latin American countries. Studies are mainly focused on nanofibrous polymeric sys-
tems for drug delivery of therepeutic and bioactive agents, tissue engineering scaffolds and sensors,

as well as other biomedical applications.
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1. INTRODUCTION

Nanostructured systems are promising for many differ-
ent and novel applications. Current nanotechnological
advances provide opportunities to characterize, manipulate
and organize matter at the sub-micron and nanometer scale.
Biomaterials with nano-scale organizations have been used
as controlled drug delivery systems and artificial scaffolds
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Drug Delivery Systems,

for tissue engineering."> However, the development of
nano-scale drug and biomacromolecule delivery systems
with optimal bioavailability, effective targeting and no cyto-
toxicity is still a big challenge. On the other hand, the
tradicional tissue engineering strategy uses bioresorbable
porous scaffolds with appropriate requirements to regen-
erate functional tissues. Recent efforts are addressed to
the control over cell behavior and tissue formation. The
native extracellular matrix is mimicked by nano-scale
topography.>* The controlled release of bioactive agents
is also a focus of attention, since it will enhance the per-
formance of tissue engineered matrices.

The broad interest in nanomaterials is leading to the cre-
ation of a huge variety of nanostructured systems, includ-
ing nanoparticles, nanocapsules, nanogels, nanofibers,
nanotubes, and dendrimers, just to mention a few.!53
Electrospun nanofibers have served as a highly versatile
platform for a broad range of applications in widely differ-
ent areas such as catalysis, nanofluidics, sensors, medicine,
energy, environmental engineering, biotechnology, defense
and security, and healthcare.*'?

The development of biomimetic highly-porous scaffolds
is essential for successful tissue engineering.'> Polymeric
nanofiber-based scaffolds provide a structural support for
the cells to accommodate and nutrient transportation. Also,
guide cell growth in the three-dimensional space into
a specific tissue." In this way, biomimetic electrospun

doi:10.1166/jbt.2013.1066 39
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matrices facilitate cell attachment, support cell growth, and
regulate cell differentiation.'>!"

Processing techniques to produce polymeric nanofibers
include phase separation, self-assembly, and electrospinn-

Caracciolo et al.

equipment, and constructs can be prepared in molds with
specific geometry. On the other hand, this method requires
several steps to produce nanofibers of a limited number of
polymers, and it is difficult to scale-up to a commercial

ing.!®:1 Phase separation does not requiere specialized stage. Self-assembly can be used for nanofiber fabrication,
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but relies on intermolecular forces to assemble small
molecules, peptides, proteins and nucleic acids into fibers.
This process is limited to a few polymers and only cre-
ates short fibers of several micrometers. Electrospinning is
currently the most promising technique to produce contin-
uous nanofibers. In this process, solid fibers are produced
from a polymeric fluid stream (solution or melt), forming
highly porous non-woven micro/nanofibrous membranes
with excellent pore interconnection. Advantages of elec-
trospinning include a relatively inexpensive setup, and the
possibility to create different fiber architectures for use in
many areas of application.

In this review, we summarize the works reported on
electrospun nanofibers for biomedical applications carried
out by research groups from Latin American countries.
These studies are mainly focused on nanofibrous poly-
meric systems for the delivery of therapeutic and bioac-
tive agents, tissue engineering scaffolds and regenerative
medicine, sensors and other applications to a lesser extent.
First, a short historical introduction and process descrip-
tion are presented. Second, the advances in each one of
the above mentioned areas are described and commented.
Finally, in the concluding remarks section, a vision of the
future research on this topic is presented.

2. THE ELECTROSPINNING TECHNIQUE
2.1. Brief Historical Introduction

Electrospinning (also known as electrostatic spinning)
is an electrohydrodynamic process discovered by Lord
Rayleigh as part of his investigations in electrospraying in
the late 1800s. The first patents for electrospinning were
granted in 1902 to Cooley and Morton, but major com-
mercialization did not occur until the advances made by
A. Formhals (patents for the fabrication of textile yarns
in 1934-1944) and C. L. Norton (patents in the area of
electrospinning from melts in 1936). The main theoretical
basis for electrospinning was made by Sir Geoffrey Taylor
(in 1964-1969) when he developed mathematical models
for the shape of the cone formed by the fluid droplet at the
tip of the polymer reservoir under the effect of an electric
field (known as the Taylor cone).? %

After Taylor’s work on the jet-forming process, atten-
tion focused on the understanding of the relationships
between processing parameters and structural properties.
Since the 1990s, when the rising interest in nanotechnol-
ogy reawakened the interest in many technological areas,
electrospinning has gained more attention. The great inter-
est on the electrospinning process was quickly reflected by
the large number of articles and patents published in the
literature.?'2* In recent years, the availability of commer-
cial nanofiber electrospinning units has prompted further
research in nanoscience and nanotechnology.

J. Biomater. Tissue Eng. 3, 39-60, 2013
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2.2. The Process

Nano/microfibers are produced when a polymer solution
(or polymer melt) is subjected to a high-voltage elec-
trostatic field operated between a metallic nozzle and a
grounded collector as counter electrode. The transition
from a charged droplet emerging from a die to a solid fiber
is controlled by a set of complex physical instabilities.?*
A number of excellent reviews that describe and analyze
the process can be found in the literature.? '0-20-23.25.26

Electrospinning is a unique and versatile process to
produce polymeric fibers in the diameter range of few
nanometers to several micrometers (usually between 3 nm—
5 um)." Electrospun meshes form three-dimensional scaf-
folds with high porosity, interconnected pore structure, and
high surface area-to-volume ratio.

The fibers produced from melt polymers are thicker (due
to the higher viscosity and the lack of solvent evapora-
tion), but the process has significant advantages in that
no volatile solvent is required and much higher volumes
of material can be produced. Advantages are clear, and
progresses in the technology behind the process are being
made to scale this processing technique in order to get
equipments and products commercially available.

Although the major attraction of electrospinning is its
simplicity, the process is governed by a number of param-
eters that greatly affect fiber formation and structure.
The main parameters are polymer structure and molecular
weight, polymer-solution properties (concentration, sol-
vent, viscosity, conductivity and surface tension), pro-
cessing parameters, such as applied electrical potential,
polymer solution flow rate, distance between spinneret and
collector (working distance), position, geometry and static
or rotatory nature of the grounded or charged targets, and
ambient parameters (temperature, humidity, and air veloc-
ity). Therefore, this process is not as simple and easy as
it appears. In order to produce defect-free nanofibers with
controlled fiber diameter distribution and orientation, these
parameters must be precisely controlled. Detailed explana-
tions of each parameter and its influence on the electro-
spinning process can be found in the literature.>

In tissue engineering applications, the small fiber size
intrinsic to electrospinning process can hinder efficient cel-
lular infiltration.?” In recent years, the preparation of elec-
trospun scaffolds with controllable macroscopic porosity
by several techniques, such as the combination of elec-
trospinning with salt leaching?-* and salt leaching/gas
foaming,3! the use of auxiliary electrodes and chemi-
cal blowing agents,* cryogenic electrospinning,® and the
use of tailored collectors,® have been reported. Nano-
fibers can be functionalized through encapsulation, graft-
ing, coating or blending of biologically active compounds
such as proteins, enzymes, and growth factors. Moreover,
nanofibers can be assembled into a variety of arrays or
architectures by manipulating their alignment, stacking,
or folding.'7-2+35

1
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The production of individual fibers, random non-wovens,
or orientationally highly ordered non-wovens can be
achieved by an appropriate selection of electrode arrays or
collector configurations.'* The orientation of nanofibers is
interesting for many tissue engineering applications where
a distinct growth direction for the cells is required.*® The
basic setup has also been extended towards coaxial elec-
trospinning of core—shell micro- and nanofibers, increasing
the possibilities and potential areas of application.*

Although electrospinning is predominantly applied to
polymer based materials including natural polymers, syn-
thetic polymers, and composites,'**? recently, its use has
been extended towards the production of metal, ceramic
and glass nanofibers exploiting precursor routes.*!

3. ELECTROSPUN NANOFIBERS IN
DRUG DELIVERY SYSTEMS

The controlled release of drugs and active principles is
an efficient process to balance the delivery kinetics, min-
imizing the toxicity and side effects. To achieve a con-
trolled and sustained release system, the active substance
is included into a device that ensures a predictable release
rate in vivo, being administered topically, by an injected
or non-injected route.

Electrospun nanofibers exhibit highly attractive func-
tional characteristics as potential drug delivery carriers.
Their porous structure with interconnected pores, high
specific surface area, and short diffusion passage length
increase the dissolution rate of a particulate drug and
help in mass transfer and efficient drug release.? 204243
Moreover, depending on nanofiber morphology, porosity
and composition, the release kinetics from a pharmaceu-
tical dosage form can be designed as rapid, immediate,
delayed or modified dissolution. The preparation of elec-
trospun drug-loaded membranes offers other advantages,
such as the ease of drug loading in simultaneous with fiber
formation.

The bioavailability of poorly water-soluble drugs with
pharmacological activity for the treatment of several
diseases is a well known problem in the pharmaceuti-
cal industry. Besides, up to 40% of the active princi-
ples discovered in the last years are poorly soluble or
lipophilic compounds, which lead to limited oral bioavail-
ability, unpredictable absorption and lack of dose propor-
tionality. Several strategies are available to solve these
limitations, such as the use of solid dispersions, emul-
sions, liposomes, nanoparticles, and cyclodextrins, among
others. In addition, the use of polymer-based electrospun
micro/nanofibers containing dispersed drugs has also been
reported for potential use in oral and topical drug delivery.*

The development of topical devices containing poorly
water-soluble drugs for the treatment of skin diseases must
achieve several requirements. The devices must contain
solubilized drugs in a non-ionized state to accomplish ther-
apeutical concentrations and to be optimally bioavailable
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to the skin. These systems can be developed by several
strategies, including solution/dispersion technologies.*:*°
Although these techniques are at an early stage respect
to pharmaceutical applications, they are suggested to be
of high value in topical drug administration and wound
healing.**4” Moreover, new drugs developed for efficient
treatment of infections are unable to distinguish between
the membranes of the fungi and mammalian cells, result-
ing in undesirable side effects when administered orally
for the treatment of epithelial fungal diseases.*®

To reduce undesired side effects at the systemic level,
our group developed polymer systems with dispersed
antifungal agents for topical applications.*” Microfibrous
poly(lactide-co-glycolide) (PLGA 50:50) meshes contain-
ing Ketoconazole or Chalcone 1, both poorly water-soluble
drugs, were prepared by electrospinning. Ketoconazole is
a commercial drug with antifungal properties, whereas
Chalcone 1 (2,4-dihydroxy-3-metoxichalcone) is a natural
active principle with proven antifungal properties,*®
extracted from natural species Zuccagnia punctata Cav.
(Fabaceae).’! The fiber diameters resulted higher for drug-
loaded meshes (Fig. 1). The absence of characteristic
melting peaks of Ketoconazole and Chalcone 1 in the
polymeric matrices suggests complete dissolution of the
active principles. The hydrophilic and amorphous nature
of PLGA, added to the observed plastification effects due

Fig. 1. SEM micrographs of electrospun meshes: (a) PLGA (x1000),
(b) PLGA/Chalcone 1 (x3000). (Manuscript in preparation.)

J. Biomater. Tissue Eng. 3, 39-60, 2013



Caracciolo et al.

to drug loading, should lead to drug release by hydrolytic
degradation mechanism. The loaded amounts of the active
principles resulted suitable for the treatment of fungal
diseases by topical application, being potentially applica-
ble for short-time exposures. Further studies to assess the
release behavior of these matrices are being performed.
We have also developed microfibrous systems for
antimycotic drug delivery applications. A poorly water-
soluble antimycotic and bioactive agent, embelin, was
dispersed in a biodegradable and biocompatible poly-
mer matrix of poly(e-caprolactone) (PCL).>> Due to its
hydrophobic character and semicrystalline structure, PCL
exhibits a degradation time around two years under physi-
ological conditions. PCL is degraded by hydrolysis, being
the speed of this process dependent on the shape and
size of the device, the dispersed bioactive agent, and the
physiological characteristics of the biological environment.
Embelin (2,5-dihydroxy-3-undecil-1,4-benzoquinone) is an
active principle obtained from Oxalis erythrorhiza Gillies
ex Hooker et Arnott (Oxalidaceae) collected in San Juan,
Argentina.>> This compound shows a diversity of rel-
evant biological activities, such as in vitro cytotoxicity
against B16 and XC tumor cell lines, anti-fertility effects,
anticonvulsant, antidiabetic and antimicrobial activities.
To our knowledge, this is the first work incorporating
embelin into polymeric matrices without using diluents.
The amount of drug in meshes preparation was selected to
ensure the minimum inhibitory concentration of embelin
(MIC index, 100 ug ml~!) for both bactericidal and try-
panocidal activities.>> > Microfibrous embelin-loaded PCL
meshes exhibited a significative decrease in drug crys-
tallinity, indicating its good solubilization in the polymeric
matrices. The polymer carrier stabilized the amorphous
drug dispersion/solution, suppressing or retarding the ten-
dency for the drug to recrystallize for a period long enough
to make the system pharmaceutically useful.’’ Although
the in situ bioavailability of a drug-loaded mesh strongly
depends on its size and geometrical parameters, the mor-
phological analyses commonly found in the literature do
not take into account the real morphology of the matri-
ces, which is considered in this work. Drug-loaded fibrous
membranes showed higher bioavailability of the bioactive
agent due to an increase of 86% in the area-to-volume
ratio, providing an effective area per unit mass 5.8-fold
higher than that found for the corresponding film. Embelin
showed an initial burst release, probably the drug dispersed
on the surface of the membrane (Fig. 2), followed by a
slow release, suggesting a mechanism involving the diffu-
sion of the active agent molecules through the PCL matrix
to the aqueous solution. The better capacity of the mem-
branes to expose amorphous embelin make them poten-
tial drug-loaded systems with improved efficiency, being
the in vivo antifungal activity against dermatophytes (7ri-
chophyton mentagrophytes) currently under investigation.
Recently, hyperbranched polyglycerol (HPGL) gels
gained attention as biomaterials due to their topology,

J. Biomater. Tissue Eng. 3, 39-60, 2013
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Fig. 2. SEM micrographs of electrospun meshes (x3000), (a) PCL
and (b) PCL/Embelin (surface exposed to air). Adapted with permission
from [52], P. R. C. Tornello et al., Dispersion and release of embe-
lina from electrospun, biodegradable, polymeric membranes. Polym. J.
(2012), doi:10.1038/pj.2012.80. © 2012, Nature Publishing Group.

which can lead to molecular capsules and compartments
for guest bioactive molecules.”® Thus, therapeutic agents
can be loaded into this polymer to be topically absorbed,
providing the desirable therapeutic effects within wound
sites. Moreover, HPGL hydrogels can potentially increase
both cell attachment and cell growth, due to their swelling
ability, non-toxicity and biocompatible properties, acting
as possible wound-healing accelerators. Motivated by the
development of bioactive wound dressings, Vargas et al.
worked on the preparation of electrospun HPGL hydro-
gel nanofibers containing Calendula officinalis (CO), and
tested the anti-inflammatory activity for wound-healing
applications.®® A rapid release of CO from the electrospun
HPGL nanofibers at physiological temperature was exhib-
ited as result of the high swelling ability of the carrier,*
as well as the high porosity and surface area of the elec-
trospun HPGL-CO membranes, and probably their erosion
within the medium. The CO release process, dependent
on the CO content in the HPGL nanofibers, is diffusion-
controlled, and the release kinetic agrees with the reservoir-
type drug release system. Electrospun HPGL matrix was
tough and hard, whereas electrospun HPGL-CO mem-
branes resulted more soft and flexible, presenting higher
elongation at break and lower tensile strength values with
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increasing concentrations of the bioactive agent, possibly
due to its plasticization effects. The electrospun HPGL-CO
demonstrated a significantly higher work of adhesion rel-
ative to HPGL on biological tissue. The increase in flexi-
bility of the HPGL-CO membranes could have improved
the contact between the membrane and the biological tis-
sue, hence promoting the penetration of the hydrated nano-
fibers into the tissue to form a strong bonding, leading to
an increase in the adhesion strength.®' The loaded elec-
trospun HPGL—CO nanofibers displayed a low inflamma-
tory reaction and fast reepithelialization after implantation
in rats. These results of in vivo experiments suggest
that HPGL-CO membranes might be interesting bioactive
wound dressing materials for clinical applications.

Castillo-Ortega et al. also reported the preparation of a
fibrous membrane containing a poorly water-soluble drug,
obtained by coaxial electrospinning. The fibers were com-
posed of poly(vinyl pyrrolidone) (PVP) as core polymer
and cellulose acetate (CA) as shell material.®> CA nano-
fibers were used for controlled drug release and tissue
engineering applications, while PVP was widely explored
for microencapsulation, controlled drug release, and artic-
ular cartilage replacement. The CA/PVP/CA membrane
was not loaded during the electrospinning process, being
the drug incorporated by immersion into an amoxicillin
salt solution. The release behavior of amoxicillin resulted
dependent on the pH of the medium. The amount of drug
released at pH 7.2 was approximately three times higher
than that observed at pH 3.0 for any given time. This
pH-dependent behavior suggests a higher interaction by
hydrogen-bonding at pH 3.0, between the protonated car-
boxylic groups in amoxicillin and the carbonyl groups
present in CA and PVP, resulting a lower drug release.
Even more, the equilibrium release of amoxicillin from
the fibrous membrane was reached after 2 weeks approx-
imately, regardless of the pH employed. Based on these
results, the fibrous CA/PVP/CA membranes would have
potential applications in oral administration as well as in
controlled-release transdermal patches.

Besides drugs with limited solubility in aqueous media,
proteins also have particular delivery requirements. There
are many proteins of nutritional and therapeutic rele-
vance, but due to their structural instability once they are
extracted from their natural source, new and effective pro-
tein delivery systems are needed. Enzymes are proteins
responsible in catalysing most of the chemical reactions
taking place in the body, that, when affected by sev-
eral pathologies, can lose its capacity to produce certain
enzymes or the enzymes produced lack of catalytic activ-
ity. Hence, there is a need for proper and effective enzyme
sustained release systems. Electrospun nanofibers are inter-
esting alternatives, due to the generation of nanofibers
in one step. Thereby, the exposure of proteins to harsh
organic solvents and elevated temperatures can be avoided,
reducing the risk of denaturalization. Several substances
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of biological interest, like plasmids, nerve growth fac-
tors and bovine serum albumin,**-% and enzymes, such as
B-galactosidase, lysozyme and luciferase,® have been
encapsulated and released from nanofibers. Moreno et al.
successfully encapsulated the enzyme lactate dehydroge-
nase (LDH) in poly(vinyl alcohol) (PVA) nanofibers, using
coaxial electrospinning.®® This setup was chosen due to
the poor miscibility of the enzyme in the PVA solution.
The systems employing the enzyme as core solution dis-
played entangled fibers with bead defects, while the shell-
enzyme membranes showed the presence of numerous
agglomerates (Fig. 3). In all cases, the enzyme conserved
its catalytic function after processing into nanofibers. The
core-enzyme membranes displayed a burst release within
the first two days, followed by a sustained release for about
three weeks. The hydrophilic nature of PVA produces an
immediate swelling of the shell layers, probably generat-
ing that both enzyme molecules immobilized in the inte-
rior of the nanofibers and the ones present in their surface
are liberated to the medium. On the other hand, the shell-
enzyme systems displayed a burst release during the first
five days, due to the desorption of the enzyme molecules
adsorbed at the surface of the nanofibers. After a 10-day
release, a strong decrease in enzyme activity was observed.
Also, the core-enzyme systems were soaked in methanol
to generate a physical crosslinking by hydrogen-bonding
among PVA chains, increasing its crystallinity and avoid-
ing the loosening of the fibrous morphology. In this case,
there is a steady increment in enzyme release until the
fourth week. The crosslinking process increases the water
resistant quality of the PVA nanofibers. These crosslinked-
polymer membranes work in similar way to reservoir-type
release devices, acting as diffusive barriers that regulate
the rate of release of the enzyme molecules. This is an
interesting high molecular-weight model for protein sus-
tained release systems, and a potential enzyme controlled
delivery system in the clinical treatment for the LDH defi-
ciency disease.

The topical administration of nitric oxide (NO) has been
presented as a potential treatment for diabetic foot ulcers
(DFU) as well as for ulcers generated by the cutaneous
leishmaniasis (CL) disease. It is estimated that 1.5 million
people suffer from CL annually and more than 350 million
are at risk of infection. In Latin America 62,000 new cases
are reported every year, being endemic in 18 countries.”
Ulcers have been treated with meglumine antimoniate
(Glucantime) for more than 60 years, showing a cure rate
greater than 85%.”' However, this drug has been associated
to several side effects (cardiac abnormalities, increased
hepatic aminotransferase, pancreatitis). Additionally, the
adherence to the treatment is affected by its duration
(several weeks). Thus, new safe therapeutic options are
needed. In several in vitro and in vivo studies, it has been
demonstrated that NO plays a key role in the elimina-
tion of Leishmania intracellular amastigotes. On the other
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Fig. 3. SEM micrographs of PVA nanofibers (A) without enzyme, (B) employing the enzyme-solution as core-solution, and (C) employing the
enzyme-solution as shell-solution. Adapted with permission from [69], I. Moreno, et al., Control release of lactate dehydrogenase encapsulated in
poly(vinyl alcohol) nanofibers via electrospinning. Eur. Polym. J. 47, 1264 (2011). © 2011, Elsevier.

hand, diabetes mellitus constitutes one of the most impor-
tant public health problems due to its high prevalence and
enormous social and economic consequences. It is believed
that there are more than 135 million diabetics worldwide,
and this number is expected to increase to 300 million
in the next 25 years.”> DFU, one of the chronic conse-
quences of diabetes mellitus, constitute the most impor-
tant cause of non-traumatic amputation of inferior limbs.
It has been described that the alteration of the immune and
wound healing responses in diabetic patients is character-
ized, among others, by a minor production of NO."

The topical treatments employing NO against CL ulcers
in humans showed encouraging results and minimal side
effects, but the main problem was the unsustained NO
release, requiring multiple applications and hindering the
adherence of the patients.”*”> To overcome this problem,
Smith et al. developed a nanofiber NO releasing patch
(NOP).”8 This device is a four-layer polymeric transder-
mal patch (Fig. 4), in which the principal components are
stabilized and encapsulated in nanofibers which guaran-
tee a constant NO release upon its hydration. The NO is
generated by acidifying nitrite with ascorbic acid. Both

LR TR e

components are encapsulated in polyurethane electrospun
nanofibers to avoid an instant blast of NO, ensuring a
maintained release of 3.5 wmol/cm? during 12 h or more
depending upon the dosage.

With respect to CL disease, a clinical trial was con-
ducted to determine the effectiveness of NOP respect
to Glucantime, with less adverse events and lower cost.
The cure rates after a 3-month treatment were 94.8% for
the group that received Glucantime compared to 37.1%
in the NOP group.”” Despite the lower efficacy of the
patch versus Glucantime, a significantly lower frequency
of adverse events and a reduced variation in serum mark-
ers were observed in patients treated with the patch. These
facts, added to the facility of topic administration justify
the development of new systems for the treatment of CL.
Thus, studies are currently in place to increase the amount
of NO released to the infected area and to mimic the
response of innate immune cells to pathogen infection. In
addition, as topically administered NO is a potential treat-
ment for chronic ulcers, a clinical trial has been proposed
to evaluate the effectiveness and safety of this novel NO
release wound dressing for the treatment of DFU.”
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Fig. 4. Electrospun nitric oxide releasing patch (NOP). Cited with permission from [76], D. J. Smith, et al., Topical nitric oxide donor devices,
[W0/2006/058318], Ref Type: Patent (2006). © 2006, The American Society of Tropical Medicine and Hygiene.
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4. ELECTROSPUN SCAFFOLDS FOR
TISSUE ENGINEERING

Millions of surgical procedures, requiring the use of tissue
or organ substitutes to repair or replace those damaged or
severely affected by a disease, are performed every year.
The growth in life expectancy has also become an impor-
tant factor of this enlarged demand. Although being the
traditional approaches, biological implants present several
disadvantages. Among others, xenograft implants generate
thrombosis and calcification events; allograft transplanta-
tion is limited by the number of available donors; and
autograft transplantation has restricted applications, gener-
ating pain and discomfort. Therefore, efforts in terms of
healing and reconstruction of human tissue are being car-
ried in the medical, biological, chemical and engineering
fields. Tissue engineering has emerged in the last decades
as an alternative multidisciplinary approach to circumvent
these limitations.

Tissue engineering has recently been defined as ‘the
creation (or formation) of new tissue for the therapeu-
tic reconstruction of the human body, by the deliberate
and controlled stimulation of selected target cells through
a systematic combination of molecular and mechanical
signals.” Although there is no mention of a biomate-
rial in this definition, in the classical tissue engineering
approximation® a scaffold biomaterial is usually employed
to support cell growth and provide shape to the developing
tissue engineered construct, as well as to facilitate the deliv-
ery of those molecular and mechanical signals. Current
challenges lie in the election/design of natural, synthetic
or composite biocompatible and bioresorbable materials
to produce scaffolds mimicking the biological functions
of natural extracellular matrix (ECM).%!-82 The ECM is a
three-dimensional network in which collagen embedded in
proteoglycans organizes in nanometer scale multifibrils.®
The structure and morphology of the ECM also greatly con-
tribute to the properties and functions of each organ. Hence,
the development of nanostructured porous scaffolds with
interconnected pores, wide pore size distributions, large
surface areas and adequate mechanical properties also con-
stitutes a dare. Together with the election of appropriate
materials, these parameters affect not only cell survival,
signalling, adhesion, proliferation, and reorganization, but
also their gene expression and the preservation, or not,
of their phenotype,® or their differentiation for the case of
stem cells. Moreover, the ideal scaffold should also present
seeded cells uniformly distributed throughout the entire
matrix. Therefore, another challenge to be overcome by
tissue engineering is the maintenance of cell viability after
implantation. A functional vasculature is fundamental for
the delivery of nutrients and removal of metabolites from
the cells, otherwise cell survival is not possible. The sup-
port of this vasculature is mainly dependent on the surface
and pore size characteristics of the scaffold, which control
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the adhesion and organization of the vascular endothelial
cells into blood vessels.®

Up to date, a wide variety of materials and processing
methods have been proposed for the design of scaffolds to
regenerate human tissues. Bone, cartilage, skin, cardiovas-
cular and neural tissues, spinal cord, blood vessels, tendons,
ligaments, and organ tissue regeneration show promise for
a large portion of individuals with special needs. Elec-
trospinning recently emerged as a promising technology
for the generation of non-woven nanofiber-based scaf-
folds, which not only mimic the nanoscale fibrous struc-
ture of natural ECM but also its spatial organization on
the mesoscopic scale (control over fiber orientation and
spatial placement). Matrices with appropriate fiber diam-
eters, topology, texture, pore size, chemical compatibility
and mechanical properties adequate for specific target tis-
sues can be obtained.®® In this way, electrospun matrices
facilitate cell attachment, support cell growth, and regu-
late cell differentiation,'>'”%7 providing an easy passage
for nutrient intake and metabolic waste exchange,®® which
make them potentially applicable as wound dressing, vas-
cular grafts, and tissue engineering scaffolds.?*3%-%1

4.1. Soft Tissue Engineering Applications

Electrospinning has been used for the fabrication of nano-
fibrous scaffolds from numerous bioresorbable synthetic
and natural polymers, blends, and composites.”® Classi-
cal synthetic polyesters can provide the necessary strength
for structural stability, and their electrospun scaffolds have
been explored for the regeneration of bone tissue,’> %
musculoskeletal tissue,”* myocardial tissue grafts,”>“® and
blood vessel substitutes.””-*® However, they are relatively
stiff, non-elastic materials and not ideally suited for engi-
neering of soft flexible tissues such as cardiovascular, uro-
logical, or gastrointestinal tissues.

The development of soft-tissue engineering needs biore-
sorbable materials exhibiting elastomeric properties. Elas-
tomeric polyurethane scaffolds can withstand the action
of stress and load and undergo an elastic recovery with
little or no hysteresis. In recent years, biocompatible
and biodegradable segmented polyurethanes (SPU) have
been investigated for applications in the tissue engineer-
ing field, such as cardiovascular tissue engineering,”'%!
musculoskeletal applications (anterior cruciate ligament,'®
knee joint meniscus,'®® smooth muscle cell constructs for
contractile muscle!'™ 19) and nerve regeneration.'® Their
highly variable chemistry allows the preparation of bio-
compatible materials with controlled physico-chemical,
mechanical, and biodegradation properties that can be
achieved through the appropriate selection of monomers
and the manipulation of hard and soft content. Biodegra-
dation into non-toxic components can be promoted by the
use of aliphatic diisocyanates. Bioresorbable polyester soft
segments are commonly used to provide hydrolytically
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labile soft segments,'”” whereas chain extenders containing
easily hydrolyzable linkages increase the SPU degradation
rate.'%®

Surprisingly, SPU and poly(urethane urea)s (SPUU)
have been infrequently used for the fabrication of electro-
spun scaffolds. So far, only limited studies on nanofibrous
polyurethanes have been reported as tissue engineer-
ing scaffolds.!®!"® Prado et al. attempted to produce
polyurethane fibers in the nanoscale for potential appli-
cations in tissue engineering.'!! Different solvent mix-
tures and a rotating collector were employed, but beaded
nanofibers were obtained at best. The presence of inter-
chain hydrogen bonding is significant enough to affect
the viscosity, increasing the cohesiveness of the solution,
and hindering or impeding the electrospinning process.!!?
Among polyurethanes, SPUU exhibit three-dimentional
networks of hydrogen-bonding due to the inter-urea hydro-
gen bonding.'!?

Our group reported the preparation, characterization and
properties of novel electrospun elastomeric polyurethane
scaffolds, employing bioresorbable SPU and SPUU, based
on PCL, hexamethylene diisocyanate, and novel chain
extenders containing urea groups or an aromatic amino
acid derivative with ester groups.''* These polymers were
chosen because of their unique composition and mechan-
ical properties,'”® as well as their promising in vitro
biological properties.!!®!17 The optimization of the elec-
trospinning parameters to obtain defect-free SPU and
SPUU fibers with controlled diameters was difficult to
achieve, due to the strong hydrogen-bonding interactions
present in the polymeric structures. Common highly polar
organic solvents, such as dimethylformamide (DMF) and
dimethylacetamide (DMAc), solubilize SPU allowing the
preparation of cast films, but usually fail when employed
to electrospin their solutions, generating electrosprayed or
bead-on-string systems. Figure 5 shows a bead-free fibrous

Fig. 5. SEM micrograph of electrospun SPU matrix obtained from
DMF/THF (50/50) solution 30 wt%. Adapted with permission from
[114], P. C. Caracciolo et al., Electrospinning of novel biodegrad-
able poly(ester urethane)s and poly(ester urethane urea)s for soft tissue
engineering applications. J. Mater. Sci.—Mater. Med. 20, 2129 (2009).
© 2009, Springer.
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structure for the SPU containing an aromatic chain exten-
der, obtained from a high-enough concentrated solution to
cause chain entanglements with a low-enough viscosity to
allow motion induced by the electric field. However, the
processing of the SPUU in the same solvent mixture was
not possible, obtaining at best beaded fibers. The highly
hydrogen-bonded structure inhibits the formation of fibers
using such solvents.

1,1,1,3,3,3-hexafluoro-2-propanol  (HFP) has been
reported to be a good solvent for electrospinning highly
hydrogen-bonded macromolecules, such as proteins,'!$ 11
polyamides,'* SPU, and SPUU.'?! For this reason, its
solutions were employed to process our SPU and SPUU.
An effect of the concentration in the morphology was
clearly observed. Diluted solutions of the SPUU led to
electrospraying instead of electrospinning, due to the
lack of sufficient polymer-chain entanglements. As the
concentration increased, the solution became viscoelastic,
taking a longer time to break up into drops, and obtaining
a ‘bead-on-string” morphology (Fig. 6(a)). With a further
increase in concentration, the critical concentration was
reached, and the polymer was able to form a network of
entanglements, making the solution electrospinnable into
uniform fibers (Fig. 6(b)).

Fig. 6. SEM micrographs of electrospun SPUU matrices obtained from
HFP solutions at different concentrations (a) 15 wt%; (b) 20 wt%.
Adapted with permission from [114], P. C. Caracciolo et al., Electrospin-
ning of novel biodegradable poly(ester urethane)s and poly(ester urethane
urea)s for soft tissue-engineering applications. J. Mater. Sci—Mater.
Med. 20, 2129 (2009). © 2009, Springer.
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The degradation properties of the SPU and SPUU elec-
trospun membranes and films were also studied. The
fibrous scaffolds exhibited lower mass-loss values and
higher hydrolytic stability than the corresponding films
after short-time assays, but they also experienced higher
mass-loss under accelerated conditions.!”> These results
suggest that the degradation rate is not constant, but
depends on the chemical structure of the chain exten-
ders, as well as the crystallinity and morphology of the
materials.

In particular, SPUU matrices present low-enough hys-
teresis and elastic modulus to be a candidate for the
design of cardiac patches along with the seeding of car-
diomyocytes, to restore the functionality of infarcted tis-
sue regions. To improve its performance for use in cardiac
and vascular tissue regeneration, SPUU/polydioxanone
(PDO) blends were processed into tubular electrospun
scaffolds.'” In order for vascular grafts to succeed, they
need to match the biomechanical properties of the natu-
ral blood vessels. PDO is a semicrystalline, flexible and
biodegradable polymer whose mechanical strength is capa-
ble of withstanding pulsatile blood flow. It also presents
shape memory, preventing kink formation in vascular
structures. The scaffolds showed randomly oriented bead-
free fiber meshes with relatively narrow distribution of
fiber diameters, comparable to the typical diameters of col-
lagen fibers found in natural arteries (50 nm to 500 nm).
The blend-fibers resulted rougher than pure SPUU fibers,
which could be attributed to a higher crystallinity for the
former. The porosity of the blend was also higher, which
favors cell attachment and proliferation. The addition of
PDO led to tubular scaffolds with improved mechanical
properties respect to the corresponding plain SPUU scaf-
fold, being both comparable to those of elastomeric poly-
mers reported for cardiac tissue engineering.'?*

Our group also reported preliminary results for the
development of poly(L-lactic acid) (PLLA) tubular electro-
spun scaffolds for potential applications as small-diameter
vascular grafts in cardiovascular tissue engineering.!>> The
matrices presented bead-free nanofibrous morphologies
(Fig. 7), with narrow and unimodal diameter distributions
independently of the rotation rate. The fiber orientation
seemed to be in between a range of values (90-100°),
however, the standard deviation resulted high, indicating
that no preferential orientation was obtained. In spite of
this, orientation of the nanofibers could be achieved for
the 4 mm inner diameter graft with a non conductive man-
dril and electric field modifications. The thermal analysis
did not show an influence in the rotation speed neither
in the collector used. A decrease in the crystallinity was
observed in contrast with the raw polyester. Shorter times
for crystallization and spatial restrictions during the elec-
trospinning process are expected to reduce chain mobility
and thus, lower crystallization values are obtained. The
more amorphous polymer should favor a faster hydrolytic
degradation. Further studies regarding the incorporation of
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Fig. 7. SEM micrograph of a PLLA nanofibrous vascular graft:
(a) tubular structure of 4 mm inner diameter, (b) fiber morphology at the
inner surface (manuscript in preparation).

a bioresorbable polyurethane into the scaffold to mimic
the properties of natural collagen/elastin ECM are being
carried out.

Electrospun PDLLA scaffolds were also extensively
reported in the literature. Branciforti et al. studied the
influence of the solvent type, solution concentration and
processing conditions on the morphology and properties
of electrospun PDLLA matrices.'* Regardless of the sol-
vent mixture employed, all the scaffolds presented low
crystallinity values, containing very small and imperfect
crystals.

Motivated by the development of cardiac-tissue engi-
neered scaffolds to restore cardiac function after myocar-
dial infarction, Fernandes et al. prepared electrically
active electrospun nanofibers based on hyperbranched
poly(L-lysine) dendrimer (HPLys) containing polyaniline
(PANI).'?” Because of its similarity to biological tissues,
elasticity and biocompatible properties, hydrogels have
been frequently used in combination with conductive poly-
mers to obtain nanofibers for cardiac tissue engineering
by electrospinning. The use of PANI, with tunable elec-
troactive properties, is based on the evidence that cell
functions could be modulated through electrical stimu-
lation. Moreover, the biocompatibility of PANI can be
improved by the incorporation of adhesive peptides, such
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as HPLys.'”® HPLys hydrogels may act as surgical adhe-
sives, via their swelling ability, promoting cardiomyocyte
infiltration through their mesh structure. The HPLys-PANI
nanofibers displayed a high swelling behavior, which
decreases with higher PANI content, due to the forma-
tion of a rigid network with higher density of physical
crosslinks. The matrices did not induce toxic effects on
Chinese hamster ovary cells. Moreover, they promoted
proliferation and differentiation of cardiomyocytes cells
when exposed to electrical stimulation, increasing viabil-
ity with the applied voltage. Both electroactivity and bio-
compatibility of the electrospun HPLys-PANI nanofibers
suggest their use for the culture of cardiac cells as well
as biocompatible electroactive scaffolds in cardiac tissue
engineering, although cardiomyocyte viability assays dur-
ing scaffold degradation should be performed.

In other work, de Morais et al. obtained electrospun
scaffolds incorporating Spirulina (Arthrospira LEB 18),!%
a microalgae that exhibits highly favorable biological
functions for tissue engineering. Clinical studies sug-
gest that Spirulina contains polysaccharides with antiin-
flammatory effects and fatty acids with antibacterial and
antifungal properties.'*® To obtain well-defined nanofiber
matrices incorporating Spirulina, poly(ethylene oxide)
(PEO) was used as a well known electrospinnable poly-
mer. Electrospinning was facilitated by the increment in
biomass composition, possibly due to the presence of salts
in the cultivation medium which increased the conductiv-
ity of the solutions. However, the resulting fiber diameter
and morphology seemed to be insensitive to conductivity
variations. PEO bead-free nanofibrous matrices containing
biomass contents up to 67 wt% were produced for sub-
sequent studies in tissue engineering applications. These
matrices are suggested as candidates for extracellular scaf-
folds for stem cell culture and future treatment of spinal
cord injury.

Several electrospun matrices have been evaluated with
different cell types for potential applications in tissue engi-
neering. This approximation has limitations such as cell
mobility after seeding and small pore dimensions to allow
cell infiltration. Therefore, Zanatta et al. studied the incor-
poration of cells into PVA porous scaffolds during the elec-
trospinning process, employing mesenchymal stem cells
(MSCs) and mononuclear cells (MNCs).!3! Cell viability
after electrospinning was assessed in order to study cell
damage due to fiber formation. A reduction of MNCs via-
bility from 80% in the PVA solution control group to 8.4%
in the resulting nanofibers was observed, whereas MSCs
showed a reduction from 64% to 19.6%. The viability
decreased significantly after electrospinning, but the MSCs
displayed a higher resistance to the process. The loss of
cell viability was attributed to the limited access to nutri-
ents due to the high viscosity of the solution, as well as the
electric and mechanical stress during the process.'*? Stud-
ies by confocal laser scanning microscopy suggested that
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cells were not encapsulated in the fibers, probably because
of their small diameter. The cells were disposed among the
fibers, providing a three-dimensional distribution along the
scaffolds (Fig. 8). These results suggest that the incorpo-
ration of cells during the electrospinning process is viable,
and it can be improved by the adjustment of the solution
viscosity.

In other approach, Ramos et al. developed PCL elec-
trospun matrices composed of random fibers with a wide
range of diameter sizes (500 nm—5 wm).'** The large spac-
ing between the fibers resulted in a high porosity, which
favors cellular penetration. In this way, the porosity gener-
ated proved to be a positive factor for the MSCs penetra-
tion, enabling the development of a cell support scaffold
suitable for cartilage reconstruction.

Furlan et al. investigated the formation of oriented fibers
containing PEO and pectin.'** These morphologies were
achieved by using a non-conventional electrospinning con-
figuration, introducing two parallel electrodes instead of
a plate. Pectin was incorporated into fibers as a bioac-
tive, biodegradable and biocompatible heteropolysaccha-
ride, having previously been employed for applications
that include controlled drug release and implantable cell
carriers. PEO was employed to favor the formation of
fibers containing pectin, because of its biocompatibility
and good electrospinnability. The incorporation of pectin
led to a higher variation of fiber diameters, as well as
larger sizes, probably due to cluster formation. The result-
ing flexible matrices presented a decrease in PEO chain
alignment, as determined by FTIR. Nanofibers were also
collected forming a perpendicular configuration by rotat-
ing the substrate 90°. The deposition of transversal fibers
can be adopted to obtain scaffolds with defined shapes for
application in tissue engineering.

4.2. Hard Tissue Engineering Applications

Around 200 million people are affected every year by
musculoskeletal problems caused by accidents or diseases.
The slow process of bone regeneration, added to the
need for better filler materials in the reconstruction of
large orthopaedic defects, as well as orthopaedic implants
more suitable to their biological environment, are the
main clinical reasons to develop bone tissue-engineering
alternatives.'*> The use of scaffolds together with growth
factors plays an important role in bone regeneration. The
ideal matrix for such applications should be biodegradable,
biocompatible, osteoconductive or osteoinductive, cheap,
and with high surface area to volume ratio. A way to
obtain a tridimensional scaffold mimicking bone-like prop-
erties is by coping its scale and composition.

Human bone is mainly a hydroxyapatite (HA) and type I
collagen based composite. HA is the best bioactive cal-
cium phosphate, being used in bone-tissue repairing appli-
cations due to its biocompatibility and osteoconductivity.
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Fig. 8. Images of confocal laser scanning microscopy showing cells among the fibers: (a) Mononuclear cells, (b) mesenchymal stem cells. Arrows
indicate cell nuclei. Nuclei stained with DAPI solution. Cited with permission from [131], G. Zanatta et al., Viability of mesenchymal stem cells during
electrospinning. Braz. J. Med. Biol. Res. 45, 125 (2012). © 2012, Brazilian Journal of Medical and Biological Research.

The most important biomedical applications of HA are
bone graft substitution in dental and orthopaedic applica-
tions and coating of biomedical implants. In recent years,
many methods and techniques have been developed and
applied to design advanced materials for bone replacement.
The incorporation of nanoparticles can lead to scaffolds
with improved in vivo and in vitro mechanical, chemi-
cal and biological properties. Thus, polymeric electrospun
matrices incorporating HA nanoparticles could achieve
the desired bone properties. The adhesion, proliferation
and differentiation of osteoblast cells will depend on the
structure and composition of the fibers, added to surface
and mechanical properties, among others. Moreover, the
attachment and migration of these anchorage-dependent
cells inside the scaffold are expected to be favored by the
high surface area and porosity of the electrospun fibers.
Recently, Rodriguez et al. prepared electrospun fibrous
PLLA membranes containing dispersed HA nanoparticles
(2-9 wt%)."3¢ Smooth bead-free fibers were obtained for
all cases. The incorporation of HA was evidenced by the
shift of the infrared carbonyl band of PLLA due to the
interaction by hydrogen-bonding with the hydroxyl groups
in HA. Furthermore, the membranes displayed a decrease
in glass transition of PLLA, probably due to the enhanced
mobility of the polymer chains because of the presence
of HA. The mean diameter of the fibers increased consid-
erably with the increment in HA content, generating an
increment in pore diameter which could favor cell infil-
tration (Fig. 9). These scaffolds are promising for bone
tissue engineering applications, and studies regarding cell
adhesion and proliferation should be performed.
Viazquez-Hernandez et al. reported the preliminary re-
sults on the preparation of three-dimensional HA/chitosan
composite electrospun scaffolds.'*” Uniform fibers could
not be obtained probably due to the high HA:chitosan
ratios employed. Although none of the samples displayed a
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Ca/P ratio according to the obtained for HA or native bone,
the minerals were identified by X-ray diffraction as HA
and monobasic calcium phosphate, which are constituents
of human bones. Further studies improving the processing
conditions could lead to better results for this system.

Electrospun scaffolds composed of hyperbranched
polyglycerol (HPGL) nanofibers containing HA nanopar-
ticles were recently reported.’*® HPGL hydrogels can
potentially act as orthopaedic adhesives via their swelling
ability, and also encourage osteoblast infiltration and bone
formation through their mesh structure. Matrices with dif-
ferent HA content (0.5-5 wt%) consisting of uniform
fibers, resulted elastic and flexible. The increasing con-
tent of HA reduced the swelling ability of the HPGL
fibers, indicating the formation of higher physical inter-
molecular crosslinking. The in vitro evaluation of the
scaffolds afforded no cytotoxicity, showing high cell viabil-
ity. To evaluate the potential use of the HPGL-HA matri-
ces as scaffolds for bone regeneration, the materials were
cultured with human sarcoma osteogenic cells (Sa0S,),
monitoring the alkaline phosphatase (ALP) activity as an
indicator of the cellular activity on the scaffold. The ALP
activity values resulted high, appearing to promote both a
better proliferation and differentiation of SaSO, than the
corresponding film scaffolds. HPLG-HA matrices could
be suitable for bone tissue engineering, although studies
regarding their physicochemical and mechanical properties
are needed to support these results.

In another work, Pantojas et al. prepared three-
dimensional electrospun membranes composed of a PLLA/
poly(ethylene glycol) (PEG) blend.'* Although PLLA is
one of the most widely used polymers for biomedical
applications, it is a stiff and hydrophobic material. Nev-
ertheless, the addition of a small fraction of low molecu-
lar weight PEG improved the hydrophilicity of the blend.
Meshes presented slightly lower pore sizes than the ones

J. Biomater. Tissue Eng. 3, 39-60, 2013



Caracciolo et al.

Development of Electrospun Nanofibers for Biomedical Applications: State of the Art in Latin America

Fig. 9. Nanocomposite matrices containing HA/PLLA: (a) 1.96 wt%, (b) 4.76 wt%, and (c) 9 wt%. Cited with permission from [136], G. N. P.
Rodriguez et al., Electrospun Scaffolds composed of poly(L-lactic acid) and hydroxyapatite. Key Eng. Mater. 493—494, 872 (2012). © 2012, Trans

Tech Publications.

necessary to assess cell infiltration (25 to 100 wm). Fibers
with porous surfaces were obtained when electrospinning
9% wt solutions. This morphology could be attributed to
a rapid phase separation during electrospinning, where the
solvent-rich regions apparently generate porous surfaces
after evaporation. Surface pores can modify the wetting
properties, increase surface area, influence the kinetics of
biodegradation of the scaffold, and improve cell adhesion,
acting as anchoring points for cells. Cell adhesion and pro-
liferation studies should be performed to assess the effect
of this surface modification.

The use of polymeric matrices loaded with silica, alu-
mina or carbon nanotubes (CNT) is another approach
to obtain composite materials for bone tissue engi-
neering.'*" ! These fillers have led to composite systems
with significantly improved mechanical properties. Particu-
larly, CNT rank among the highest modulus and strongest
fibers known, and their structure allows surface func-
tionalization for matrix-compatibility improvement or the
introduction of new functional properties. The group of
Volpato et al. reported the preparation of electrospun scaf-
folds composed of aligned fibers of polyamide 6 (PA 6)
and carboxyl-functionalized multi-walled carbon nano-
tubes (MWCNT) for biomedical applications.'*? Since
CNT biocompatibility is still under investigation with con-
troversial results, a non-resorbable polymer was employed
to avoid a potentially harmful CNT release.'**"'43 The
increased electrical conductivity of PA 6/MWCNT solu-
tions respect to PA 6 solutions caused higher stretching
and thus smaller fiber diameters, but also affected nega-
tively the fiber alignment. The composite membranes con-
tained the dispersed fillers aligned within the nanofiber
axes, which allowed specific morphological and mechani-
cal properties of the networks. The presence and alignment
of the MWCNT, added to solvent evaporation and fiber
stretching, led to the formation of superficial roughness
and defects that could improve cell adhesion.

As expected by fiber alignment, anisotropic mechan-
ical properties were found for the matrices. Only few
works have reported a study of the mechanical behavior of
CNT-reinforced electrospun membranes,'** %7 finding an
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enhancement in the mechanical properties by the addition
of CNT. However, the stiffness, ultimate tensile stress and
strain decreased for these MWCNT-based networks. This
decrease was attributed to the different net architecture,
which displayed lower fiber alignment, and higher void
and defect content. Consequently, these matrices could
potentially be use for applications where low mechani-

Fig. 10. SEM micrographs showing the surface morphology of
PCL/PDIPF glass substrates covered with multilayers of microparticles
formed by electrospraying at (a) 1000x and (b) 400x magnification.
Adapted with permission from [151], J. M. Fernandez et al., Osteoblast
behavior on novel porous polymeric scaffolds. J. Biomater. Tissue Eng.
1, 1 (2011). © 2011, American Scientific Publishers.

51

M3IA3H



REVIEW

Development of Electrospun Nanofibers for Biomedical Applications: State of the Art in Latin America

cal support is required, such as vertebra and spongy bone
scaffolds.

In order to assess the effect of CNT-filled scaffolds on
cell response, membranes were cultivated with MG63 cell
line of osteoblasts. Cell activation and proliferation were
enhanced by the surface modification caused by the addi-
tion of MWCNT. A significant increase in the ALP activity
on the composite network was also observed, which means
that cells are able to differentiate and produce an extracellu-
lar matrix. It is suggested that the surface roughness of the
composite fibers governed the observed cell response due
to protein interaction with the nanoscale patterning.'#- 14
Although longer term biological tests need to be per-
formed regarding the CNT biological behaviour, these net-
works have encouraging profiles for use in biomedical
applications.

Electrospraying of polymer solutions also enables the
possibility of producing porous scaffolds to meet current
challenges in tissue engineering applications, drug deliv-
ery systems and surface modification of medical implants.
Although the process is affected by several variables,
as for electrospinning, the breaking of the jet into droplets
is a consequence of a lower concentration of the poly-
mer solution.**'>® Qur group has made a contribution
in this field, preparing highly porous three-dimensional
scaffolds obtained by electrosprayed microparticle deposi-
tion (Fig. 10)."%" In a previous work, films prepared from
poly(e-caprolactone)/poly(diisopropyl fumarate) proved to
support adhesion, proliferation and differentiation of
UMR106 and MC3T3E]1 osteoblast-like cell lines without
evidence of cytotoxicity.'>?> Fernandez et al. employed this
blend to obtain random polymer-microparticle matrices as
better osteophilic environments for the growth and differ-
entiation of osteoblasts. In vitro biological studies were
carried out by culturing UMR106 and MC3T3E1 on the
matrices. Electrosprayed scaffolds presented higher cell
adhesion and proliferation, as well as higher ALP activ-
ity and type-I collagen production'> than flat films of the
same blend. The electrosprayed morphology improved cell
incorporation into the scaffold (Fig. 11), being this fact
crucial because cell infiltration is difficult to achieve in
other porous membranes.'> Despite the general finding
that hydrophobic materials do not support adhesion and
spreading of cells,'3 the rougher and more hydrophobic
surfaces of the matrices enhanced osteoblast response as
has also been reported in literature less frequently,'>® being
this a controversial discussion.

5. SENSORS BASED ON
NANOFIBROUS STRUCTURES

Typical polymeric sensors exist in the form of thin films
for sensing a wide variety of substances in gas and
fluid states. They have been extensively used for environ-
ment protection, industrial-process control, safety, secu-
rity, defense and medical diagnosis applications. Common
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requirements for a good sensor are small dimensions, low
fabrication cost, fast response, easy operability, high sen-
sitivity, selectivity and reliability.'”’ To achieve a higher
sensitivity and a faster response, an increase in specific
surface area of the sensor is needed. Therefore, the use of
electrospun nanofiber-based sensing materials is promis-
ing to obtain high-performing gas and fluid sensors. The
development of sensors based on nanofibrous structures is
the less explored area by Latin American research groups.

Several methods have been employed to obtain nano-
fibers with a sensing capacity, such as the use of a
sensing polymer, the incorporation of sensing molecules
during the electrospinning process, or after fiber forma-
tion via the coating/grafting technique. Humidity sensors
based on polymeric layers enjoy a fast response time for
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Fig. 11. Adhesion of UMRI106 (A), (B) and MC3T3El (C), (D)
osteoblasts plateled over the solvent-cast films (A), (C) and the electro-
sprayed scaffold (B), (D). Cells were incubated for 1 h and stained with
Giemsa. The cells in ten fields per samples were counted and expressed
as percentage of the cells in the cast film. Cited with permission from
[151], J. M. Fernandez et al., Osteoblast behavior on novel porous poly-
meric scaffolds. J. Biomater. Tissue Eng. 1, 1 (2011). © 2011, American
Scientific Publishers.
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increasing humidity changes. However, the recovery time
when the humidity decreases is longer than the response
time, reducing drastically the overall dynamic perfor-
mance. Poly(vynilidene fluoride) (PVdF) presents excel-
lent resistance to heat, aging and abrasion, non toxicity,
and unique electrical properties. It is generally used in
structural health, monitoring systems as pressure and vol-
ume displacement sensors. Its exceptional chemical stabil-
ity and mechanical flexibility at physiological temperature
(T, & =35 °C), makes it easy to conform to complex sur-
faces. Moreover, its biocompatibility makes PVdF a desir-
able candidate for biological environments.'’® Besides its
sensing capability, PVdF is also applied in actuation mech-
anisms, which can be thermally, optically or electrically
stimulated.

The group of Corres et al. developed a new opti-
cal fiber humidity sensor composed of a Multimode—
Hollowcore-Multimode (MHM) structure coated with an
electrospun nanoweb.'” The MHM structure consists of
one short silica hollow-core fiber segment spliced between
two standard multimode fibers, where a PVdF nanoweb
is deposited. The piezoelectric nature of PVdF has been
employed for the development of gas and humidity film
sensors. The low humidity permeability and the high
humidity sensitivity of PVdF thin films are improved when
employing an electrospun membrane with high surface to
volume ratio and highly porous structure, generating a
sensor that combines high sensitivity and reproducibility
with a faster response to relative humidity changes. When
exposed to human breathing, a repetitive response in the
range from 50 to 70% of relative humidity with a rise time
of 100 ms was found. This response is fast enough for the
sensor to be used in medical applications, which require
high dynamic performances, especially in the ranges in
which human breathing has to be monitored. This sen-
sor has a reduction in the response time (from 300 ms
to 100 ms) compared to others based on ESA polymeric
nano-film (PDDA/Poly-R478), and a comparable perfor-
mance respect to superhydrophobic devices.'®

Gonzélez-Moran et al. also electrospun PVdF in
order to develop a temperature sensor for biomedical
applications.'®! This sensor was obtained by positioning the
membrane on a couple of plates with cooper rings to ensure
an electrical contact. The heat-sensing abilily is due to
detection of changes on the membrane dielectric constant,
which are then converted to frequency changes. These sig-
nals are transmitted to a receiver by means of frequency
modulation, and make a telemetry temperature-sensor sys-
tem. This sensor has several advantages for biomedical
applications, as it is non invasive due to its pyroelectrical
detection, there are no chemical reactions with the body
or possible current discharges because it is completely iso-
lated, and it does not require external electrical supply
due its pyroelectricity. This cheap sensor displays a linear
response in the range of 25-80 °C. It can be obtained in any
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shape and size, being appropriate for monitoring different
regions of adult human beings (37 °C), neonatals (36.5 °C
to 37.5 °C) and biological environments.

6. OTHER BIOMEDICAL APPLICATIONS
6.1. Conducting Nanofibers

The development of ultrathin fibers from electroactive
polymers has recently received much attention due to their
useful properties with several potential applications such
as electronic devices, optics and biomedical materials, pro-
tective clothing, filtration media, charge storage devices,
sensors and actuators. In this context, PANI has been
one of the most investigated conducting polymers due to
its simple and relatively easy doping/dedoping chemistry,
high environmental stability, and low cost of synthesis.!®?
Multi-component polymer fibers have also been obtained
by electrospinning. The blending of PLLA and its copoly-
mers with other polymers has generated great interest and
is considered one of the most innovative materials devel-
oped. Recently, PLLA/PANI blends have been used to
prepare conducting nanofibers as promising materials for
sensors and other electroactive applications.

Picciani et al. studied the structure and properties of
electrospun conductive micro/nanofibers of PLLA/PANI
blends and cast films with the same composition.'®® The
electrical resistivity values for electrospun fibers were
found to be about two orders of magnitude higher than
those for the corresponding cast films. In addition, electro-
spun fibers presented a mechanical behavior more appro-
priate for their use in the preparation of electronic devices.
The stress—strain behavior showed that PLLA/PANI elec-
trospun matrices are stiffer than those without PANI.
The group of Picciani et al. also electrospun PLLA/PANI
blends doped with p-toluene sulfonic acid (TSA),'®*
obtaining ultrafine fibers with diameters in the order of
100-200 nm and a significant reduction of bead formation.
The fibers resulted homogeneous, indicating a good inter-
action between the components of the blend. The electrical
conductivity of the electrospun matrices was lower than
that for blend films produced by casting, probably because
of the lower degree of crystallinity of PANI dispersions
and the high porosity of the non-woven matrices. The pres-
ence of PANI in the blends significantly decreased bead
formation because of changes in the dielectric constant,
which was associated with an increase in the solution vis-
cosity and charge density. The crystallinity of these fibers
was lower than that for the corresponding blends prepared
by film casting, and this could be attributed to the rapid
evaporation of the solvent during the electrospinning pro-
cess, which resulted in an amorphous structure.'%

The influence of the electrospinning parameters on
polyurethane and conductive composite nanofibers was
studied by Ballarin.'® Single wall carbon nanotubes
(SWCNT) and PANI nanoparticles were used to prepare
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Fig. 12. Mean diameter as a funcion of SWCNT content in electro-
spun polyurethane nanocomposites. Cited with permission from [166],
F. M. Ballarin, Engineering final project: Nanofibras Poliuretdnicas y
Compuestas de Interés Biomédico, Universidad Nacional de Mar del
Plata, Argentina (2009). © 2009, Universidad Nacional de Mar del Plata,
Argentina.

polyurethane nanocomposites. A biostable poly(ether ure-
thane) was employed in this case, since the biocompat-
ibility of the fillers is still under discussion. The effect
of the solution intrinsic properties and processing param-
eters in fiber diameters were studied. As in the work
of Picciani et al.'®* fiber diameters were reduced by
the increase in the conductive nanoparticle concentration.
Figure 12 shows the variation of mean diameters as a fun-
cion of SWCNT content in polyurethane nanocomposites.
A minimun in diameter was observed at 1 wt% nanotube
concentration.'®® Conductivity values were in agreement
with the change in fiber diameters, being these materials
interesting candidates for biomedical applications.'¢’

6.2. Nanofibers with Antimicrobial Properties

Martinez-Camacho et al. reported the preparation and prop-
erties of chitosan nanofibers, as well as the theoretical basis
for understanding how the antimicrobial activity of chi-
tosan could occur in the form of polymer nanofibers.!
In most cases, the proposed mechanism is related either to
the presence of positively charged amino groups at the sur-
face of the nanofibers,'® or is associated to the release of
small chitosan oligomers that could penetrate bacterial cells
and interact with DNA. Chitosan—PVA nanofibers showed
a high antimicrobial activity against Escherichia coli and
Staphilococcus aureus for large diameters, possibly due to
a more effective contact surface area and, consequently, to a
greater presence of amino groups to carry out the inhibition
of microbial growth.'” In other approach, Hidalgo et al.
prepared electrospun PLLA scaffolds coated with chitosan
by impregnation of the mats with chitosan solutions.'”!
Antimicrobial materials can be chemically engineered by
adding functional antimicrobial agents onto their surface or
within the matrix to either eliminate or inhibit the growth
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of microorganisms. Silver (Ag) is a powerful antimicro-
bial agent that inactivates several microorganisms, such
as Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae and Pseudomonas aeruginosa. There are few
works employing Ag as antimicrobial agent in PVA
fibers prepared by electrospinning. In these works, either
heat treatments, UV radiation or chemical reduction were
employed to obtain Ag nanoparticles. However, it was
demonstrated that it is possible to obtain PVA nanofibers
containing Ag nanoparticles by electrospinning aqueous
PVA solutions with AgNO; in a nitric acid medium (pH =
2-4), without any further processing.!” Despite the fact
that most of the produced nanoparticles should be occluded
into the fibers, the composite matrices showed good val-
ues of antibacterial activities against Staphylococcus aureus
(87.8%) and Escherichia coli (85.0%).

Novel hybrid fibrous membranes were developed by
electrospinning blend solutions of poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) and chitosan.!” The effect of
solvent, employing different proportions of trifluoracetic
acid and HFP, PHBV/chitosan ratio, and chitosan molecu-
lar weight on solution spinnability, fiber morphology and
size, and in vitro degradation were investigated. Continu-
ous nanofiber structures were obtained. In general, mean
fiber diameter increased as chitosan content and molecular
weight increased, and decreased with the decrease of HFP
content in the solvent. In vitro dissolution tests revealed
that the hybrid fibers show much higher degradation rates
than the neat PHBV.

6.3. Morphology and Adhesion Measurements

The fiber diameter, orientation and membrane porosity
strongly influence cellular response, drug release, mechan-
ical and adhesion properties. For this reason it is important
to evaluate and quantify the morphology of the electrospun
membranes in an automatic manner.

Gonzalez et al. developed an image processing tech-
nique to characterize grey level SEM micrographs.'’* The
granulometric size function (SGF) was used to develop
algorithms that allow the characterization of shape, size,
stocking density and orientation of the electrospun fibers
present in SEM images. Different morphologies were
obtained by varying the electrospinning setup, the intrinsic
properties of the polymer solution and processing param-
eters. 164 sample images belonging to 42 electrospun
scaffolds of PLLA and PCL were processed. Different
structural elements were used to scan the images and study
diverse aspects of the membrane morphology. The occu-
pancy rate, orientation and diameter of the nanofibers were
properly estimated by the proposed algorithm. One of the
main advantages of this algorithm is that it is not neces-
sary to binarize images. Besides, the SGF also provides
features on nanofiber statistics.

Topology of electrospun scaffolds is other important
feature to analyze in electrospun membranes. Nanofibers
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present a biomimetic fibrillar structure. It was probed that
the hierarchical fibrillar structures of natural creatures pro-
duce dry adhesion by van der Waals (vdW) forces.!”> 176
For this reason, it is of interest to measure the adhesion
properties of electrospun fibers. Our group studied the
adhesion between PCL nanofibrous membranes by 7'-peel
test for the first time.!”” The influence of fiber orientation
on the adhesion properties was studied. Aligned fibers pre-
sented higher adhesion strength (758.7 £211.7 kPa) than
the randomly oriented non-wovens (613.1£79.9 kPa).
These energy values probed that the surface asperities
present in electrospun membranes contribute to enhanced
adhesion. Even more, a well-aligned structure enhanced
adhesion by introducing more contact points and a band-
like morphology.'’”® Adhesion strength changed marginally
with peeling rates and conditioning pressures on the mem-
branes. The morphology of the electrospun membranes
after performing the peel test was studied. Neither plastic
deformation nor interlocking was observed, demonstrat-
ing that the adhesion between the nanofibers was a result
of interactions in the nanometer range. Finally, a single
contact adhesion energy value (83.1£32.5 mJ-m?) was
calculated by Johnson Kendall and Roberts (JKR) con-
tact mechanics. This value was consistent with vdW adhe-
sion forces, suggesting that vdW was the primary adhesion
mechanism. Overall, this work demonstrated the increase
in vdW adhesion of electrospun membranes by a change
in fiber orientation.

7. CONCLUDING REMARKS

Nanofibrous scaffolds manufactured by electrospinning
offer many advantages for the design of highly porous
biomaterials useful in tissue engineering applications and
drug delivery systems, among other emerging fields. In the
last few years, this technique has become widely accepted
in academia and industry. Despite this, research on elec-
trospinning for biomedical applications is still at an early
stage of development in Latin America, as demonstrated
by the number of published works. Brazil, Argentina and
Mexico are currently the leading Latin American coun-
tries in this field, followed by Colombia and Puerto Rico.
Most of these research teams work in collaboration with
groups having large expertise in the field. Main efforts
are addressed to the development of novel electrospun
biomaterials, drug-loaded systems, electrospun nanocom-
posites, characterization tools, biomedical textiles with
functional properties and novel applications of nanofibrous
non-woven mats.
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Alkyl vitamin C derivatives (ASCn) combine in their structure a lipophilic and a hydrophilic moiety
and exhibit properties of typical surfactant molecules. Self-assembly properties of ASCn depend
on the length of n-alkyl fatty chain. ASCn start to aggregate at temperatures (CMT, Krafft point)
at which the solubility reaches the critical micellar concentration (CMC). Above this temperature,
ASCn can aggregate in micelles or gel phase, depending of alkyl side chain. Upon cooling, for
less soluble derivatives (ASC12, ASC14 and ASC16) liquid—crystal structures named coagels are
obtained. They are able to solubilize insoluble and unstable drugs, protect them from any possible
aggressive environment and promote their permeation through skin and mucosa. These systems
possess very interesting properties making ASCn coagels promising pharmaceutical platforms for
drug delivery. Results from investigations about all these properties will be described and analyzed
in the present review with particular emphasis on the use of these systems for drug administration

through ocular and transdermal routes.
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1. INTRODUCTION

The use of active surface compounds (surfactants) in phar-
maceutical technology has been widely explored. They are
commonly utilized as emulgent, solubilizing agent, suspen-
sion stabilizers, wetting agent, etc. In these cases, they are
incorporated in the formulation in relative low concentra-
tions where surfactant molecules remain disaggregated in a
subcolloidal estate at the interface. However, depending on
chemical structure, concentration and temperature, surfac-
tants are able to form supramolecular aggregates with very
particular properties when the concentration is raised.’

*Author to whom correspondence should be addressed.

J. Biomater. Tissue Eng. 2013, Vol. 3, No. 1
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Solubility as well as molecular size defines the self
assembly characteristics of the surfactants. It is well
known that surfactants at determined concentrations (min-
imal aggregation concentration) begin to form aggregates
as consequence of the increment of interactions between
molecules. As concentration is raised, the interactions
between adjacent structures are increased leading to the
coalescence of the system in larger structures usually
denominated liquid crystals. The formation of such struc-
tures can be evidenced through noticeable changes in vis-
cosity, conductivity, birefringence and X-ray diffraction
patterns. The different liquid crystal systems formed from
surfactant-solvent interactions are defined as lyotropic lig-
uid crystals (LLC).2

Polar lipids have been widely investigated as lyotropic
liquid crystal precursors. Among the most studied com-
pounds are fatty acid esthers such as monoglycerides and
glycerates.>* In recent years, LLC systems have received
considerable attention because of their high potential
as drug vehicles. Among these systems, reversed cubic,
hexagonal and lamellar mesophases are the most impor-
tant and they have been extensively investigated for their
ability to sustain the release of a wide range of bioactives,
from low molecular weight drugs to proteins, peptides and
nucleic acids.’ Besides, these systems have shown promis-
sory pharmaceutical performance for drug administration
through different routes.®

doi:10.1166/jbt.2013.1068 61
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From several years ago we have been studying a group
of polar lipids consisting of alkyl vitamin C derivatives
(ASCn).!%!* Their amphiphilic nature allows these com-
pounds to form aggregates, mainly lamellar mesophases.
By mean of these studies we were able to evaluate the
potential utility of this new liquid crystal system, which
has evidenced very interesting properties as pharmaceuti-
cal carrier. In this review, we focus on the description of
the general properties of these systems and the results con-
cerning their potential use for drug administration through
ophthalmic and dermal routes.

2. CHARACTERISTICS OF ASCn
2.1. Physicochemical Properties

Ascorbic acid (AA) is one of the most powerful natural
antioxidants but due to its poor solubility in hydrophobic
media, its usefulness is limited to aqueous environments.

Ascorbyl-6-O-alkanoates (ASCn) retain the same
radical-scavenging properties of ascorbic acid and their
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Fig. 1. Schematic chemical compositions of 6-O-alkyl ascorbic acid
derivatives. Reproduced with permission from [24], S. Palma, et al., 1l
Farmaco. 58, 1271 (2003). © 2003, Elsevier.

antioxidant efficiency is comparable to other natural
reducing agents, such as carotenes, polyphenols, and
tocopherols.'> ASCn are obtained through the estherifica-
tion of hydroxyl group in position 6 of AA with fatty acids
of variable length chain (Fig. 1).

The ASCn-water systems give liquid crystals on heat-
ing, which, on cooling, become gels with lamellar structure
that exhibit sharp X-ray diffraction patterns and optical

Santiago D. Palma (38 years old), who trained in pharmacy, teaches Pharmaceutical Tech-
nology and Community Pharmacy at the Faculty of Chemical Sciences, National University
of Cérdoba, Argentina. Since 2005, Professor Palma is Scientist Researcher of National
Scientific and Technical Research Council (CONICET). His research activity has resulted
in the publication of over 35 original refereed scientific articles and more than 95 contri-
butions at conferences. Currently, his interest is directed towards the conception of new
pharmaceutical platforms for drug delivery.

Gabriela V. Ullio Gamboa (26 years old) graduated as a pharmacist in 2009 and is currently
studying for a Ph.D. at Chemistry School (National University of Cordoba-Argentina). She
has fellowships for research activities from the Scientist Researcher of National Scientific
and the Technical Research Council (CONICET). Her teaching activities involve lecturing,
as well as practical classes, on the subject of Pharmacotechnia II at Pharmacy school. She
is a member of a research team, directed by Professor Daniel Allemandi, which aims to
develop new pharmaceutical platforms for drug delivery. Her subjects of research are nano-
techonology and nanomedicines, covering both the development of encapsulation methods
for active ingredients and drug targeting.

Daniel A. Allemandi (50 years old) graduated as a pharmacist in 1985 and Ph.D. in Phar-
macy in 1993, at the National University of Cordoba-Argentina. He is Full Professor and
researcher of the National Research Council (CONICET). His teaching activities at graduate
and postgraduate level involve lecturing in topics related to Pharmaceutics and Biopharma-
ceutics. He is director of a team whose subjects of research are novel modified drug delivery
systems with emphasis in nanoparticles and localized drug release. His work is supported
by several grants provided by national scientific agencies. He is author and co-author or
numerous papers and scientific articles concerning his expertise area.

J. Biomater. Tissue Eng. 3, 61-69, 2013



Palma et al.

birefringence (see next section). The semisolid consistency
of such gels is an interesting property in order to formu-
late pharmaceutical dosage forms able to solubilize and
stabilize different drugs for dermatological use. Therefore,
these amphiphiles combine the powerful antioxidant prop-
erties of ascorbic acid with the capability of producing
supramolecular aggregates.

The synthesis of ASCn was reported elsewhere.'® The
variation in side chain length has a direct influence on their
physico-chemical properties, for example the melting point
increases with the side chain length.!® The pKa values for
OH(3) and OH(2) are 4.2 and 11.6, respectively. Therefore,
ascorbyl-6-O-alkanoates behave as anionic surfactants in
pure water.!”

Their amphiphilic nature allows these vitamin C deriva-
tives to form aggregates (coagel) that provide an ideal
environment for the solubilization of hydrophobic and sen-
sitive drugs that might be otherwise easily degraded and
oxidized when exposed to light, heat, dissolved oxygen,
and other radical-producing species.

2.2. Phase Behavior and Aggregation Properties

At room temperature the water solubility of alkanoyl-6-o-
ascorbic acids (ASCn) is poor, except for the short chained
ASC8.!%20 Their solubility increases with temperature,
so that depending on the side chain length, the surfactants
form clear micellar dispersions above a critical micellar
concentration (CMC) and at temperatures higher than their
critical micellar temperature (CMT).2! On cooling, a solu-
tion of ascorbyl alkanoate produces an opaque curd.?? Such
a phase is typically termed semicrystalline mesophase,
poorly hydrated crystal, or more usually coagel.

These supramolecular assemblies, in which the surfac-
tant molecules are arranged in closely packed lamellar
structures, undergo either a coagel-to-micelle or a coagel-
to-gel phase transition depending on the aliphatic side
chain length, as depicted in Figures 2 and 3.

The water in the system is in three different states?*
(Fig. 4). The first hydration layer is composed of about 11
water molecules per surfactant molecule which are strongly
attached to the oxygen and the hydrogens of the —OH
groups of the polar headgroups by hydrogen bonds and are
not detectable by DSC, included in a 3 A thick layer. The
second hydration layer is formed by about 50-60 water
molecules per surfactant one, which are associated with that
of the first hydration layer and are then affected enough
by the presence of the polar headgroups to have a different
melting peak from that of bulk water. The second hydration
layer is extended up to 9 A from the polar group. Water not
included in these two categories behaves as bulk water.

2.3. Rheology of Nanostructured Aggregates

The semisolid system formed from ASCn self-assembly
shows very particular rheological behavior.* ASCS,
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Fig. 2. Schematic picture of a coagel in equilibrium with a micelle or
with a gel phase. Reproduced with permission from [10], S. Palma, et al.,
Langmuir 18, 9219 (2002). © 2002, Amerrican Chemical Society.

ASC12, ASC14, and ASC16 coagels show a complex
rheology, with the appearance of spur rheograms, while
coagels of ASC10 and ASC11 exhibit pseudoplastic flow.
ASCI1 also shows thixotropy (Fig. 5).

Coagels of ASC12, ASC14 and ASC16 form a ‘house
of cards’ structure, where swelling and strengthening of
the semisolid network occurs, due to the presence of water
pools between the amphiphilic bilayers. On the other hand,
for ASC10 and ASC11 coagels, this kind of arrangement
apparently is not permitted and flexible bimolecular sheets
arrange parallel to each other.

When a spur value is reached, ASC12, ASC14 and
ASCI16 coagels acquire pseudoplastic flow. In this way,
according to the handling of the semisolids, the rheological
properties of the system can change.

3. OCULAR DRUG DELIVERY SYSTEMS

Topical application on the eye’s surface is the common
method of drug administration to treat ocular diseases.
However, a pharmaceutical carrier used for this objective
has to be formulated according to the disease nature, as
different pathologies may affect the external (conjunctivi-
tis, blefaritis, dry eye syndrome, etc.) or internal (uveitis,
endophthalmitis, glaucoma, etc.) segments of the eye.

It has been reported that the intraocular bioavailability
is very low (< 5%) after topical application, mainly due
to the particular characteristics of the corneal epithelium.
Since precorneal area receives most of the administered
drug, it is expectable that high systemic absorption through
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Fig. 3. ESEM pictures of ASCn. (a) ASC8, 400x, RH 60%, 3.9 Torr. (b) ASCI10, 1663x, RH 45%, 2.9 Torr. (c) ASC12, RH 70%, 12.4 Torr.
(d) ASC16, 800, RH 85%, 5.7 Torr. Reproduced with permission from [10], S. Palma, et al., Langmuir 18, 9219 (2002). © 2002, Amerrican Chemical

Society.

conjunctiva and nasolacrimal duct may occur.?® The cornea
is practically impermeable and, therefore, behaves as a
very efficient barrier against chemical compounds.

In response, different strategies have been developed to
improve drug permeation through this membrane. Among
these, the use of absorption enhancers is perhaps one of
the most effective.?

Regarding usual ocular pathologies, glaucoma involves
progressive optic nerve damage associated with the loss
of visual function and is frequently related to elevated
intraocular pressure (IOP).%’

Such pathology is usually treated with the adminis-
tration of different classes of topical medications such
as prostaglandin analogs (latanoprost, travoprost, and
bimatoprost), selective B-adrenergic agonists (apracloni-
dine, brimonidine, and clonidine) and carbonic anhydrase
inhibitors (CAls; brinzolamide).

Nowadays, acetazolamide (AZM), a CAI, can be orally
used for the reduction of IOP in patients suffering from
glaucoma, in the preoperative management of closed-angle
glaucoma, or as an adjuvant therapy in the treatment of
open-angle glaucoma.?®

However, in order to obtain the desired lowering in IOP,
large oral doses of AZM have to be administered, and can
lead to a wide range of side effects that usually appear due

64

to the extensive distribution of carbonic anhydrase in the
body’s organs.

These deleterious systemic side effects of AZM could
be avoided if AZM is topically administered to the eyes.
Nevertheless, the poor aqueous solubility (0.7 mg/mL) and
low corneal permeability (4.1 x 107% g-cm/s) limit the
ocular bioavailability of AZM.?

In a recent work®® we reported the results concerning
the potential utility of ASCn coagels for AZM ophthalmic
administration. These systems were evaluated in terms of
their in vitro permeability (isolated cornea), pharmacolog-
ical effectiveness (IOP reduction in normotensive rabbits)
and potential irritant effects.

Besides low permeability, the poor solubility of AZM
in water is also a limiting factor for drug absorption.
Regarding this, the lamellar structure of coagels may
increase the amount of solubilized drug in the system.
The highest AZM solubility (> 0.5% W/V) was observed
for 2% ASC12 coagels, and in comparison to ringer’s
solutions, the apparent solubility of AZM was increased
4-fold.

Based on these results, for permeation studies, we used
2% ASC12 coagel containing AZM at 2 different con-
centrations (0.1% and 0.4%) aiming to evaluate the influ-
ence of drug concentration on the therapeutical response.
Then, bearing in mind the pharmaceutical requirements

J. Biomater. Tissue Eng. 3, 61-69, 2013
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Fig. 4. Structural model of the hydrated aggregates (crystals and lamel-
lar mesophases). Source: reproduced with permission from [23], L. Bene-

dini, et al., Colloids Surf., A: Physicochemical and Engineering Aspect.
375, 178 (2011). © 2011, Elsevier.

for ophthalmic formulations such as tonicity and pH, the
coagels were formulated using glucose isotonic solutions
as vehicle.

The formulations obtained were slightly hypo-osmotic,
although in compliance studies on animals, we detected
neither discomfort nor histological evidence of mucosa
damage. The low pH observed may be aggressive for ocu-
lar mucosa. However, the normal pH value of lacrimal
fluid was rapidly restored (about 30 s) after administra-
tion of AZM coagel in rabbits, without any detectable side
effects (unpublished data).

3.1. In Vitro Drug Release

This assay was performed in order to evaluate the effect
of coagels on AZM release. Taking into account that a
drug permeable membrane was used, the observed release
kinetic should only be attributed to the influence of coagels
on drug diffusion.

ASC12 coagels containing AZM showed to be able
to modulate drug release (Fig. 6). In both cases (0.1%
and 0.4%), a near-zero-order release was observed.
As expected, the drug release was higher for AZM 0.4%.

J. Biomater. Tissue Eng. 3, 61-69, 2013
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3.2. Evaluation of AZM Transcorneal Permeation

The corneal epithelium is less permeable compared with
other epithelial tissues (intestinal, nasal, bronchial, and
tracheal), although it is more permeable than the stra-
tum corneum.’' The results concerning AZM permeation
through the cornea are presented in Figure 7. In these
assays, we also evaluated the permeation of AZM sus-
pended in ringer’s solution (AZM-R) and the marketed
brinzolamide drug product AZOPT®. This marketed for-
mulation containing 1% w/w of brinzolamide, according
to the information provided by the producer (Alcon Lab-
oratories), was used as a reference. Although this latest is
a newer and lesser potent drug compared to AZM, nowa-
days is the selected drug for first instance treatment of
glaucoma.

AZM-loaded coagels were able to promote AZM per-
meation, which was higher compared to ringer solution.
This increase in permeation was proportional to AZM con-
centration according to the measured AZM steady-state
flux (J) and apparent permeation coefficient (P,,,) (J =
1.43 mg/min and P,,, =3.04 cm-s~").”!

In this way, for AZM 0.1% the transcorneal permeation
was thrice higher than AZM-R for the same drug con-
centration. This increase was even higher in the case of
AZM 0.4% coagels, mainly due to the higher amount of
AZM available for absorption. In the case of AZM-R, drug
permeation was very low as consequence of the physico-
chemical properties of AZM. Similar results were observed
with brizolamide (AZOPT®), although this drug is quite
different to AZM. Therefore, based on these results, pre-
liminary in vitro permeation studies have demonstrated that
coagels could be an advantageous drug delivery system for
the ocular administration of AZM.

3.3. In Vivo I0P Measurements

In order to evaluate the possible correlation of coagels
behavior observed in vitro with the in vivo effect, the varia-
tion of IOP in rabbits after formulation administration was
measured.

In Figure 8, we show the results concerning IOP diminu-
tion after the administration of the formulations under
investigation. In the case of coagels containing AZM,
the hipotensor effect (HE) was proportional to AZM
concentration, whereas for AZM-R, this correlation was
practically negligible. It was possible to appreciate the
maximum difference in HE (24.84%-2.02%) 2 h post-
administration for AZM 0.4% coagels in comparison to
AZM-R. This implies that the effect of a higher concen-
tration alone does not seem to be sufficient to explain this
observation, as AZM-R is a solution where AZM is imme-
diately available for absorption. Nevertheless, the corneal
permeation and HE were both lower.

With regard to HE of AZOPT, this was similar to that
observed for AZM 0.4% coagel during the first 2 h post-
administration. However, this effect rapidly diminished for
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Fig. 5. Rheograms for ASCn coagels: (a) ASC8; (b) ASC10; (c) ASC11; (d) ASC12; (e) ASC14; and (f) ASC16. Reproduced with permission
from [24], S. Palma, et al., Il Farmaco. 58, 1271 (2003). © 2003, Elsevier.

AZOPT after 2 h, whereas for AZM 0.4% coagel the HE facilitate rapid drug absorption due to the low concentration
reached a maximum at 2 h and remained at similar values gradient that impelled the diffusion process. In this context,

during 3 h. it is important to analyze the results taking into account the
The behavior of AZM 0.1% coagel was quite differ- relative drug concentration in each formulation.
ent compared with earlier formulations. Its maximum HE The AZM permeation from AZM 0.4% coagel and brin-

was lower and was reached 3 h postadministration. After  zolamide were initially similar. Although the AZM con-
4 h, the HE value was similar to the values observed for  centration from AZM 0.4% coagel was 2.5-fold lower
COA-AZM 0.4% and AZOPT at the same time. Evidently, than brinzolamide concentration (AZOPT), the former
according to Figure 8, lower AZM concentrations did not ~ was able to permeate the drug more efficiently. Besides,
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Fig. 7. Ex vivo permeation profile through isolated rabbit cornea.
Comparison between formulations of ASC12 coagels containing AZM
and AZOPT commercial formulation. B AZM 0.4%; 4 AZM 0.1%;
o AZM-R; A AZOPT®. Reproduced with permission from [30], L. L
Tartara, et al., Journal of Ocular Pharmacology and Therapeutics 28,
102 (2012). © 2012, Mary Ann Liebert, Inc.

brinzolamide is known to be intrinsically more permeable
than AZM, implying that the promoter effect of coagels is
really remarkable.

In order to evaluate the potential irritant effects of the
formulations, we performed a histological examination by
light microscopy of the treated corneas.?' In all cases, the
intensity of irritation was time dependent.

The sodium dodecyl sulphate solution (SDS 2%)
used as positive control produced a serious injury after
30 min post-administration. Although this irritation grad-
ually decreased, at 180 min, it was still considerable. On
the other hand, as expected, the irritant effect of AZM-R
was practically negligible along the time of examination
(180 min). Finally, in the case of AZM 0.1% and AZM
0.4% coagels, a mild-to-moderate effect was observed.

J. Biomater. Tissue Eng. 3, 61-69, 2013
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4. TRANSDERMAL DRUG
DELIVERY SYSTEMS

Several factors may influence the skin permeation, and
consequently, the improvement in the therapeutic efficacy
of topically delivered drugs. Among these, the release of
drug from the formulation, drug penetration into the stra-
tum corneum and drug diffusion into the deeper skin layers
may be included.

The permeation of ASCn as well as its effect on
“in vitro” and “in vivo” drug diffusion through rat and
mice skin was evaluated.’> ASCn permeation through rat
skin epidermis was very fast and quantitatively significant.
ASC12 appears to be the compound that possesses the
highest capacity to enhance the penetration of the drug as
well as for self-penetration through the epidermis.

The ability of these compounds to permeate the rat skin
is related to their chemical composition, since the flux of
ASCn decreases as alkyl chain length increases. Further-
more, a burst effect was observed with ASC12. Also, the
permeation of anthralin from ASCn coagels applied on rat
skin was very increased compared to other pharmaceutical
systems such as liposomal and niosomal carriers,* being
ASCI12 the most effective enhancer.

In line with this, a subsequent study was conducted with
the goal of characterizing the transdermal permeation of
ibuprofen (IBU).>*35 In the case of ASCI12 and ASC16
coagels, IBU release was sustained as indicated by the
diffusion coefficient (n). IBU release from ASC16 was
slightly lower than that of ASC12. This difference could
be attributed to the higher viscosity of the former.?

Regarding IBU permeation through hairless mouse skin,
we observed a noticeable increment in permeation in the
case of ASCn coagels, especially for ASC12. The per-
meation of IBU from Arfen® (marketed formulation con-
taining IBU 0.1%) was lower than ASC12 and ASCI16.
Considering lag time, Arfen® needed 4.5 h to saturate the
skin, while ASC16 and ASC12 could cross the skin in
45 min and 60 min, respectively. We have previously cor-
roborated the enhancing activity of ASC12 without notice-
able injurious effects on the skin.*?> The influence of a
co-solvent (PEG 400) was also evaluated.

ASCI12 and ASC16 coagels increased IBU transder-
mal permeation about 21 and 12-fold compared to Arfen®
(p <0.05), respectively; demonstrating the ability of
coagels to improve IBU skin permeation (Fig. 9). The
addition of PEG to ASCn coagels produced a remarkable
increase in IBU permeation compared to ASCn coagels.>*
This observation can be explained by the known enhancer
properties of PEG. This polymer shows biocompatibility
more suitable to the cutaneous administration with respect
to short-chain alkanols also used as enhancers.

According to the attained results, both the in vitro test
to characterize the drug partition from the vehicles and the
ex vivo drug rat skin diffusion test to analyze the com-
plexes interactions that occur between skin and excipients

67

M3IA3H



REVIEW

Vitamin C Based Nanostructures: Potential Utility in Ocular and Transdermal Therapy

]

Palma et al.

x ;
i -
.-_.- ) .-..|-'H.\_ i - i T
| : _-!"\- - : L] : t ---'+.--..
L -ﬁ_::,_h_- 'n;' & 10T L ___." 1 - 5
& --\.\__-'. 2 % | |
2 B |
RN N =
e |
7 Wk r?- .-'"'..: e -\
1 - "y o »
— .'\-—ﬂ-'.. 2 _.o-".
- — ’
=3 1 i T
1o i e |
-

Fig. 8. In vivo profile variation of intraocular pressure in rabbits. Comparison between formulations of coagels containing acetazolamide and marketed
formulation. ¢ AZM-R; ¢ COA-AZM 0.1%; B COA-AZM 0.4%; A AZOPT®. Reproduced with permission from [30], L. I. Tértara, et al., Journal
of Ocular Pharmacology and Therapeutics 28, 102 (2012). © 2012, Mary Ann Liebert, Inc.

proved the efficacy of this new series of derivatives of
6-Oascorbic acid alkanoate.

The studied ASC16 and ASC12 coagels, defined as sta-
ble supramolecular assemblies in water or in water/PEG
mixtures, allowed the solubilization of IBU (0.85%) and
controlled the drug release rate. Our results demonstrated
that ASC16 and ASCI12 coagels and in particular those
vehicles containing PEG, producing a higher amount of
permeated drug through the skin compared to commercial

Arfen®, are a promising tool as carriers for cutaneous IBU
delivery.
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Fig. 9. Permeation profile through rat skin of IBU from ACS12PEG/C
(s), ACS12/C (d), CSI6PEG/C (h), ACS16/C (j) coagels and reference
commercial formulation (4) (mean SE, n = 6). Reproduced with permis-
sion from [34], V. Saino et al., European Journal of Pharmaceutics and
Biopharmaceutics 76, 443 (2010). © 2010, Elsevier.
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5. SUMMARY AND PERSPECTIVE

The nanostructured systems derived from the self-
assembly properties of ASCn showed appropriated char-
acteristics as pharmaceutical platform for drug delivery,
especially through administration routes where perme-
ation enhancement is necessary. In this way, coagels of
ASC16 and ASCI2 were able to increase drug perme-
ation in formulation intended for ocular and transdermal
administration.

According to our studies carried out so far, ocular
hypotensive drugs such as AZM were more effective when
vehiculized in ASC12 coagels comparatively to other phar-
maceutical systems or marketed formulations. Similar con-
clusions were obtained in the case of NASDs such as
ibuprofen incorporated in ASC12 coagels and adminis-
trated topically on to the skin. Besides, other properties
such as drug release modulation, antioxidant activity and
adequate rheology make this kind of systems very promis-
sory as pharmaceutical dosage form.

Based on these observations, very interesting perspec-
tives are derived for the potential utility of ASCn coagels,
since there is a wide range of relevant pharmaceutical
drugs whose therapeutic effectiveness is dependent on its
penetration capacity across mucoses.
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Fungal infections can attack epithelial tissues and, according to the immunological state of the
patient, some of them invade deeper organs, becoming seriously life compromising. Besides, blood-
stream and local infections associated with intravascular devices constitute a significant problem
associated with increased mortality. Topical therapy is desirable since, in addition to targeting the
site of infection, it reduces the risk of systemic side effects and increases patient compliance. In this
review we describe the pros and cons of using nano-objects that being toxic in nature could be
used to cover surfaces of medical devices, or can act as carriers for targeted delivery of antifungals
to skin. Non-toxic nano-objects were also included because they improve the ocular delivery of
antifungals, classically suffering from ineffective topical administration, difficult access for systemic
medication or local invasive administration. The new preclinical developments of nanoparticulate
agents against cutaneous and ocular mycosis are grouped in three main sections: (1) In vitro anti-
fungal activity of metallic nanoparticles, (2) In vitro and in vivo antifungal activity of non metallic

nanoparticles (3) Ocular delivery of non metallic nanoparticles.

Keywords: Nano-Objects, Metallic Nanoparticles, Epithelia, Fungi.
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of the most common pathogens often causing hospital-
acquired sepsis with an associated mortality rate of up to
40%."* Due in part to effective control of C. albicans with
azole prophylaxis, particularly with fluconazole (FLZ), the
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aetiology of IFI has shown a shift from C. albicans to
Aspergillus and other moulds.'>'® Latin American coun-
tries suffer from a significant burden of IFI, which need to
be addressed in terms of public health policies.!”

Skin mycosis on the other hand, are divided accord-
ing to the level of tissue involvement into: superficial
(which include diseases that generally do not provoke a
significant histopathological inflammatory response in the
host); cutaneous (which induce pathological changes in
the host, although the fungus is confined to the stratum
corneum, include: dermatophytosis, candidasis and other
non-dermatophyte infections) and deep or subcutaneous,
which involve the dermis and subcutaneous tissues e.g.,
sporotrichosis, coccidoiodomycosis, actinomycosis.

Superficial mycosis does not usually threaten life but
can be disfiguring and their unsightly appearance cause
social stigmatization. The incidence of superficial mycoses
is increasing and according to a recent report more than
25% of the world’s population is affected;!®!° disease
progression is more rapid and its severity increased in
patients with compromised immune function.?’ In low- and
middle-income countries, skin diseases are dominated by
bacterial and fungal infections that may be modified by
HIV induced immunosuppression.?!-2?

Cutaneous candidiasis most often reoccurs and is rarely
cured; hence patients receive therapy over a long time.
Cutaneous candidiasis is an opportunistic infection that
arises, in most cases, from endogenous, saprophytic can-
didal blastospores that selectively colonize oral, gastroin-
testinal, vaginal, and cutaneous epithelium. Additionally,
in people with weakened immune systems, Candida spp.
invades deeper tissues as well as the blood, causing life-
threatening systemic candidiasis. Topical therapy is desir-
able since, in addition to targeting the site of infection,
it reduces the risk of systemic side effects.

Besides, bloodstream and local infections associated
with intravascular devices are a significant problem associ-
ated with increased mortality, length of hospitalization and
healthcare costs. Candida spp., together with coagulase-
negative staphylococci, Staphylococcus aureus, Enterococ-
cus spp. and Gram-negative bacilli are the main pathogens
associated with catheter-related infections. These organ-
isms usually enter the bloodstream from the skin insertion
site or the catheter hub, whereas haematogenous seeding
and contamination of the infused fluid are rare. Accord-
ingly, the primary strategies used to prevent catheter-
related infections focus on reduction of colonization at the
insertion site and hubs, thus preventing microbial spread
to the catheter tip lying in the bloodstream. Given the
importance of cutaneous microorganisms in the pathogen-
esis of intravascular device-related infections, measures to
reduce colonization at the insertion site are of the high-
est priority. Reducing skin and catheter colonization has
long been associated with a reduced incidence of local
and systemic infections. However, currently used topical
antiseptics suffer from a short duration of killing activity.

72

Higa et al.

Topical antibiotics may offer a longer period of protection
but they are associated with an increased frequency of fun-
gal infections or the emergence of bacterial resistance.?®?*

The first line treatments against epithelial and subcu-
taneous fungal infections are the polyene amphotericin B
(AmB) and azole antifungals such as clotrimazole (CLZ),
econazole nitrate (ECZ) and FLZ.? However, AmB is
water-insoluble macrolide, consisting of seven double
bonds along the hydrophobic moieties of the ring, mul-
tiple hydroxyl groups along the hydrophilic moieties and
a mycosamine residue. Azole antifungals on the other
hand, are highly lipophilic (although there are exceptions
(e.g., FLZ) and they can readily partition into the lipid-
rich intracellular space in the stratum corneum. In these
cases, the challenge is to develop a simple stable formu-
lation that facilitates drug delivery to the epidermis and
dermis.?® Undesirable systemic absorption is reported for
AmB and FLZ. The existent topical formulations (e.g.,
Fungizone cream, lotion, gels, ointments) generally pro-
duce local reactions (including irritation, burning sensa-
tion, erythema, stinging, pruritic rash, and tenderness) in
patients treated topically and therefore failed to achieve
mycological eradication.?” Other problems associated with
creams include failed stability test, either chemical insta-
bility or physical separation of emulsion caused by the
salting out effect of the imidazole salt when used at a
concentration of about 1% or more. The toxic effects of
conventional medication combined with the growing yeast
resistance to antifungal therapy®®?’ generate a pressing
need for the search of new antimicrobial agents from nat-
ural and inorganic sources.’*3*

1.1. The Intervention of Nanotechnology
Against Epithelial Fungal Diseases

Prophylaxis and antifungal therapy require of new
strategies capable of eliminating extracellular eukariotic
microorganism, that both colonize living beings and inert
surfaces as biofilms. From the point of view of the classi-
cal medicinal chemistry, the filogenetic similitude between
fungi and host demands the careful search for leading com-
pounds acting on selected therapeutic targets. Apart from
this, the search for antifungals could be enriched by new
alternative approaches. For instance, the growing resistance
against conventional chemotherapy has led to the use of
agents that because of their non specific damage make dif-
ficult the assembling of survival mechanisms. Another way
of improving therapeutic strategies is to control the delivery
of classical drugs to accurately selected tissues or places
within these tissues. It is here where Nanotechnology,
being a source of structures with new quantum, mechan-
ical, thermal and superficial properties, alone or in com-
bination with classical drugs, can offer new therapeutic/
prophylactic options. Nanotechnology encompasses a
broad conjunct of techniques aimed to engineer, char-
acterize and make use of structures of 1 (nanoplates),
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2 (nanotubes) or 3 dimensions (nanoparticles) in the
nanoscale, known as nano-objects. The upper limit of the
nanoscale was fixed at 100 nm,* but in the nanophar-
maceutical field the nano-scale is accepted to rise up to
200-300 nm. Biosynthesized molecules (such as hor-
mones, proteins, nucleic acids) and drugs, whose activity
depends on a primary structure and not on new phenom-
ena derived from its size in the nano-scale, do not fit
into the definition of nano-object.’® Also the lower limit
of the nanoscale was fixed in 1 nm in order to exclude
atoms.*® Beyond these constraints, there is no restriction
in the chemical nature of nano-objects.

In this review we have focused on describing the nature
and action mode of nano-objects that can be toxic in nature
or that act as carriers for targeted delivery of classical
antifungals. The covered targets will be the skin and the
ocular epithelia, a place of difficult access for systemic
medication or that requires local invasive administration
and in general is ineffective. In this context, developing
new antifungal agents, especially against the opportunistic
Candida, a cutaneous mycosis that can become invasive
and that can both infect skin epithelium and eye tissue,
is of particular interest. The new preclinical developments
of nano-objects against cutaneous and ocular mycosis are
grouped in three main sections:

(1) In vitro antifungal activity of metallic nanoparticles,
(2) In vitro and in vivo antifungal activity of non metallic
nanoparticles

(3) Ocular delivery of non metallic nanoparticles.

2. IN VITRO ANTIFUNGAL ACTIVITY OF
METALLIC NANOPARTICLES

2.1. Silver Nanoparticles

The use of silver compounds as antimicrobials is well
known from ancient times. Currently, silver compounds
are used against bacterial infections in wounds.’”3 and
in preventing bacterial colonization of prostheses and
catheters.>*’ In this context, developing and character-
izing different types of silver nanoparticles has became
a task of paramount importance because of the singular
responses induced in prokaryote and eukaryote cells as
compared to silver cations (Ag™").

Silver nanoparticles (AgNp) has emerged as a promising
new type of antimicrobial agent. The action mechanism
of AgNp is non specific and presumably broadly similar
to that of Ag*.*' The weak acid Ag" has a great ten-
dency to react with sulfur- or phosphorus-containing weak
bases, such as R-S-R, R-SH, RS- or PR3. AgNp in biolog-
ical media may act as a constant source of Ag"™ on parti-
cles’ slow oxidation. Ag* released from the AgNp even at
very low concentrations can bind to and thereby damage
cells at multiple sites (Fig. 1). It has been observed that
1020 nm AgNp are taken up by living cells.*>*** Sulfur-
containing proteins in the membrane or inside the cells
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+
Soft bases: R-S-R, R-SH, RS-or PR3
(sulfur containing proteins, DNA, RNA)

acido-base complexes

To the nucleus via cytoplasm
To the nucleus via endoplasmic
reticulum

To the lysosomes

To the mitochondria

Fig. 1. (1) NpAg as a source of soluble Ag*; (2) Interaction of AgNp
with cells: (a)—(e): Internalization: according to the size, shape and sur-
face characteristics of AgNp and on the cell type, different endocytic
mechanisms will be involved in the uptake of AgNp: (a) phagocytosis, (b)
macropynocytosis, (c¢) clathrin mediated endocytosis, (d) caveolin medi-
ated endocytosis, (¢) non clathrin, non caveolin mediated mechanisms;
(g) endocytosed AgNp are not free but trapped within different types of
cytoplasmic vesicles from where will be finally released to difterent tar-
gets; (f) in the absence of internalization AgNp can interact with weak
basis at the cell surface.

and phosphorus—containing elements like DNA are likely
to be the preferential sites for Ag* binding. The inhibition
of respiratory enzyme(s), facilitate the generation of reac-
tive oxygen species (ROS) and consequently damage the
cell.

The bactericidal effect against both gram-positive and
gram-negative bacteria including multiresistant strains of
AgNp as well as silver nanocomposites or AgNp based
materials has been intensively studied.*>**® Whereas
most antibiotics only attack one specific structure of the
microbial cell, Ag* interferes with the bacterial replica-
tion process and kills bacteria by binding to proteins of the
cell wall, to thiol groups present in enzymes as well as to
DNA and RNA.#2 AgNp were reported to kill bacteria
at concentrations in the order of units of wg/ml.***>* which
do not produce acute toxic effects on human cells.’* 3
In addition, AgNp have not been shown to cause bacte-
rial resistance, currently complicating antibiotic therapy of
bacterial infections.

73

M3IA3H



REVIEW

The Intervention of Nanotechnology Against Epithelial Fungal Diseases

The study of antifungal action of AgNp started by 2008,
to find out that AgNp also affect yeast cells by attaching
to the sulfur containing proteins of cell membranes, thus
disrupting membrane potential. After exposure to AgNp,
important changes in the membranes of C. albicans are
observed, such as the formation of “pits” on the membrane
surfaces that lead to pores and subsequent cell death.>
Recently it was found that AgNp induce increased ROS
and hydroxyl radical production in C. albicans, together
with mitochondrial dysfunction and apoptotic features.’
The activity of 3 nm diameter AgNp was comparable to
that of AmB (IC80 1-5 ug/ml) and superior to that of
FLZ (IC80 10-30 wg/ml) on ATCC strains of Trichophy-
ton mentagrophytes and Candida spp. (Table 1).56-3% AgNp
was also found to exert activity on the mycelia. The anti-
fungal activity of AgNp was also proved in biostabilization
of footwear materials.”® In this application, AgNp at 1%
solution inhibited the growth of the majority of yeast-like
fungal and mold strains. AgNp at 100 ppm totally inhib-
ited bacterial growth, but its activity against molds and
dermatophytes was observed to be lower, being reported
that molds and bacteria were resistant to 50 ppm of AgNp.

Considering spherical particles of uniform size, a reduc-
tion in size from ~ 10 wm to 10 nm will increase the
contact surface area by 10°. This explains why the activ-
ity of AgNp is inversely related to its size: a large contact
surface is expected to enhance the extent of microbicidal
activity. On the other hand, recent reports emphasized that
shape dependent interactions of AgNp played a crucial role
in their microbicidal properties.*’ Spherical AgNp (gener-
ally with a cubo-octahedral or multiple-twinned decahe-
dral or quasi-spherical morphology) predominantly have
(100) facets along with small percentage of (111) facets,
while in case of the rod-like AgNp (e.g., pentagonal rods),
side surfaces are bound by (100) and the ends by (111)
facets. It has been demonstrated that the reactivity of sil-
ver is favored by high-atom-density facets such as trun-
cated triangular nanoplate in comparison to other particles
that contain fewer than (111) facets, like spherical or rod-
shaped particles.*?

Interestingly, the bactericidal activity of AgNp is
higher than its fungistatic (minimum inhibitory concen-
trations, MIC) and fungicidal (minimum fungicidal con-
centration, MFC) activities. The MIC and MFC of 25 nm
mean size AgNp either plain or stabilized by sodium
dodecyl sulfate (SDS), sodium polyoxyethylene sorbi-
tan monooleate (Tween 80), Brij (35; 58, 97 and 98)
surfactants, or the polymers polyvinylpyrrolidone (PVP;
average molecular weights (MW) of 10,000; 40,000 and
360,000) and polyethylene glycol (PEG; MW of 1500;
4,000; 10,000 and 35,000) against C. albicans was recently
determined.®® At first sight the results were far from being
promising. The MIC of plain AgNp against C albicans II
showed no significant differences with the MIC of Ag*
(Table T). It was observed that surfactant and polymer sta-
bilization of AgNp (used at concentrations between 0.5

74

Higa et al.

and 5 x 10°% w/w) decreased the MIC. And even though
the fungicidal activity (measured by development of MIC
in time as well as by MFC) of Ag" against C albicans
was higher (MFC of 135 wg/ml) than that of plain AgNp
(MFC of 27 ug/ml), the MFC of SDS stabilized AgNp
was 338 wg/ml. Remarkably, the main differences between
Agt and AgNp were found in their cytotoxicity against
fibroblast BJ cells, that resulted in an absolute lethal con-
centration (LC100) value of 1 pg/ml for Ag* but ascended
to 30 wg/ml for plain or PEG/PVP stabilized AgNp. The
high cytotoxicity of surfactants solutions alone impaired
further cytotoxicity test of surfactant stabilized AgNp.
Both fungi and host cells are eukaryotes and this would
explain the close values of MFC and LC100 of AgNp. The
low concentrations of AgNp (below than 10 ug/ml) needed
to exert bactericidal activity on the other hand, would obey
to the fact that yeast cell type can resist higher concentra-
tions of silver thanks to their improved cell organization
and structure, and more efficient detoxification system than
evolutionarily older prokaryotic types of bacteria. Overall,
these studies showed that AgNp, in spite of their close
MFC and LC100 values (27 vs. 30 pg/ml), are still safer
antifungal than Ag*. This is underscored by the far higher
MFC than LC100 value (13.5 vs. 1 wg/ml) of Ag®

Recently, 32.5 nm average size spherical AgNp obtained
by extracellular biosynthesis by the fungus Alternaria
alternate, were tested in combination with FLZ against
C. albicans, among other skin fungi (Table I).%' Topi-
cal treatment of severe life threatening skin fungal infec-
tions with FLZ is an efficient therapy and occupies a
prominent position among the alternatives of treatment.®?
However, topical delivery of FLZ results in systemic
absorption, skin irritation and therefore failing to achieve
mycological eradication.®> These problems affect patient
compliance and compromise the efficacy of the therapy.
Nonetheless AgNp significantly increases the antifungal
activity of FLZ (measured as diameter of inhibition zone
and increased fold area). The combination between FLZ
and AgNp showed the maximum inhibition against C.
albicans, followed by Phoma glomerata and Trichoderma
spp., whereas no significant enhancement of activity was
found against Pleospora herbarum and F. semitectum.

In another approach, 7-20 nm AgNp synthesized by a
proprietary biostabilization process, were found to exhibit
good antifungal activity (Table 1). Interestingly, AgNp
exhibited good anti-inflammatory properties as indicated
by concentration-dependent inhibition of marker enzymes
(matrix metalloproteinase 2 and 9). The post agent effect
(a parameter measuring the length of time for which bacte-
rial growth remains suppressed following brief exposure to
the antimicrobial agent) varied with the type of organism
(e.g., 10.5 h for P. aeruginosa, 1.3 h for Staphylococcus
spp. and 1.6 h for C. albicans) indicating that dose regimen
of the AgNp formulation should ensure sustained release
of the antifungal. To meet this requirement, a gel formu-
lation containing AgNp was prepared. As part of toxicity
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Table I. Metallic nanoparticles used as in vitro antifungal agents.

The Intervention of Nanotechnology Against Epithelial Fungal Diseases

Nanoparticle type Fungus Nanoparticles features and antifungal activity Reference
AgNp C. albicans Formation of “pits” on the membrane surfaces [56]
C. albicans Increased ROS and hydroxyl radical production [57]
Clinical isolates and ATCC strains of Trichophy- 3 nm AgNp; IC80 1-4 ug/ml [56, 58]
ton mentagrophytes and Candida spp.
C. albicans Il Ag®; MIC 0.21-1.69 pg/ml; MFC 13.5 pg/ml; LD 100 on [60]
fibroblast BJ cells 1 ug/ml
Plain 25 nm AgNp; MIC 0.21-1.69 pg/ml; MFC 27 ug/ml;
LD 100 30 wg/ml
25 nm SDS-AgNp; MIC 0.052 pg/ml; MFC 3.38 ug/ml
C. albicans 20-60 nm AgNp significantly increases the antifungal [61]
activity of FLZ
C. albicans 7-20 nm AgNp MIC 25 ug/ml [64]
50% inhibition at 75 wg/ml with antifungal index 55.5%
against A. niger
IC50 on Hep G2 cell line 251 pg/ml
C. albicans 500 nm x 50 x 50 nm square bases salep capped Ag [65]
nano-wedges MIC 5 ug/ml, MFC300 wg/ml
C. albicans and C. glabrata adhered cells and 5 nm AgNp stabilized with ammonia MIC 0.4 and [66]
biofilms 3.3 pg/ml
C. albicans, C. glabrata and M. sympodialis 1560 nm AgNp loaded within an inorganic matrix showed [74]
complete or nearly complete growth inhibition
Aspergillus glaucus 14 nm Ag@Fe,0,; MIC 2 mg/ml [76]
Candida spp. Ag@Fe;0, with ~70 nm Fe;O, magnetic cores covered [77]
by a shell of ~5 nm AgNp
y-Fe,0,@Ag with 20-40 nm AgNp cores covered by a
shell of ~5 nm y-Fe,0,
Both nanocomposites MIC 1.9-31.3 ug/ml
26 nm AgNp; MIC 0.2 pg/ml
ZnONp Fusarium spp. 2-28 nm ZnONp less active than CuSO, - 5H,0 [98]
TiO,Np C. albicans biofilms TiO,Np were deposited on 50-100 nm diameter ZnO [101]

C. albicans biofilms

Aspergillus niger,
C. albicans,
C. neoformans

nanowires.
Viability of cells significantly decreased nearly 4.3 times
after 5 h exposure visible light
Branched carbon nanotube arrays covered with TiO,Np [102]
Highly photocatalytic antifungal activity
250-300 nm TiO,AgNp combined nanoparticles; MIC
3-25 ug/ml; LD50 on THP-1 monocytes
55.9 pg/ml
AgNp; MIC 20-25 nm; LD50 10 pg/ml

studies, localization of AgNp in Hep G2 cell line, cell via-
bility, biochemical effects and apoptotic/necrotic potential
were assessed. It was found that AgNp localized in the
mitochondria and had an IC50 value of 250 wg/ml. Even
though they elicit an oxidative stress, cellular antioxidant
systems (reduced glutathione content, superoxide dismu-
tase, catalase) get triggered and prevent oxidative dam-
age. Further, AgNp induce apoptosis at concentrations up
to 250 wg/ml, which could favor scarless wound healing.
Acute dermal toxicity studies on gel containing AgNp in
Sprague-Dawley rats, showed complete safety for topical
application. These results suggest that AgNp could provide
a safer alternative to conventional antimicrobial agents in
the form of a topical antimicrobial formulation.

On the other hand, highly sized salep capped Ag
nano-wedges, were prepared by photochemical facile
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green synthesis. Salep (a palmate-tuber, multi-component
polysaccharide with a high content in glucomannan pos-
sessing natural, neutral and watersoluble fibers) caused
creation of flower-like self-assembled structures of the
Ag nano-wedges. The MIC value of salep-Ag nano-
wedges against C. albicans was similar to that of AmB
(2.5-5 pg/ml). The MFC however, resulted to be exces-
sively high (Table 1).5 These results, indicating poor
fungicidal efficiency, could be owed to the large size of
the poniards. Nonetheless, in order to assess the poniards
safety, their cytotoxicity against host cells remains to be
tested.

Recently the effect of 5 nm diameter AgNp stabilized
with ammonia against C. albicans and C. glabrata adhered
cells and biofilms, was tested. AgNp were applied to
adhered cells (2 h) or biofilms (48 h) (Table I). It was
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also determined that AgNp were more effective in reduc-
ing biofilm biomass when applied to adhered cells (2 h)
than to pre-formed biofilms (48 h), with the exception of
C. glabrata ATCC, which in both cases showed a reduc-
tion of ~90%. AgNp were highly effective on adhered
C. glabrata and respective biofilms. On C. albicans the
effect was not so evident but there was also a reduction in
the number of viable biofilm cells. These results suggest
that AgNp could be an effective alternative to conven-
tional antifungal agents for future therapies in Candida-
associated denture stomatitis.®

A well known problem of silver is that it is toxic to
human at high concentration.*’ The topical application of
Ag compounds that can be significantly percutaneously
absorbed can cause argyrosis and argyria, leading to a
local or systemic tissue deposition of Ag in skin, nerve
tissues and inner organs—particularly liver, spleen and
kidney—with the attendant risk of organ dysfunction.6’-"!
Therefore, maximum contamination levels for silver in
drinking water (100 ppb).”? and the occupational exposure
limit to the various forms of silver (0.01 mg/m*)”® have
been established in order to avoid the accumulation of sil-
ver in the human body. In this context, recently highly
sized (1560 nm mean diameter) AgNp were loaded within
an inorganic matrix, to impair its systemic absorption after
topical application in mice. The silver contents of AgNp
and silver sulphadiazine used as control at concentrations
of 1% were calculated to be 880 ppm (880 ug/g) and
3020 ppm (3020 png/g), respectively. Strikingly, AgNp at
a 0.1% concentration exhibited comparable antibacterial
and antifungal potencies as silver sulphadiazine at 0.1%,
although its absorption was considerable lower. AgNp at
0.1% proved to be a potent antifungal agent, exhibiting
complete or nearly complete growth inhibition of the der-
matophytes M. canis and T. rubrum. Moreover, AgNp at
ultra low doses of 0.001% was effective against C. albi-
cans C. glabrata and M. sympodialis, yeast species often
found in atopic dermatitis patients. Despite its 3.4-times
lower silver content, the AgNp preparation exhibits an
antimicrobial activity against the bacteria yeasts and der-
matophytes tested, comparable to that of silver sulfadiazine
at concentrations of 0.1%.

2.2. Strategies Used to Impair Uncontrolled
Dispersion of AgNp in the Environment:
Magnetic AgNp

Extensive use and increasing demand for AgNp will lead to
their accumulation in the environment, especially in land-
fills and water effluents. Non-targeted effects of AgNp on
the population of microbes that play beneficial roles in
the environment could have negative consequences.”> Mag-
netic nanoparticles of iron oxides (Fe;O, and/or y-Fe,O;-
maghemite-) represent one family of the most suitable can-
didates for the preparation of magnetic nanocomposites
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owing to their convenient magnetic application (e.g.,
superparamagnetism), biochemical properties (e.g., non-
toxicity, biocompatibility, biodegradability) and low price.

An example of nanoparticles designed to prevent their
uncontrolled release into the environment are the spherical
14 nm average size core—shell nanoparticles made of Fe;0,
(magnetite) core coated with AgNp (Ag@Fe;0,) at Ag
and Fe concentration of 702 and 215.6 mg/l, respectively.
The diamagnetic Ag shell prevents the agglomeration of
the Fe;O, during the formation of core—shell nanoparticles.
The resulting core—shell nanoparticles were superparamag-
netic in nature, although a 71% decrease in the magneti-
zation of Ag@Fe;0O, with respect to Fe;O, was observed.
The Ag@ Fe;0, can be recovered using a steel wool fil-
ter and recycled from the site of action by means of an
external magnetic field, being detected by their absorp-
tion at 399 nm (the Surface Plasmon Resonance band of
Ag@Fe;0,). However, although the recycling efficiency is
>80% over four cycles, the MIC values of Ag@Fe;0,
and AgNp against Aspergillus glaucus isolates were high
(Table I). A. glaucus is the potential cause of fatal brain
infections and hypersensitivity pneumonitis in immuno-
compromised patients and leads to death despite aggressive
multidrug antifungal therapy. The elevated MIC values of
this approach make mandatory the further investigation of
the biocompatibility for the host, once the route of admin-
istration is decided.”

In a similar fashion, the antifungal activity of two types
of nanocomposites including molecules of polyacrylate
serving as a spacer among iron oxide and AgNp was
recently tested.”” In one hand, Ag@Fe;0, nanoparticles
made of Fe;O, magnetic cores (~70 nm) covered by a
shell of AgNp (~5 nm, 5.8% weight content) were pre-
pared. On the other hand, y-Fe,O;@Ag nanoparticles with
a higher content (10.5%) of larger (20-40 nm) AgNp
cores, covered by a shell of (~5 nm) 7y-Fe,0; were
also prepared. Both nanocomposites possess eminent mag-
netic properties (e.g., high value of magnetization achiev-
able at relatively low applied fields, superparamagnetic
and soft magnetic behavior at room temperature from
the viewpoint of superconducting quantum interference
device measurements, suppression of inter-particle mag-
netic interactions due to the molecules of polyacrylate)
since they were very easily controlled by a low external
magnetic field in the order of 1 Tesla. Both nanocompos-
ites exhibited very significant antifungal activities against
four Candida species (Table I) although these values were
higher than the corresponding to 26 nm AgNp. Moreover,
acute nanocomposite cytotoxicity against mice embryonal
fibroblasts was observed at concentrations higher than
430 pg/ml (Ag@Fe;0,) and 292 ug/ml (y-Fe,0;@Ag).
Considering the non-cytotoxic nature of the polyacrylate
linker, both kinds of Ag nanocomposites are well applica-
ble for a targeted magnetic delivery of AgNp in medicinal
and disinfection applications.
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2.3. Nanoparticles of Semi-Conducting Oxides

Currently inorganic metal oxides (TiO,, MgO, CaO
and ZnO) have attracted interest as antimicrobial agents
because of their safety and stability. Compared to organic
materials, inorganic materials such as ZnO possess supe-
rior durability, greater selectivity and heat resistance.” 7

In particular TiO, and ZnO semiconductors have been
extensively studied as antimicrobial agents due to their
photocatalytic activity under UV light.3%8! Photocataly-
sis is a light induced catalytic process whereby photo-
generated electron-hole pairs (e”h") in a semiconductor
undergo redox reactions with molecules adsorbed onto the
surface, thereby breaking them into smaller fragments. The
electronic structure of semiconductors such as TiO,, ZnO,
Fe,0;, CdS and ZnS is characterized by a filled valence
band and an empty conduction band and can act as sen-
sitizers for light-induced redox processes. When a photon
with energy of hv matches or exceeds the bandgap energy
of the semiconductor, an electron (e,,-) is promoted from
the valence band into the conduction band, leaving a hole
(h,+) behind. The (e~ h™) migrate to the nanoparticle sur-
face and can recombine and dissipate the input energy as
heat, get trapped in metastable surface states or react with
electron donors and electron acceptors adsorbed on the
semiconductor surface. In the absence of suitable (e~ /™)
scavengers, the stored energy is dissipated within a few
nanoseconds by recombination. If a suitable scavenger or
surface defect state is available to trap the electron or hole,
recombination is prevented and subsequent redox reac-
tions may occur. The &, are powerful oxidants while the
e,,- are good reductants.’> In general terms, the photo-
catalytic activity in aqueous oxygenated media produces
ROS such as radical hydroxyle (OH") and H,0, (Fig. 2).
Surface area and surface defects play an important role in
the photocatalytic activity of metal oxide nanostructures,
as the molecules need to be adsorbed on to the photocat-
alytic surface for the redox reactions to occur. The higher
the effective surface area, the higher will be the adsorp-
tion of molecules leading to better photocatalytic activity.
One dimensional nanostructures, such as nanowires and
nanorods, offer higher surface to volume ratio compared
to nanoparticulate coatings on a flat plate.®’

2.3.1. Zinc Oxide Nanoparticles

Zinc is a mineral element essential to human health and
ZnO is a form in the daily supplement for zinc. The antibac-
terial and antifungal activity of bulk ZnO powders has been
demonstrated already.?*%5 ZnO is an n-type semiconduc-
tor with wide direct band gap (3.37 eV) and high exciton
energy (60 meV) at room temperature which allows it to
act as an efficient semiconducting and piezoelectric mate-
rial. As its size is decreased, the band gap of ZnO (ZnONp)
increases, as well as its surface area. ZnO is a polar crystal
of positive zeta potential at the surface, Zn>* lies within
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Fig. 2. Primary steps in the photoelectrochemical mechanism of pho-
toactivated semiconductors (ZnO, TiO,): (1) formation of charge carriers:
conduction band electron (e;,) and valence-band hole (h,) by a pho-
ton hv; (2) charge carrier recombination to liberate heat; (3) initiation of
an oxidative pathway by a h,; (4) initiation of a reductive pathway by
a e_,; (5) further thermal (e.g., hydrolysis or reaction with active oxy-
gen species) and photocatalytic reactions to yield mineralization prod-
ucts; (6) trapping of a ¢, in a dangling surficial bond to yield a trapped
conduction-band electron e;, or trapping of a h, at a surficial group. Red
is an electron donor (reductant) and Ox is an electron acceptor (oxidant).
Dangling bond is a chemical bond associated with an atom in the sur-
face layer of a solid that does not join the atom with a second atom but
extends in the direction of the solid’s exterior; (7) an example of oxigen
reactive species generation (H,0,) in aerated solutions occurring via the
reduction of adsorbed oxygen by e, .

a tetrahedral group of four oxygen ions. Zinc and oxy-
gen atoms are arranged alternatively along the c-axis and
the top surfaces are Zn terminated while the bottom sur-
faces are oxygen terminated. The high surface reactivity
of ZnONp owes to a large number of native defect sites
arising from oxygen nonstoichiometry. Because of this
ZnONp exhibits comparatively higher reaction and miner-
alization rates and can generate hydroxyl ions more effi-
ciently than TiO,.%¢

After contact with ZnONp disruption of cell membrane
activity has been observed and disorganization of the triple
membrane was formerly reported in the Gram-negative
E. coli.¥" The resulting increase of membrane permeability
leads to accumulation of ZnONp in the bacterial membrane
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followed by their cellular internalization, as also reported
against Pseudomona aeruginosa.®® The microbicidal activ-
ity of ZnONp is owed to the generation of ROS such as
OH’, H,0,, and O}, which is directly proportional to the
exposed surface area.®® ZnONp with defects can be acti-
vated by both UV and visible light. In the ZnONp surface
the holes split H,O molecules into OH and H*. Dissolved
oxygen molecules are transformed to superoxide radical
anions ("O;), which in turn react with H* to generate
(HO)) radicals, which upon subsequent collision with elec-
trons produce hydrogen peroxide anions (HO; ). They then
react with hydrogen ions to produce molecules of H,0,.
Since, the hydroxyl radicals and superoxides are negatively
charged particles, they cannot penetrate into the cell mem-
brane and remain in direct contact with the outer surface
of the bacteria; however, H,O, can penetrate into the cell
and kill bacteria.

Similar to AgNp, an inverse relationship between bac-
tericidal activity and size of ZnONp was shown. At a
fixed concentration (1 mM), the bactericidal activity of
12 nm ZnONp is higher than that of 45 nm and 2 um
ZnONp. These differences are explained from the fact
that a single isolated colony of 2 wm diameter bacteria
can accommodate larger number of 12 nm than 45 nm
and 2 um ZnONp. ZnONp presumably remain tightly
adsorbed on the surface of the leftover/dead bacteria, but
continue to release peroxides into the medium. Besides,
since size and specific surface area are inversely related:
bulk ZnO exposes 5.11 m?/g, but 47 nm ZnONp ascends
to 68 m?/g and 12 nm ZnONp to 115 m?*/g. Therefore,
the smaller is the nanoparticle, the higher its production of
ROS on the surface and its antibacterial activity. The abra-
sive surface texture of ZnONp is another possible expla-
nation of its antibacterial effect. ZnONp have been found
to be abrasive due to surface defects, revealed by a broad
visible emission band in the region of 450-550 nm in
a photoluminescence spectrum of ZnONp. The abrasive-
ness of ZnONp compared with bulk ZnO is caused by
the uneven surface texture due to rough edges and cor-
ners. Opposite to the deleterious action of ZnONp, trace
concentrations of Zn*? ions are a supplement promoting
the metabolic action of bacteria.”® On the other hand, the
release of soluble Zn*? from the ZnONp are responsible
for toxicity in lung cell lines,”® while under realistic envi-
ronmental conditions, similar results on algae have been
reported.”?> Overall, ZnONp proved to be toxic against
prokaryotic organisms at the concentrations of units of
mM Zn. Nonetheless, ZnONp had minimal effects on
eukaryote human T-lymphocytes cell viability at concen-
trations toxic to bacteria.”?

The advantages of using ZnONp as antifungal agent
have recently started to raise attention. For instance in
agriculture the use of ZnONp does not affect the soil
fertility in comparison to traditional antifungals.®* Sim-
ilar to what occurs with bacteria, the cytotoxic effect
of ZnONp against fungi is mediated by bilayer rupture
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resulting in the drainage of the cytoplasmic contents.”>’
Recently antifungal activity of 2-28 nm ZnONp (hexago-
nal wurtzite) stabilized with surfactants isolated from Aca-
cia concinna seeds, was determined.”® It was observed that
the size of the ZnONp drastically decreases from 28 nm
to 2.5-5 nm with the surfactant stabilization. Surprisingly,
this reduction in size is accompanied by a reduced activ-
ity of ZnONp against Fusarium spp., when compared to
that of standard antifungal 0.1 M CuSO, - 5H,0. Recently,
anti Candida activity of glass supported ZnO nanrods were
shown.”

2.3.2. Titanium Oxide Nanoparticles

The optical absorption in the ultraviolet region (peak-
ing around 220 nm and covering only ~ 5% of the solar
spectrum) and low photoefficiency of TiO,Np are fac-
tors that deter its wide scale use for photocatalytic activ-
ities under sunlight. In spite of sharing similar band gap
with ZnONp (3.2 eV), TiO,Np can only be exited under
UV light irradiation and its photocatalytic activity under
solar and visible light is not efficient. TiO, exists in three
main crystallographic structures e.g., anatase, rutile and
brookite. It is also well-known that it is more difficult to
obtain TiO,Np with good crystallinity and high surface
area from rutile than anatase. The photoexcited TiO, cat-
alyst produces (e~ h') that migrate to the TiO, surface;
(h},) can react with adsorbed H,O or OH~ at the cata-
lyst/water interface to produce the highly reactive OH" and
the (ey;) can react with oxygen vacancies to form radical
superoxide (O5'); finally, the various generated ROS can
oxidize organic compounds or cells adsorbed on the TiO,
surface, resulting in the death of the microorganisms.'®
In an approach aimed to enhance the visible light pho-
tocatalytic activity of TiO,Np and improve its antifungal
activity, anatase and rutile crystal TiO,Np were deposited
on 50-100 nm diameter ZnO nanowires. The resulting
TiO,Np/ZnO nanocomposite exhibited a low band gap and
high visible light activity against C. albicans biofilms. The
antifungal activity of the ZnO nanowires was higher than
the TiO,Np in dark. Also, the antifungal activity of the
ZnO nanowires in dark was decreased by the TiO,Np coat-
ing. But, viability of cells significantly decreased nearly
4.3 times due to photocatalytic activity of TiO,Np/ZnO
nanocomposite under after 5 h exposure visible light. The
alloy structure at the interface of the TiO,Np/ZnO is said
to decrease the band gap that can be exited under visible
light. Again, the excitation of the nanocomposite using the
light exposure leads to generate (e~ h") and the (h,,.) lead
to generate OH on the surface of the microorganism.!?!
Similarly, branched carbon nanotube (CNT) arrays
covered with TiO,Np presented antifungal effect on
C. albicans biofilms under visible light. The TiO,Np/
branched CNTs showed a highly improved photocatalytic
antifungal activity in comparison with the TiO,Np/non
branched CNTs and TiO,Np film. The excellent visible

J. Biomater. Tissue Eng. 3, 70-88, 2013



Higa et al.

light-induced photocatalytic antifungal activity of the
TiO,Np/branched CNTs was attributed to the generation
of (e”h™) by visible light excitation with a low recombi-
nation rate, in addition to the high surface area provided
for the interaction between cells and nanostructures.'%?

As an example of an non photocatalytic use of TiO,,
recently 250-300 nm TiO,AgNp combined nanoparticles
(prepared by reaction between anatase TiO,Np with Ag
at 50:1 molar ratio) showed significant antifungal activ-
ity (Table I), although the activity resulted comparable to
that of 20-25 nm AgNp used as control. The LD50 on
THP-1 monocytes of the TiO,AgNp was higher than that
of AgNp. In spite of their higher size, TiO, AgNp increased
by nearly tenfolds the therapeutic index when used as anti-
fungal agents as compared to AgNp.!%

3. IN VITRO AND IN VIVO ANTIFUNGAL
ACTIVITY OF NON METALLIC
NANOPARTICLES

The following is a survey on preliminary improvements
in delivery of conventional antifungals loaded in differ-
ent types of nanovesicles (liposomes, niosomes, ethosomes
and ultradeformable liposomes), solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), polymeric
micelles and microemulsions. The modified delivery after
topical application led to better antifungal properties.

3.1. Nanovesicles

The skin delivery of AmB loaded in liposomes, ethosomes
and ultradeformable liposomes was tested in a recent com-
parative assay (Table II).!* The vesicles were further
incorporated into Carbopol 934 hydrogel (1% w/w). Over-
all, 50-75% of AmB was released from gels after 24 h.
In vitro assay on the AmB permeation across hairless rat
skin showed that transdermal flux was maximal for ultra-
deformable liposomes and minimal for conventional lipo-
somes. There were no differences between the transdermal
flux of AmB in the dispersion of vesicles or within the gel.
Skin retention of AmB was maximal for ultradeformable
liposomes (81 wg) as compared to ethosomes (64 ng) and
liposomes (45 ug). Confocal laser scanning microscopy
study using rhodamine 123-loaded vesicles confirmed the
penetration profile of the vesicles in vivo. Skin irritation
test revealed negligible irritation scores for all the vesic-
ular formulations. In vitro antifungal activity against fun-
gal strain Trychophytone rubrum showed that AmB loaded
in ultradeformable liposomes induced the largest zone of
inhibition area.

The skin delivery of FLZ loaded in liposomes and
niosomes incorporated into Carbopol gel (1% w/w) was
tested for sustained release after localized application
(Table 11).92 In vitro and in vivo skin penetration experi-
ments showed a higher accumulation of FLZ when FLZ
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was loaded in liposomes. The in vivo localization studies
in viable skin showed that liposomal gel produce 14.2- and
3.3-fold higher drug accumulation compared with plain
gel and niosomal gel, respectively. Antifungal activity car-
ried out on experimentally induced cutaneous candidiasis
in immunosuppressed albino rats showed maximum ther-
apeutic efficacy of liposomal gel, as the lowest number of
colony forming units/ml was recorded following liposomal
FLZ application.

The skin delivery of ECZ loaded in ethosomes incorpo-
rated into carbopol gel (1% w/w) with 2% w/w propylene
glycol and 2% w/w N-methyl-2-pyrolidone as permeation
enhancers was recently tested for therapeutic efficacy and
storage stability (Table 1I).!% Drug flux and permeation
through albino rats skin were significantly higher in etho-
somal formulation (0.46 ug/cm?/hr and 91%, respectively)
than for liposomes (soy lecithin), hydroethanolic gel and
liposomal gel; this could indicate that ethanol enhances
drug permeation across rat skin. The stability measure-
ments of ethosomes revealed very low aggregation and
insignificant growth in vesicular size for 180 days. The
antifungal activity evaluated by cup plate method with
strains of C. albicans showed that ethosomal formulation
induced the largest zone of inhibition.

3.2. Polymeric Micelles

The skin delivery of azoles (CLZ, logP o/w 5.9, aqueous
solubility 0.03 g/l; ECZ logP o/w 5.2, aqueous solu-
bility 0.8 g/l; and FLZ logP o/w 0.4, aqueous solubil-
ity 0.001 g/1) loaded in polymeric micelles was recently
determined (Table II).!% Micelles differed in core hydro-
fobicity, from the more hydrofobic core mono-hexyl-
substituted, followed by di-hexyl-substituted to the less
hydrofobic core-polylactide. In spite of the expected abil-
ity of micelles to incorporate significant amounts of
hydrophobic drugs in their core, CLZ showed poor incor-
poration efficiency (11-36%) in all the micellar systems.
FLZ and ECZ on the other hand, were successfully encap-
sulated at 250 and 268 mg/g of drug contents and 83 to
98% incorporation efficiencies. Further assays were car-
ried out with ECZ loaded in MPEG-dihex]PLA micelles.
In vitro skin retention studies in porcine and human skin
showed that ECZ deposition following 6 h application was
~ 13-fold and 7.5-fold higher respectively, than that from
ECZ commercial cream (Pevaryl® cream, 1% w/w ECZ).
The amounts of ECZ deposited were 11 and 1.5 pg/cm?,
for porcine and human skin respectively. Confocal laser
scanning microscopy studies using similarly-sized fluores-
cein loaded micelles showed that micells penetrate the skin
mainly thought the follicular pathway.

3.3. Dendrimers

The effects of generation number and surface groups
of poly(amidoamine) (PAMAM) dendrimers on aqueous
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Table II. Non-metallic nanoparticles as antifungal agents.
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Nanoparticle type Fungus Drug Nanoparticles features Reference
Nanovesicles Trychophytone AmB 1. Conventional liposomes:soybean [104]
rubrum phosphatidylcholine (soyPC)/cholesterol 7:3 molar
ratio; 580 nm; 63% entrapment efficiency
2. Ethosomes:soyPC/ethanol 300:2 w/w; 220 nm; 84
entrapment efficiency
3. Ultradeformable liposomes:soyPC/sodium
deoxycholate 85:15 w/w; 420 nm; 71% entrapment
efficiency
Experimentally FLZ 350 nm liposomes and niosomes [62]
induced cutaneous
candidiasis
C. albicans ECZ Ethosomes:soy lecithin 3% w/w, ethanol 30% v/v; 200 [105]
nm; —75 mV Z potential; 80% entrapment
efficiency
Polymeric micelles Not tested CLZ, FLZ and ECZ 30 to 40 nm micelles of amphiphilic [106]
methoxy-poly(ethylene glycol)-hexyl substituted
polylactide (MPEG-hexPLA) block copolymers
Dendrimers C. parapsilosis ATCC CLZ Poly(amidoamine) (PAMAM) dendrimers generation [107]
22019 and 2 (G2) and generation 3 (G3) with amine
susceptible and (PAMAM-NH,) or hydroxyl surface groups
drug resistant (PAMAM-OH)
clinical strains of
C. albicans,
C. glabrata,
C. krusei,
C. dubliniensis and
C. tropicalis
Lipid nanoparticles Experimentally FLZ 1. SLN:glyceryl behenate as core and 2:1 ratio of egg [108]
induced cutaneous PC and pluronic F-68 as emulsifiers; 180 nm;
candidiasis 25 mV Z potential; 75% entrapment efficiency
2. NLC:glyceryl behenate and oleic acid as core and
egg PC and pluronic F-68 as emulsifiers; 130 nm;
—29 mV Z potential; 81% entrapment efficiency
Microemulsions C. albicans and skin CLZ 1. Lemon oil/Tween 80/n-butanol/water [109]

fungal infections
(tinea corporis,
tinea circinata and
tinea pedis).

[SS]

. Isopropyl myristate/Tween 80/n-butanol/water

solubility and antifungal activity of CLZ was determined
in 2009 (Table I1).!% Tt was found that PAMAM-NH, den-
drimers improved CLZ solubility in a higher extent than
the other polymers. PAMAM-NH, G3 and G2 exhibited
the highest solubilising potential for CLZ (around 6.7-fold,
from 0.38 to 2.55 pg/ml). Antifungal activity was eval-
uated using broth microdilution method. MIC and MFC
values significantly indicate that PAMAM-NH, dendrimers
increased the antifungal activity of CLZ against all the
Candida cultures. CLZ in solution of PAMAM-NH, G2
was 4-32-fold more potent than pure CLZ, at a dendrimer
concentration of 10 mg/ml, that the authors postulate as
non-toxic.

3.4. Lipid Nanoparticles

Recently, SLN and NLC were developed with the aim of
improving the skin delivery of FLZ (Table II).!® In vitro
skin-permeation and retention studies in hairless rat skin
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showed that the amount of permeated drug was higher for
plain drug solution (41 pg/cm?). The SLN and NLC based
formulations decreased the amount of permeated FLZ to
14 and 12 pg/cm?, respectively. Besides, NLC and SLN
based formulations induced 2.12-fold and 1.73-fold higher
amounts of FLZ accumulation in the skin respectively,
as compared to the plain solution. The lipid nanoparticles
induced a maximal accumulation of FLZ within the stra-
tum corneum, with 16% and 14% drug retention from NLC
and SLN respectively, as compared to 10% from plain
solution. After topical application of the lipid nanopar-
ticles to hairless rats, NLC and SLN induced 1.7-fold
and 1.5-fold higher retention of FLZ within the stratum
corneum as compared to plain solution. On the other
hand, the amount of drug recovered from viable skin fol-
lowed the same order as recorded in stratum corneum;
but its accumulation was significantly low. Antifungal
activity of FLZ loaded in SLN and NLC was carried
out on experimentally induced cutaneous candidiasis on
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immunosuppressed Sprague-Dawley rats infected with
C. albicans. The topical treatments were applied once
daily for 3 consecutive days 24 h after the infection was
induced. The animals treated with both FLZ loaded in
NLC and SLN demonstrated a low fungal burden in skin,
with a colony count significantly less abundant than those
treated with plain solution.

3.5. Microemulsions

Microemulsions have recently been used to improve the
clinical outcome of topical CLZ (Table II).!* 60% of the
CLZ loaded in lemon oil and isopropyl myristate based
microemulsion was released within 8 h. The in vitro perme-
ation studies on mice skin of the CLZ loaded microemul-
sion (formulated as liquid or incorporated into 1% carbopol
gel), showed significantly higher skin retention of CLZ
over the marketed CLZ cream. Moreover, the gel provided
two- to three-fold increased skin retention compared to
their corresponding liquid microemulsion. The isopropyl
myristate based microemulsion was more stable than those
based on lemon oil. In vitro antifungal activity of CLZ
loaded in microemulsion as liquid and gel against C. albi-
cans showed that the mean diameter of the inhibition
zone for microemulsion was significant higher than that
of CLZ cream. Moreover, clinical evaluation proved that
1- and 2-weeks after treatment, 1% CLZ microemulsion
gel showed a significant reduction in the scores of symp-
toms of the evaluated skin fungal infections. The overall
evaluation of the clinical efficacy of microemulsion gel was
good to excellent in 92.31% of the patients. Moreover, the
preparation was well tolerated by all patients with no dis-
continuation of treatment due to any side effects.

4. OCULAR DELIVERY OF NON
METALLIC NANOPARTICLES

Ocular fungal infections may involve the cornea (kerati-
tis), the interior of the eye (endophthalmitis), the retina
(retinitis) or the orbit and may occur following trauma
(including surgery) or upon systemic disseminated infec-
tion. Fungal infections of the retina are among the most
devastating ocular infections.''® Fungal infections with
Candida, Fusarium, Curvularia and Aspergillus can lead
to serious ulceration of the cornea and must be treated
rapidly. The most common among these infections is can-
didal chorioretinitis, usually caused by C. albicans.'!!
Aspergillus species is the second most common fungal
group that infects the choroid and the retina.!'?

In general, common routes of administration for the
anterior-segment of the eye (cornea, conjunctiva, sclera,
anterior uvea) are topical instillation and subconjunctival
injection, whereas for the posterior-segment (retina, vit-
reous, choroid) common routes include systemic dosing,
periocular and intravitreal (IVT) injections, and topical
dosing.'!3

J. Biomater. Tissue Eng. 3, 70-88, 2013

The Intervention of Nanotechnology Against Epithelial Fungal Diseases

Upon systemic administration, the tight junctions of
blood-ocular barrier in the retinal capillary and the
iris/ciliary endothelial cells, keep most drugs out of the
eye.'* On the other hand, IVT administration is able to
maximize the intraocular level of drug in the vitreous
and the retina while avoiding toxicities associated with
systemic treatment.''> However, to reach and to maintain
effective therapy, repeated injections are necessary. Fre-
quent administration of drugs via this route can lead to
endophthalmitis, damage to lens, retinal detachment and
hemorrhage. Moreover, high acute intraocular drug con-
centrations may induce severe local toxicity and increase
intraocular pressure.

Topical route is the preferred route of drug adminis-
tration, primarily for reasons of better patient compliance
and cost affordability. However, topical drug delivery to
the eye is often impaired by removal mechanisms (blink-
ing, tears, and nasolacrymal drainage) and by the relatively
impermeable corneal barriers. The three membranes of the
cornea (epithelium, inner stroma and endothelium) act as
lipophilic selective barrier for small molecules, preventing
the paracellular diffusion of macromolecules and maintain-
ing normal corneal hydration.!!'®!'7 Usually, less than 5%
of topically administered drug penetrates the cornea and
reaches intraocular tissues.!'® The conjunctiva and sclera
are more permeable than the cornea for drugs topically
applied into the eye, but the circulation removes the drugs
before it can be absorbed by inner ocular tissues. Both
trans-conjunctival penetration and trans-nasal absorption
after drainage are generally undesirable, not only because
of the loss of active ingredient but also because of possible
severe systemic side effects.

Topical AmB (0.1-0.3%) is the standard treatment for
ocular infections due to Candida and related fungi while
other polyene macrolide natamycin (5%) is the usual treat-
ment of filamentous fungi such as Fusarium.''" The cur-
rent formulation of AmB eye drops (Fungizone®) contains
deoxycholate, necessary to solubilize the poorly water sol-
uble AmB,'? which renders their instillation painful and
leads to poor compliance and aggravation of symptoms,
especially when direct IVT injection of AmB deoxycholate
is used to treat fungal endophtalmitis. Although doses of
5to 10 wg of IVT AmB are recommended and generally
well tolerated, doses as low as 1.0 ug have caused marked
retinal damage.!?!

In this context, nanoparticles could advantage the con-
ventional ocular dosage forms, by offering increased res-
idence time of drugs on the corneal surface, reduction
in the amount of dose, reduction in systemic toxicity of
drug, increased drug concentrations in the infected tis-
sue and suitability for poorly water-soluble drugs.!'?>!23
Other potential advantages are the possibility of self-
administration by patients as eyedrops; no impairment of
sight because of small dimensions of the delivery sys-
tems; protection against metabolic enzymes (such as pep-
tidases and nucleases); possible uptake by corneal cells;
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Table III. Non-metallic nanoparticles in ocular delivery.
Nanoparticle type Fungus Drug Nanoparticles features Reference
Nanovesicles Not tested AmB Liposomes:egg PC/cholesterol/tocopherol succinate [124, 125]
at 3:5:1 molar ratio
Experimentally AmB Liposomes:PC/phosphatidylglycerol/cholesterol [126]
induced at 4:1:3 molar ratio
C. albicans
endophthalmitis
Not tested AmB 1. AmB lipid complex:dimyristoyl phosphatidylcholine and [129]
dimyristoyl phosphatidyl-glycerol in a molar ratio of
3:10:7; micron sized ribbon-like structure 1-6 um
2. AmBisome:unilamellar liposomes:hydrogenated soy
PC/cholesterol/disteroylphosphatidylglycerol and AmB in a
molar ratio of 2:1:0.8:0.4; < 100 nm
Not tested AmB Extemporaneous lipid emulsion of AmB, prepared by mixing [120]
concentrated alkaline solution of AmB with Intralipid
~20% followed by neutralization and buffered
Not tested KTZ 1. Ultradeformable niosomes:span 60/tween 80; 80:20 w/w; [133]
120 nm
2. non-ultradeformable niosomes:span 60/cholesterol;
80:20; w/w
Polymeric nanoparticles Fusarium solani AmB Eudragit, 130 to 300 nm; 419 to 442 mV zeta potential [143, 144]
C. albicans ECZ Chitosan nanoparticles:sulfobutylether-3-cyclodextrin [148]

(SBE-B-CD) cross linker; 185 nm, +25 mV Z potential;
45% entrapment efficiency; 50% of drug release over 8 h

and possible reduction of the number of instillation or
injection.

4.1. Nanovesicles

Liposomal AmB were formerly employed for IVT
administration. The toxicity upon IVT administration of
liposome-intercalated AmB was compared to AmB deoxy-
cholate in rabbits'** and rhesus monkeys (Table III).'
It was found that liposomes markedly reduce the ocular
toxicity of AmB in terms of vitreal band formation, focal
retinal damage and retinal atrophy or necrosis. Liposomes
also reduce the toxicity of AmB by at least four fold com-
pared to AmB deoxycholate and as much as 30 ug of
AmB may be tolerated by the IVT route in rhesus monkey.

In a further study, a rabbit model was used to com-
pare the safety and efficacy of liposomal AmB with that
of AmB deoxycholate up to 40 wg in experimentally
induced C. albicans endophthalmitis (Table IIT).'?¢ Similar
to the earlier study, it was concluded that reduced toxic-
ity occurred at higher doses of liposomal AmB than AmB
deoxycholate. However, higher doses of the lipid formula-
tion were associated with decreased efficacy.

The first comparative toxicity study of three commer-
cial AmB formulations (AmB deoxycholate, AmB lipid
complex'?’ and AmBisome,'?® Table III) on IVT admin-
istration on rabbits was carried out in 2003.'% Although
cataract formation was observed in the majority of the ani-
mals (75%), this was a result of the injection technique.
From 10 pg for ABCL and 30 ng for AmB deoxycholate
the appearance of vitreal opacities or bands was observed,
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but were absent in AmBisome-treated eyes. All the IVT
administrations caused however, vitreal inflammation and
retinal necrosis or atrophy. Retinal ganglion cell loss was
found to be similar among the various treatment groups
(81%-97%). In general, cell loss was mild to moderate
with severity increasing with increasing doses. In this work
however, the antifungal efficacy of the formulations was
not assessed.

The first topical application of AmB formulations was
reported by 1996. The tolerability of 400 nm extempora-
neous lipid emulsion of AmB (Table III).'*° The results
showed that the tolerance to AmB deoxycholate decreased
with the number of instillations. On the contrary, AmB
emulsion showed a very good tolerance, even after the
fifth instillation on rabbits. The intraocular penetration
of the AmB in the emulsion was not improved in com-
parison with AmB deoxycholate. The average concentra-
tion for the AmB deoxycholate group was indeed higher
than the emulsion group, not significant in the aque-
ous humour (0.49 ug/ml vs. 0.3 wg/ml, respectively)
and slightly significant in the cornea (500 wg/ml vs.
275 wg/ml, respectively). The presence of sodium deoxy-
cholate might explain this difference. This substance,
which is an absorption promoter, caused lesions in the
cornea whose seriousness could increase with the number
of instillations, thus facilitating the passage of the AmB
into the ocular tissues. The AmB concentration both in
the aqueous humour and in the cornea resulted in aver-
age higher than the MIC of fungi (around 0.2 wg/ml);
while the plasmatic concentrations remained lower than
20 ng/ml.

J. Biomater. Tissue Eng. 3, 70-88, 2013



Higa et al.

Simultaneously, the ocular bioavailability of AmBisome
was equal or better than that of AmB deoxycholate in the
cornea of rabbits, but caused lower ocular toxicity.'*° After
the first 15 min, the corneal AmB levels were significantly
higher for animals receiving AmB deoxycholate than those
treated with AmBisome. Later, AmB corneal drug levels
showed no differences and remained stable following the.
Drug levels in the aqueous humor did not differ between
the two AmB preparations and remained below therapeu-
tically effective concentrations.

A problem associated with the commercial formulation
of AmBisome is its low shelf life once reconstituted.
According to the manufacturer’s instructions, AmBisome
can only be kept refrigerated for 1 week after reconsti-
tution. A longer shelf-life at ambient temperature would
be preferable for a preparation made in a hospital phar-
macy and delivered to patients. In this context, a study in
2007,"3! showed that the hydrodynamic diameter remained
constant at 108 &30 nm with a polydispersity index lower
than 0.15, after 6 months at room temperature or at
+2-8 °C. AmB content was maintained between 94 and
107%. AmB and soy PC proportions remained constant,
indicating that the liposomes remained intact and retained
the drug. These results show the feasibility of an oph-
thalmic preparation based on liposomal AmB developed in
hospital pharmacies

Elastic (ultradeformable) liposomes were used to in-
crease the ocular bioavailability of the poorly water
soluble antiviral ganciclovir after topical application.'?
Ganciclovir elastic liposomes (PC/cholesterol/sodium
deoxycholate, 2:1.7:1 w/w, 200 nm), showed a 3.9-fold
higher ex vivo transcorneal permeability than ganciclovir
solution and 1.7-fold higher ocular bioavailability in rab-
bits than that of ganciclovir solution with similar pre-
corneal clearance. The results were attributed to the small
particle size (200 nm) and the elasticity of liposomes.
The authors proposed that ultradeformable liposomes can
enter the corneal structure which is similar to the stratum
corneum.

A similar approach was employed to increase the
corneal permeability of the highly lipophilic ketocona-
zole (KTZ), which posses a short ocular half life (19 min
in aqueous humour and 43 min in cornea) by load-
ing KTZ in ultradeformable niosomes.!** Even though
KTZ lipophilicity may help in its permeation, its large
molecular weight (531.44 Da) impedes its transport across
biological membranes. Further, while its high lipid sol-
ubility can ensure its passage across corneal epithelium,
its further passage through the hydrophilic corneal stroma
is hampered.'3* Moreover, the limiting water solubility
(0.04 mg/ml) makes difficult to present KTZ in a solu-
bilised form on the corneal surface, being a prerequisite for
an ocular formulation. Ultradeformable niosomes (spanlas-
tics) were tested for ex vivo corneal permeability, in vivo
safety and in vivo ocular distribution. It was found that the
corneal permeation of KTZ loaded in ultradeformable and
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non-ultradeformable niosomes were increased above that
of KTZ suspension. The flux and total amount of perme-
ated KTZ from ultradeformable niosomes was significantly
higher than that from niosomes and KTZ aqueous sus-
pension (2.6 wg/min/cm?; 1153 wg) > (2.0 wg/min/cm?;
860 umg) > (1.5 pg/min/cm?; 625 ug) respectively. The
amount of KTZ permeated was highest for ultradeformable
niosomes (23.1%) and lowest for suspension (12.5%). The
non-irritant/corrosive nature of KTZ encapsulated in ultra-
deformable niosomes when applied to dermal tissues and
upon acute or chronic use to ocular tissues was confirmed.
Both empty and KTZ loaded ultradeformable niosomes
did not show any significant toxic effect on cell prolif-
eration of normal human gingival fibroblast cell line and
were non-genotoxic. The in vivo studies of local biodistri-
bution were encouraging. Fluorescent vesicles were found
within the aqueous humor and vitreous 4 h post instillation
in rabbit eyes of 6-carboxyfluorescein loaded in ultrade-
formable niosomes, but not after instillation of carboxyflu-
orescein solution. Moreover, after repeated instillations of
6-carboxyfluorescein loaded in ultradeformable niosomes,
fluorescence was found in both the aqueous and vitreous
samples from 2 h onwards. Cryo-sections of rabbit eye,
2 h post single drop instillation, showed fluorescence and
fluorescent vesicles in different eye tissues including the
retinal layer. These results confirm that spanlastics can be
used to deliver drugs to the posterior segment of the eye,
although the mechanism is unknown.

An interesting study has recently showed that lipo-
somes can target the retina when administered topically
as eye drops.'*> It was shown that liposomes (distearoyl-
phosphatidylcholine-DSPC, 105 nm, —66 mV Z poten-
tial) are able to deliver hydrophobic molecules into the
retina. The fluorescence emission of the hydrophobic dye
coumarin-6, was found in the posterior segment of the
eye after submicron-sized liposomes containing coumarin-
6 were topically administered as eye drops. The magnitude
of fluorescence in the retina was closely related to the par-
ticle size (MLV vs. LUV-6000 nm vs. 105 nm) and rigid-
ity of the liposomes (EggPC vs. DSPC). Submicron-sized
liposomes with rigid structures could be potential carriers
for targeting the posterior segment of the eye. Absorp-
tion of liposomes after topical administration to the sur-
face of the eye seemed to occur mainly via three routes:
the systemic, corneal and non-corneal pathways.'*® Epiflu-
orescence microscopy of the entire eye revealed that the
delivery route of liposomes to the posterior segment of
the eye may not occur via corneal penetration or systemic
delivery caused by nasolachrymal drainage.

4.2. Polymeric Nanoparticles

Polymers used to make nanospheres or nanocapsules
aimed to ocular delivery must be biodegradable and trans-
parent. In general, the active molecules are confined
to polymeric matrices by relatively strong noncovalent
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interactions such as ionic, hydrogen bonding, hydrophobic
or dipole. Upon administration onto the eye, the particles
are maintained at the delivery site and the drug is released
from their matrix through diffusion, chemical reaction,
polymer degradation or ion exchange mechanisms. With-
out bioadhesion, nanoparticles are eliminated from the pre-
corneal site almost as quickly as aqueous solutions, so
cationic polymers are used to make nanoparticles, in order
to maximized interaction with negatively charged cornea.
These nanoparticles would act as depots and it is specu-
lated that would not be absorbed as occurs with liposomes.

Polyalkylcyanoacrylate (PACA) nanospheres and nano-
capsules have been shown to improve and prolong the
corneal penetration of anti-inflammatory hydrophilic and
lipophilic drugs (triamcinolone'*” and dexamethasone!*®).
Despite these positive results, the potential of PACA
nanoparticles is limited because they cause disruption of
the corneal epithelium cell membrane.'?

Eudragit is cationic a copolymer of poly (ethylacrylate,
methyl-methacrylate, and chloro trimethyl-ammonioethyl
methacrylate) containing 8.8-12% for Eudragit RL and
4.5-7.0% for Eudragit RS of quaternary ammonium
groups. Eudragit is insoluble at physiologic pH val-
ues and capable of limited swelling, thus representing a
good material for the dispersion of drugs. Upon topi-
cal administration of Eudragit RL and RS nanoparticles
in rabbits eyes, sustained release and increased absorp-
tion of the incorporated nonsteroidal anti-inflammatory
drugs (ibuprofen and flurbiprofen) were observed.'*’ Fur-
thermore, no signs of inflammation or discomfort were
detected in the rabbits’ eyes, suggesting a local tolerance
of these nanoparticles.'*!" %2 The higher content of quater-
nary ammonium groups of Eudragit RL 100 increases its
water permeability and provides a faster drug release than
Eudragit RS 100.

AmB was loaded in nanoparticles (Np) made of
Eudragit RL 100'¥ and Eudragit RS 100,'* prepared by
a solvent displacement process avoiding the use of toxic
chlorinated organic solvents (Table IIT). PVA, a highly
aqueous soluble surfactant, was needed for physical stabil-
ity of the Np suspension and also for maintaining desired
viscosity. The size of the Np remained within 130 to
300 nm with positive zeta potential even after 6 months.
In vitro release studies in simulated tear fluid (pH 7.4)
revealed that nearly 60% AmB was fastly released from
the two types of Np within 30 minutes. The antimicro-
bial activity against Fusarium solani by paper disk diffu-
sion method showed that the antifungal activity of AmB
loaded in the two types of Np was equal to or slightly
lower than that of free-AmB solution. In vivo eye irrita-
tion study by a modified Draize test showed that, follow-
ing topical instillation of nanoparticles to a rabbit’s eye
there was no irritation. The ocular penetration of AmB
loaded Eudragit Np was not assayed, so the advantages of
these formulations over other AmB formulations can not
be addressed. Moreover as Nps were administered only
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once in the irritation study, toxicity of these Np can not be
discarded.

Other cationic mucoadhesive and biodegradable poly-
mer that has demonstrated excellent ocular compati-
bility!'*> 16 and prolonged contact time with rabbit’s ocular
surface is chitosan.'’ Chitosan nanoparticles can be spon-
taneously formed through ionic gelation using negatively
charged compounds such as the precipitating agent sodium
tripolyphosphate. Chitosan nanoparticles were prepared
using sulfobutylether-B-cyclodextrin (SBE-B-CD) contain-
ing ECZ as polyanionic crosslinker and their potential as
ocular drug delivery systems was studied (Table III).!48
The unique properties of SBE-B-CD (being polyanionic
and a solubilizing agent) makes it a versatile substance,
which can form nanoparticles with chitosan by ionic gela-
tion and in addition solubilize poorly water soluble drugs.
To test their use as ocular drug delivery, sterile 6 mm
diameter filter paper discs were placed under the eyelid of
albino rabbit for 1 min at specific time intervals following
a single instillation of the investigated formulae in the con-
junctival sac of the right eyes of rabbits. The discs were
then placed in C. albicans inoculated tubes and the growth
inhibition of yeast was evaluated by measuring the cul-
tures’ optical density at 600 nm. Results showed that the
ECZ loaded chitosan/SBE-B-CD nanoparticles provided
to the eye surface greater antifungal effect than that of
ECZ solution. The differences in ECZ effect between the
nanoparticles and the solution were significantly higher
at all times assayed with the exception of time 1 h. The
ECZ antifungal effect associated with the application of
nanoparticles increased gradually with time showing a
maximum at 4 h post-administration and decreased grad-
ually afterwards. Since the controls with chitosan and CD
alone are lacking, it is not possible to owe the obtained
effect to the combination of both.

5. CONCLUSIONS

The idea of testing most of the above described nano-
objects as antifungal agents has emerged nearly five years
ago. The inherent structural complexity of each nano-object
makes necessary the inclusion of substantial quantitative
data, since structure of nanoparticles and biological activity
(or function) is highly related. Even though the toxic effects
of nano-objects deserve to be carefully highlighted, it is of
equal importance to avoid toxicological issues that could
spoil the development of potentially benefit nanotechnolo-
gies for human health. A key to solve this challenge is
to increase our knowledge on the interactions between
nano-objects and biological systems. This is required to
build regulatory guidelines for the use of nanomaterials in
consumer products and in health, as repeatedly stressed
for instance by the Scientific Committee on Emerging
and Newly Identified Health Risks (SCENIHR, European
Commission). Vesicles reviewed here for ocular delivery
have shown their relative safety when administered by
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parenteral routes and already entered the clinics against
other pathologies nearly twenty years ago. However, espe-
cially for metallic nanoparticles, only in vitro tests of their
antifungal activity have been reported. Thus, there is still
an important lack of critical information on pre-clinical
efficacy and safety in animal models of fungal infection.
Data on biocompatibility in human beings is even more
scarce, a fact that envisions a difficult pathway to the trans-
lation. Besides, validated methods for large scale produc-
tion are still absent. Although results on antifungal metallic
nanoparticles looks promising, there remain the challenges
of demonstrating that (a) the same mechanisms mediating
oxidative stress and responsible for fungi elimination are
innocuous for human beings, and (b) the absence of eco-
toxicity. Nonetheless, different to other therapeutic strate-
gies employing nanoparticles, the applications reviewed
here, are or should be intended for the topical route. This
is advantageous in terms of avoiding the expectance of
acute infusion related toxicity (such as the complement
activation related pseudo allergy). Given the nature of the
oxidative damage, determining the toxicity after repeated
doses, in longitudinal studies, will be required. Because of
this, the development of antifungal metallic nano-objects
with high therapeutic indices will be of critical importance.
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Encapsulation of active agents in particulate systems has several advantages over other types of
therapeutic formulations, since these systems allow the controlled release of the agent as well as
preventing from being degraded prematurely in the body. Nano and microparticles are particularly
attractive for this purpose, being capable of releasing active agents through different delivery routes,
such as intravenous, subcutaneous, pulmonary, and oral ones. Supercritical fluid technology has
proved to be a viable alternative for their preparation, being able to efficiently promote the nucleation
and growth of particles from polymers and lipids, among other materials, designed specifically for
pharmaceutical applications. Different approaches can be used for the production of particles via
superecritical fluid technology, depending on the choice of vehicle material and also on the physico-
chemical characteristics of the active agent. The supercritical fluid can be used as a solvent, as an
anti-solvent or as a solute, efficiently resulting in particles with high active agent load, narrow size
distribution and through processes involving low amounts of organic solvents. This technology is
gaining strength in the pharmaceutical area and recent advances will be discussed in this work,
focusing more particularly on particles constituted of biocompatible poly(a-hydroxyesters).
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1. GENERAL OVERVIEW

The development of drugs and other bioactive agents such
as nutraceuticals in the form of micro and nanoscale
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While the dimensions of microparticles may be in the
range from 1 to 1000 wm, the size range of nanomateri-
als comprises limits from 0.2 nm (more commonly 1 nm)
to 100 nm in at least one dimension.!”!® However, not
only materials with an external dimension in the nanoscale
may be defined as nanomaterials, but also those having an
internal structure or a surface structure in the nanoscale.!’
In this sense, the term nanomaterial is appropriate to
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describe a solid or porous material whose structure fits the
descriptions above regarding their dimensions, being appli-
cable to films, fibers, tubes, powders, particles, spheres,
capsules and nanostructures such as fullerenes, dendrimers
and quantum dots.'®

Based on the market performance in the last 10 years,
the impact of nanomaterials in many industrial fields and
technologies will surely grow in the near future. The
worldwide production of nanomaterials was estimated to
be more than 230,000 tons in 2011, experiencing a ten-
fold increase from 2002.'° It is predicted,'® in a conser-
vative way, that the production of nanomaterials in 2016
will reach 350,000 tons, with higher market demands in
healthcare, electronics, energy, chemicals, coatings and
catalysts. It is supposed that the market for products
involving nanotechnology as a key element in their pro-
duction could reach the astounding figure of three trillion
dollars by 2020, with penetration in the pharmaceutical
industrial sector estimated around 50%.2°

In the specific case of the development of micro
and nanoparticles aiming at applications in the area of
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controlled release of active agents, benefits related to
size control of free drugs comprise improved stability
and better control on their solubilization rates, and con-
sequently, on their bioavailability. The use of polymeric
dispersants in different drug nanosuspensions, as an exam-
ple, can provide sufficient redispersibility after drug pro-
cessing by vacuum, convection and freeze drying.?! For
drugs incorporated in micro and nanostructures as compos-
ites formed with polymers or other types of compounds,
the advantages, in addition to those pointed out for unin-
corporated drugs, include masking unpleasant taste and
changing both drug pharmacokinetics and biodistribution.
Increases of clearance time and reduction of adverse
effects along with protection from harsh environmental
conditions such as those found, for instance, in the stom-
ach or intestines'®2>2* are further potential advantages of
drug incorporation in particulate drug release systems.
Nanoparticles may have significantly different proper-
ties and behavior from those of their isolated atoms or
of those of microparticles or their bulk counterparts. The
changes in properties may be attributed to the quantum

J. Biomater. Tissue Eng. 3, 89-107, 2013
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effects associated to materials of very small sizes and to
the large surface area to volume ratio.” The increase in
surface area can alter, for instance, the reactivity of the
material, while quantum effects at the nanoscale may affect
the magnetic, thermal, optical and electrical behavior of
the material, as well as their biological properties. Added
to that, functionalization of particle surfaces may broaden
even more their characteristics and application scope.

Nanoparticles, though, are not as stable as micropar-
ticles mostly due to their higher specific surface energy
and Gibbs free energy, requiring, as a consequence,
extra energy to reach proper particle size reduction in
comparison to systems in which microparticles are formed.
The methodologies to obtain nanoparticles are based on
two essentially different approaches, as pointed by Lee
et al.?8 In the first approach, based on thermodynamic prin-
ciples, stabilizers or media with suitable compositions are
used. Examples of processes that exploit this strategy are
emulsion-based methods in which surfactants or polymers
are employed and also spraying processes using super-
critical fluids. In the second approach, which is based on
kinetic aspects, the extra energy input is provided through
jets or electrospraying and medium to high shear extru-
sion processes. Another way to classify the nanoparticles
production techniques is to use the recentely defined terms
top-down and bottom-up strategies. In the first case, pro-
cedures such as etching, milling, crushing, grinding and
attrition of larger material are involved while, in the sec-
ond, the processes involve assembling smaller subunits to
obtain the product with the desired nanoscale properties.?’
In any case, increased efficiency is attained if both strate-
gies are combined.

These and other different methodologies used to pro-
duce polymeric micro and nanoparticles have been pre-
sented and discussed in detail in the literature, as in the
recent work of Lima et al.! Emulsion formation, phase sep-
aration, spray drying, ionic gelation, polyelectrolyte com-
plexation and precipitation in the presence of supercritical
fluids are amongst the most commonly employed. Alter-
native approaches include the use of comminution pro-
cesses, such as micronization and nanoparticle production
of poorly water-soluble drugs through wet milling in the
presence of polymers as stabilizers,?® lithography®-3® and
microfluidic devices.” 313

A variety of materials can be used for the production
of nanoparticles, such as chemically synthesized polymers,
polysaccharides, proteins, metals, metal oxides, oxide and
non-oxide ceramics, silicates and lipids, among others.
Synthetic polymers frequently used in the formulation
of micro and nanoparticle-based drug delivery systems
often belong to the classes of poly(amides), poly(amino-
acids), poly(esters), poly(orthoesters), poly(urethanes) or
poly(acrylamides).! From these, poly(esters), isolated or
combined with other compounds, are by far the most used**
and, among these, the most important are the degrad-
able aliphatic homopolymers poly(glycolic acid) (PGA),
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poly(lactic acid) (PLA) and poly(caprolactone) (PCL),
together with the heteropolymer poly(lactide-co-glycolide)
(PLGA) as recently reviewed by Lima et al.!

For the production of particles specifically from poly(ca-
hydroxyesters), the development of technologies based on
the use of supercritical fluids has played an important role
in the last 25 years. Processes involving the use of car-
bon dioxide are particularly frequent due to many attrac-
tive characteristics of this compound, such as low cost,
high availability, recyclability, non-toxicity, chemical sta-
bility, non-flammability and mild critical point conditions
(pressure of 7.4 MPa bar and temperature of 31.33 °C).
These properties allow the substitution of many prob-
lematic volatile organic solvents in drug processing by
the more environmentally safe CO, and, for these rea-
sons, until 2008, more than 98% of the applications of
supercritical fluid technology for the preparation and con-
trol of the specific physical form of pharmaceutical sub-
stances were developed using carbon dioxide, according to
Pasquali et al.®

A good number of recent comprehensive publications
on traditional methods of obtaining micro and nanoparti-
cles for pharmaceutical and medical use is registered in the
literature, as well as some specifically focusing on super-
critical fluid technologies.'!"3¢ Therefore, the authors
selected to address in this paper strategies for obtain-
ing micro and nanoparticles for application in health care
specifically from poly(a-hydroxyesters) through supercrit-
ical technologies using CO,. The different methodologies
that have been developed lately and their phenomenologi-
cal bases, as well as their main advantages and limitations,
will be discussed in the following sections.

2. SUPERCRITICAL TECHNOLOGY
METHODOLOGIES FOR THE
PRODUCTION OF
POLY(a-HYDROXYESTER)
NANOPARTICLES

Depending on the temperature and pressure to which a
substance is subjected it can be found as a gas, a liquid
and a solid. If a mixture of a liquid and a gas of some
substance is confined in a recipient of constant volume
and if this mixture is heated, the pressure of the system
will increase and the differences of the physical-chemistry
properties of the phases will decrease. This effect contin-
ues until a point where there are no differences between
the properties of the phases and thus the system becomes
uniform. This point is known as critical point and the fluids
that are subjected to temperatures and pressures above of
this point are known as supercritical fluids. Since there is
no distinction between the liquid phase and the gas phase
in this region, there is no surface tension in a supercrit-
ical fluid. The transport parameters of these fluids (low
viscosity and high diffusion coefficients) and the high sol-
vent power (due to the high density as a result of the high
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pressure), gives high mass transfer rates in processes that
involve this type of fluids.

There are many methods using supercritical fluids
reported in the literature to produce micro and nanopar-
ticles from both inorganic and organic materials. The
methods are classified depending on the role that the super-
critical fluid plays in the particle formation processes. The
supercritical fluids can be used either as an anti-solvent,
as a solvent or as a solute, and since there are several
reviews of these methods available in the literature, only
the approaches effectively used for the production of parti-
cles from poly(a-hydroxyesters) will be discussed herein.
Those processes are schematically represented in Figure 1.

2.1. Gas Anti-Solvent (GAS)

The GAS is a batchwise method used to produce parti-
cles from compounds with low solubility in supercritical
fluids. In order to do that, the compound should be dis-
solved in an organic solvent that has high solubility in
the supercritical fluid. The introduction of the supercriti-
cal fluid in a chamber containing the organic solution of
the desired compound will result in the expansion of the
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solution, with a consequent reduction in the solubility of
the compound and its precipitation in the form of particles
after a certain amount of supercritical fluid is incorporated
in the solution. The formed particles can be recovered by
filtering the suspension and the remaining organic solvent
can by removed by rinsing the settled particles with the
supercritical fluid.

In the GAS method the supercritical fluid is used as an
antisolvent. Factors such as the temperature of the precipi-
tation chamber, pressurization rate, the type of the organic
solvent used, the solution concentration and also the type
of supercritical fluid used can have some effect on the
precipitated particle size. In spite of the simplicity of this
method, it has low particle productivity associated with
the batch operation and a low supercritical fluid fraction
observed in the precipitation vessel, resulting in low par-
ticle yields.

Two examples listed in the literature of the use of the
GAS process to produce poly(a-hydroxyester) microparti-
cles are the works of Roy et al.’ and Kang et al.*® In the
first, the production of microcapsules of theophylline
coated with PLA using carbon dioxide or trifluoromethane
as the supercritical fluid was described.*” The use of
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Fig. 1. Schematic representation of the: (A) GAS method, showing the steps (a) adittion of organic solution; (b) expansion of organic solution; (c)
filtration of precipitates; (d) removal of remaining organic solvent; (B) SAS method; (C) RESS method; (D) PGSS method.
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supercritical CO, as an anti-solvent resulted in higher pro-
cess yields and lower mean particle size in the production
of pure theophylline particles, but only trifluoromethane
was able to produce microparticles with mean sizes from
100 to 140 um. Kang et al.*® produced microparticles
containing both bovine serum albumin (BSA) and PLLA,
using supercritical CO, as antisolvent. The particles pro-
duced seemed aggregated, having a mean particle size, as
determined by microscopy, of around 2.5 pum.

2.2. Supercritical Anti-Solvent (SAS)

The SAS method is semi-continuous, being an extension
of the GAS technique, and is the preferentially used strat-
egy to produce poly(a-hydroxyester) particles. In this case,
an organic solvent solution of the compound that will
form the particles is continuously injected into a chamber
filled with the supercritical fluid. The injection is carried
out through a capillary tube, resulting in a solution jet at
the entrance of the precipitation vessel. Depending on the
viscosity and density of both the solution and the super-
critical fluid, the velocity of the jet, and on the diame-
ter and length of the capillary tube, this jet can break up
into four distinct forms,*” namely the Rayleigh, first wind-
induced, second-wind induced and atomization regimes.
In the Rayleigh regime, droplets larger than the internal
capillary diameter are formed. In the first wind-induced
regime, jet break-up occurs distant from the capillary exit,
resulting in droplets with sizes comparable to the diameter
of the capillary. In the second wind-induced regime, on the
other hand, small droplets are produced closer to the capil-
lary exit, while in the atomization regime, the droplets are
formed just after the exit of the capillary tube, being much
smaller than the capillary diameter. The first two regimes
can be observed at relatively low velocities and the last
two, at high velocities.

In order to understand the particle formation in this pro-
cess, jet disruption should be investigated together with
some other phenomena, such as mass transfer and phase
equilibria, as well as the nucleation and crystal growth
mechanism and kinetic behavior.%-6!

The increase of the organic solution flow rate keeping the
supercritical fluid flow rate either constant at a high value
or increasing proportionally with the solution flow rate will
result in a better atomization of the solution into the pre-
cipitation chamber, with a consequent decrease of the mean
diameter of the particles.’® 362 Otherwise, if the solution
flow rate is increased, keeping the supercritical fluid flow
rate at a low value, the fraction of organic solvent in the
precipitation chamber will increase and aggregation of the
formed particles might be observed.’'-®* Recently, Rever-
chon and De Marco® have shown the effect of the phase
inside the precipitation chamber on the size of the formed
particles. Nanoparticles can be obtained if the chamber is
maintained in conditions above the organic solvent and
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antisolvent mixture critical point. On the other hand, if a
liquid phase or a two phase condition (gas and liquid) is
maintained in the precipitation vessel, a mixture of nano
and micro particles is obtained. Finally, if a gaseous mix-
ture is observed in the chamber, it can result in expanded
microparticle formation (particles with a void core). These
different phases can be attained by the proper selection
of pressure, temperature and both supercritical fluid and
organic solution flow rates.

When the pressure in the precipitation vessel is in-
creased, the solubility of the organic solvent in the
supercritical fluid increases, while its diffusion coefficient
decreases and the medium viscosity increases. So, the
overall effect of increasing the pressure in the chamber
depends on the balance of these factors or on the phase
of the mixture inside the precipitation chamber. Some
authors*!-3462.65.66 ghserved that an increase in the cham-
ber pressure results in particle diameter decrease, while
others®- 6! observed the opposite.

The organic solution concentration also has some effect
on the mean diameter of particles produced by SAS. Higher
supersaturation levels can be obtained at low contact times
between the solution and the supercritical fluid for high
solution concentrations, but nanoparticles are observed to
be formed using low organic solution concentrations.’®
This fact can be related to the higher condensation rates
observed for higher solution concentrations®* %% and an
increase in the size of particles obtained by SAS is
observed by increasing the organic solution concentration.
Rossmann et al.®> observed that the increase of the solu-
tion concentration had a distinct effect on the particle
size, depending on the material that was being processed,
increasing it for yttrium acetate and decreasing it for parac-
etamol. One reason for this difference can be the solvent
used to produce the particles. For the first system, DMSO
was used and, in the second, ethanol was the selected
organic solvent.

Temperature can have an opposite effect on the particle
size if compared with pressure. In general, increasing the
system temperature leads to increases in particle diameter
due to lower efficiency of solvent removal > %

A decrease in the capillary inner diameter generally
results in a decrease in particle diameter, mainly due to
the increase in the jet velocity at the entrance of the pre-
cipitation chamber and also to the decrease in jet width.”

Small variations of the SAS method can receive different
denominations. In the precipitation with compressed anti-
solvent (PCA) technique, the antisolvent is used in subcriti-
cal instead of supercritical condition. In the aerosol solvent
extraction system (ASES) process, the solution is injected
into the precipitation chamber using a nozzle and not
through a capillary. At high solvent flow rates there is no
difference between the performance of the ASES and SAS
processes. In the Solution Enhanced Dispersion of Super-
critical Fluids (SEDS) method, the solution enters in con-
tact with the supercritical fluid inside a specially designed
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coaxial nozzle. This mixture can improve the atomization
characteristics of the system and produce smaller particles.

Another specific case of the SAS process is the pro-
duction of particles from the injection of a microemul-
sion inside the precipitation chamber. This method is
known as Supercritical Fluid Extraction of Emulsion
(SFEE), and was used by different groups to produce
magnetic nanoparticles,®’ nanoparticles for gene delivery,®
and nanoparticles for lysozyme® or ketoprofen’ delivery
using PLGA as polymer and PVA as surfactant.

2.3. Rapid Expansion of Supercritical
Solution (RESS)

RESS was the first supercritical technology used to
produce micro and nano particles.”’ In this method, it is
necessary to solubilize the target solid compound in a
supercritical fluid in an extraction vessel and to perform
a controlled depressurization of the solution in a precipi-
tation chamber. This methodology has limited application
for the production of particles from poly(a-hydroxyesters)
polymers due to their low solubility in the normally used
supercritical fluids.

In order to increase the poly(a-hydroxyester) polymer
solubility in the supercritical fluid, organic solvents such
as dichloromethane, ethanol and tetrahydrofuran can be
used.”>76

The size of the particles formed through the RESS pro-
cesses will depend on the pre-expansion pressure, solution
flow rate and temperature, dissolution time, nozzle inside
diameter and polymer molar mass polydispersity. The main
parameter for RESS is the pre-expansion pressure, since
the supersaturation in the precipitation chamber will occur
due to the difference in solubility of the compound at high
pressure in the extraction column and at low pressure of the
precipitation vessel. Thus, high pre-expansion pressure can
result in particles with small diameters. Since the expansion
process is fast, high supersaturation levels are observed and
small particles can be obtained.

When the depressurization is carried out in a vessel
filled with a liquid solvent, this method is denominated as
RESOLYV (rapid expansion of a supercritical solution into a
liquid solvent). For poly(a-hydroxyester) polymers, aque-
ous solutions containing stabilizing agents such as NaCl,
polymers or surfactants can be used as a particle receptor
solvent. These stabilizer agents may reduce the aggrega-
tion tendency of the particles, resulting in products with
low sizes. With this technique, nanoparticles of PLA can
be successfully produced.”” "8

2.4. Particles from Gas Saturated

Solutions (PGSS)

In PGSS, the supercritical fluid is solubilized in the poly-
mer (the opposite occurs in the RESS process). Since the
supercritical fluid is absorbed by the polymer, it will act
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as a plasticizer and the mixture will behave as a polymer
melt. The mixture then flows through a capillary tube and
is expanded in a precipitation chamber, where the particles
are formed.

The main advantage of this method is the absence of
organic solvent to produce the particles, and other advan-
tages are the use of mild to moderate pressures, suitabil-
ity for highly viscous substances, and adequacy to large
scale process.’® However, since the polymer/supercritical
fluid solution has a relatively high viscosity and also
high polymer concentration, the particles formed by this
method are larger than those obtained using the other
supercritical methodologies mentioned, but with narrower
size distribution.*®

The operational parameters that have influence on the
particle diameter are the pre-expansion pressure and tem-
perature, the polymer to supercritical fluid mass ratio in
the pre-expansion chamber and the nozzle inner diameter.

In the next section some more specific details of the use
of poly(a-hydroxyester) polymers to obtain particles using
supercritical technologies will be presented.

3. CHARACTERISTICS OF THE MAIN
POLY(a-HYDROXYESTERS) USED IN
THE PRODUCTION OF MICRO
AND NANOPARTICLES

Particulate systems containing active agents can be
obtained from different types of biodegradable poly(a-
hydroxyesters). Many advantages arise from the use
of such synthetic polymers, such as their homogeneity
in molar mass, their biodegradability, bioresorbability,
and biocompatibility, and the prospects of introducing
reactive groups in their structure or obtaining polymer
blends, which makes possible better tuning of many
of their properties.”” Emphasis will be given herein
to three types of polymers, namely PLA, PLGA and
PCL, frequently used for the production of particles for
drug delivery applications through supercritical fluid-based
technologies.

A set of relevant studies performed with these poly-
mers is summarized in Table I. The production of particles
of pure polymer, of polymer mixtures and also of parti-
cles incorporating a variety of active agents is described.
It can be observed that the supercritical technology is
very versatile and is capable of producing particles with
a vast variety of sizes. In spite of that, the majority of
the poly(a-hydroxyester) particles formed using supercrit-
ical technologies have size ranges rather in the micrometer
scale than in the nanometer range, as shown at Figure 2.
The SAS method is the most used approach, and the
organic solvent most frequently used to solubilize the poly-
mers or to increase polyester solubility in the supercritical
fluid is dichloromethane, DCM. Particles of the nanoscale
size range can be obtained using RESS, RESOLV and
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Table 1.

Advances in the Use of Supercritical Fluids for the Production of Poly(a-hydroxyester) Particles

Characteristics of microparticulate systems produced by supercritical fluid technology incorporating active agents or not.

Matrix

composition method

Production

Solvent

Operational
conditions

Active
agent

Loading
efficiency

Diameter

Reference

PLA PCA

SAS

SAS

ASES

SAS

PCA

RESS

SAS

SAS

RESS

SAS

SAS

SEDS

SEDS

RESOLV

DCM

DCM

DCM

DCM, methanol

DCM

DCM

ethanol

DCM

DCM

Tetrahydrofuran

DCM

DCM

DCM

DCM/ethanol

NP

Pressure: 10.1 MPa,
Temperature: 36 °C
Mass flow rate of the
CO,: 10-15 mL/min
Pressure: 8-10 MPa,
Temperature: 308 k
Mass flow rate of the
CO,: 40 g/h
Pressure: 8—17 MPa,
Temperature: 304-333 K
Mass flow rate of the
CO,: 11-14 g/min
Pressure: 7.6 MPa,
Temperature: 298 K
Mass flow rate of the
CO,: 1-2 mL/min
Pressure: 10-14.5 MPa,
Temperature: 308 K
Mass flow rate of the
CO,: 40 g/h
Pressure: 6-12 MPa,
Temperature: 293-308 K
Mass flow rate of the
CO,: 180 g/min
Pressure: 10-20 MPa
Temperature: 313 K
Mass flow rate of the
CO,: NA
Pressure: 8.38-9.43 MPa
Temperature: 313-323 K
Mass flow rate of the
CO,: NA,
Pressure: 6.5-16 MPa,
Temperature: 309-333 K
Mass flow rate of the
CO,: 67 mL/min
Pressure: 34.6 MPa,
Temperature: 305-366 K
Mass flow rate of the
CO,: NA
Pressure: 6.5 9 MPa,
Temperature: 308-318 K
Mass flow rate of the
CO,: 2.1-4.8 kg/h
Pressure: 13.8, 17.2 and
20.7 MPa,
Temperature: 306, 313
and 323 K
Mass flow rate of the
CO,:1.5 g/min
Pressure: 12 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 16 NL/h
Pressure: 12 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 25 NL/h
Pressure: 34 MPa,
Temperature: 373 K
Mass flow rate of the
CO,: NA

NP

Diuron

NP

Parahydroxy-
benzoic acid
and lysozyme

Herbicide

NP

NP

NP

Theophylline

NP

Lutein

Rifampicin

Fe;O,

Puerarin

Retinyl palmitate

NP

NP

NP

5.7-9.2%"

NA

NP

NP

NP

NA

NP

NP

33.4-91.73%"

NA

NP

0.9-6.2 wt%"

0.4-1.6 um

4-14 pum

1.2-2 pm

1-5 um

0.1-50 wm

2-5 pm

0.2-5.5 um

5-95 um

30-100 nm

5 pm

803 nm

675 nm

30-160 nm

Sarkari et al.®

Taki et al.’!

Rantakyla

et al.¥?

Tu et al.®

Boutin et al %

Diego et al.%

Matsuyama

et al.”

Obrzut et al.®

Roy et al.¥’

Sane and
Thies™

Miguel et al.®?

Patomchaiviwat
et al.¥’

Chen et al.®®

Chen et al.¥

Sane and
Limtrakul”
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Table I. Continued.

Sacchetin et al.

Matrix
composition

Production
method

Solvent

Operational
conditions

Active
agent

Loading
efficiency

Diameter Reference

SEDS

RESS

PGSS

SEDS

PLGA SAS

SAS

RESS

NP

SFEE

PCL PGSS

SAS

PLA/PLGA SEDS

SEDS

PGSS

DCM

DCM/methanol

NP

DCM/ethanol

Acetone

DCM

Ethanol

Ethyl acetate

Ethyl acetate

NP

DCM

DCM

DCM

NP

Pressure: 10.13 MPa,
Temperature: 273 K
Mass flow rate of the
CO,: 45 mL/min
Pressure: 38 MPa,
Temperature: 333 K
Mass flow rate of the
CO,: NA
Pressure: 7.5 MPa,
Temperature: 305 K
Mass flow rate of the
CO,: NA
Pressure: 12 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 300 mL/min
Pressure: 8.96 and
11.03 MPa,
Temperature: 306, 311
and 315 K
Mass flow rate of the
CO,: 0.8, 1.8 and
2.8 mL/min
Pressure: 8.96 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 1.5 L/min
Pressure: 25 MPa,
Temperature: 313 and
423 k
Mass flow rate of the
CO,: NA
Pressure: 8 MPa,
Temperature: 318 K
Mass flow rate of the
CO,: 0.4 mL/h
Pressure: 8 MPa,
Temperature: 311 K
Mass flow rate of the
CO,: 0.3 kg/h
Pressure: 6-11 and
15 MPa,
Temperature: 323 and
343 K
Mass flow rate of the
CO,: NA
Pressure: 30 MPa,
Temperature: 313 K
Mass flow rate of the
CO,: 20 g/min

Pressure: 12 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 18 L/h
Pressure: 12 MPa,
Temperature: 306 K
Mass flow rate of the
CO,: 300 mL/min
Pressure: 7.6 MPa,
Temperature: 305 K
Mass flow rate of the
CO,: NA

Carotene

NP

Tetanus toxoid

Morphine

NP

Hydrocortisone

SiO, and TiO,

pDNA

NP

B-carotene

Rosmarinus officinalis

Indomethacin

Paclitaxel

hGH

NA

NP

78.1%NA

4.73%"

NP

5.4-25.2%"*

NP

2-20%°

NP

340 ppm*

62.2-82.8%"

2.8%"

14.71-16.33%"

5.5-6.4%"

30 wm He et al.”

270-730 nm

Ul-haq et al.”®

Baxendale
et al.”!

22.8 um

2.45um Zhang et al.”

4.6-24.8 um Wang et al.”

30 wm Wang et al.™*

10 to 100 nm Kongsombut
et al.™*

149-322 nm  Mayo et al.%®

1-3.5 um  Porta et al.”®

270-650 um Paz et al.*

255-618 nm  Yesil-Celiktas
and Cetin-
Uyanikgil”’

1.7-2.4 um  Kang et al.”®

1.4-8.6 um

Kang et al.”

56 to 104 um Jordan et al.'”®
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Table I. Continued.
Matrix Production Operational Active Loading
composition method Solvent conditions agent efficiency Diameter Reference
PLA and PHB ASES DCM Pressure: 15 MPa, NP NP 3.6-162 um Breitenbach
Temperature: 309 K et al.'"!
Mass flow rate of the
CO,: 5 mL/min
PLA/PEG GAS DCM Pressure: 10-15 MPa, Insulin 84.6%" 360-720 nm Caliceti
Temperature: et al.!?
278-303 K
Mass flow rate of
the CO,: 900—
1800 NL/h
PLA and PMMA RESOLV Ethanol Pressure: 20 MPa NP NP 100 nm Meziani
Temperature: 353 K et al.”®
Mass flow rate of the
CO,: NA
PMMA/PCL NP DCM Pressure: 11 MPa, Cholesterol 30%N 0.25-15 um Vega-
Temperature: 315 K Gonzilez
Mass flow rate et al.!'®
of the CO,:
6.6-102 mL/min
PMMA/PCL SAS DCM Pressure: 11 MPa, NP NP >1-3 um Vega-
Temperature: 313 K Gonzilez
Mass flow rate of the et al.'™
CO,: 100 mL/min
PLGA, PLA, and PCL  SEDS DCM, Pressure: 13 and Hydrocortisone 22%° 5.6-83 um Ghaderi
acetone, 16 MPa, et al.'®
ethyl Temperature: 308 or
acetate, 313 K
hexane and Mass flow rate of the
isopropanol CO,: 21 mL/min
PLA/PEG/PLA SEDS DCM Pressure: 12 MPa, Paclitaxel 5.1-7.1%" 712-4800 nm  Ouyang
Temperature: 306 K et al.!®
Mass flow rate of the
CO,: NA
PLA/PEG/PLA RESS DCM Pressure: 12 MPa, NP NP 2.2 pm Chen et al.”
Temperature: 306 K
Mass flow rate of the
CO,: NA
PLGA/Chitosan/mPEG PGSS NP Pressure: 7.5 MPa, NP NP 45.3-97.1 um Casettari
Temperature: 305 K et al.'”’

Mass flow rate of the
CO,: NA

Notes: PLA: Poly lactic acid; PLGA: Poly (lactic-co-glycolic acid); PCL: Polycaprolactone; PHB: poly(b-hydroxy-butyric acid); PEG: Poly(ethylene glycol); PMMA:
polymethylmethacrylate; mPEG: methoxy polyethylene glycol; SAS: supercritical antisolvent process; ASES: aerosol solvent extraction system process; PCA: Precipitation
using a compressed antisolvent; RESS: Rapid expansion of supercritical solutions; SEDS: solution-enhanced dispersion by supercritical fluids; RESOLV: rapid expansion of
supercritical solutions into liquid solvents; PGSS: particle from gas-saturated-solutions; SFEE: supercritical emulsion extraction; NP: not performed; NA: not available; DCM:
dichloromethane; NL/h: standard liters per hour. Definition of active agent loading efficiencies: (a) % drug loading efficiency = (measured drug loading/theoretical drug
loading) x 100%; (b) % drug loading efficiency (wt) = (mass of drug encapsulated/total mass of particles) x 100; (c) % drug loading efficiency = amount of drug removed
from the supernatant — total amount of drug initially sprayed in the emulsion formulation; (d) Particles dissolved in DCM and analysed by UV/VIS spectrophotometer;
(e) % drug loading efficiency = (entrapped drug per batch of microparticles/initially added drug per batch of microparticles) x 100; (f) % drug loading efficiency = (weight
of drug encapsulated in the microspheres/weight of drug-loaded microspheress) x 100.

SFEE techniques when proper operating conditions are

selected. Larger particles can be manufactured using the

PGSS method. Active agent loading efficiencies varying
from 2 to 92% are described, depending on both the
supercritical technology and the operational conditions

utilized.

J. Biomater. Tissue Eng. 3, 89-107, 2013

3.1. Poly(lactic Acid)

The first polymers obtained from lactic acid were pro-
duced in 1932, being further developed by the Dupont and

Ethicon companies. The development of these materials

was restricted to the medical field for a long time due to
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Fig. 2. Scanning electronic microscopy images of typical particles obtained by SAS with: (A) PLA; (B) PLA/PCL; (C) PLA/PLGA, and their
respective size distribution analyzed by laser diffraction technique.

prohibitive production costs, and only at the end of the for the fabrication of biomaterials. Its raw material, lac-
80’s were products applicable to other fields obtained.'* tic acid (or lactide), can be obtained by fermentation

Among the absorbable polymers, poly(lactic acid) has of renewable and degradable resources such as corn and
been considered as one of the most promising compounds rice. PLA may then be chemically synthesized by the
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condensation polymerization of the isomers L- and D-
lactide (or lactic acid) or by the ring-opening polymer-
ization of lactide.'” Also according to Pan and Inoue,'®
polymerization of the optically pure monomers leads to
the formation of poly(L-lactide), PLLA or poly(D-lactide),
PDLA, while the polymerization of the racemic lactide
mixture results in the formation of amorphous poly(D, L-
lactide) PDLLA. The chirality of the lactic acid units
allows the production of polymers with distinguishable
degradation rates having different physical and mechan-
ical properties just by adjusting the polymeric material
manufacturing conditions.''® Both PLLA and PDLA are
stereoregular semicrystalline polymers, with a melting
temperature (7,,) between 173-178 °C, a glass transi-
tion temperature (7,) of approximately 60 °C'® and crys-
tallinity varying from 37 to 72%.''° PDLLA, on the other
hand, is amorphous, especially due to the random distribu-
tion of L and D-lactic acid units,!'° which provides a faster
degradation rate in comparison to the stereoregular coun-
terparts. For this reason, when fast active agent release is
desired, it is the preferential candidate for developing drug
delivery vehicles.!®

A wide variety of physical properties of PLA-based
materials may be handled for stereoregularity by changing
the proportion of D and L-lactic acid units in the polymer
chain. PLA stereocomplexation has been used to improve
the structure, thermal stability, degradation and mechanical
properties of PLA materials.!!!

Some of the most relevant physicochemical characteris-
tics of PLA have been discussed by Sodergard and Stolt.!!?
The solubility of PLA-based polymers is highly depen-
dent on their molar mass, degree of crystallinity and other
co-monomer units present in the polymer chain. Enan-
tiomerically pure PLA is more easily solubilized in chrori-
nated and fluorinated organic solvents, dioxane, dioxolane,
furane, and insoluble in water, alcohols and unsubstituted
hydrocarbons.

Regarding miscibility with other macromolecules, PLA
may form heterogeneous and homogeneous blends with
other polymers, a very important feature, since it allows
changing characteristics such as the degradation rate, per-
meability and drug release profiles, in addition to ther-
mal and mechanical properties.'’> These blends may be
tuned to produce soft and elastic materials as well as very
hard materials with high mechanical strength. In cases
where high mechanical resistance is desired, the semicrys-
talline PLA is preferable to the mainly amorphous PLA.
The polymer molar mass, as well as its degree of crys-
tallinity also play important roles in defining the mechani-
cal properties of the material. The tensile strength of PLLA
increases by a factor of two when the average molar mass
is increased from 50 to 100 KDa.!!?

PLA thermal stability is, in general, quite limited,
especially at high temperatures. Gupta and Deshmukh!'*
suggest that the thermal degradation kinetics of PLA may
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be considered of first order, involving primarily thermo-
hydrolysis and thermoxidative and transesterification reac-
tions. The temperature is also responsible for controlling
the hydrolysis process, since at higher temperatures the
rate of hydrolysis is increased, also resulting in greater
flexibility of the polymer chains, particularly when the
process occurs at temperatures above the glass transi-
tion temperature.''> The hydrolysis of the polymer chains,
which leads to molecular fragmentation, is affected by sev-
eral factors, such as the PLA chemical structure, average
molar mass and molar mass distribution, purity, morphol-
ogy, sample shape, size and the conditions employed dur-
ing the hydrolysis process.''®

In aqueous solutions, PLA hydrolysis occurs in two
stages,'!® beginning with water diffusion into the amor-
phous regions, which are then degraded. Afterwards, the
crystalline domains are attacked, from the edge toward the
center. For this reason, PDLLA copolymers are generally
less resistant to hydrolytic degradation than PLLA/PDLA
blends, since the faster hydrolysis rate for the copolymer
is explained by the lower degree of crystallinity and
stereocomplexation.'!”

In the stage of hydrolytic degradation of the crystalline
regions, the increase in the rate of weight loss results in
complete absorption of the polymer''® as a consequence
of the autocatalytic effect activated by the increase in the
amount of carboxyl groups.

Due to the characteristics described above, PLA has
received great attention in the development of micro- and
nanoparticles for the controlled release of drugs. Its use is
primarily centered in the intravenous administration route,
since this material has high stability and can act as an
efficient drug depot for slow release for long periods.

Several  processes of  production of PLA-
based devices using spraying in  supercritical
fluids have been proposed and investigated in
detail 47> 62.72-73,75-78, 81,82, 84, 86-89, 98,99, 106, 119

Rantakyla et al.®? have tested the formation of particles
from PLLA solutions in dichloromethane, observing that
the smallest particles (4 wm) were obtained at 304 K and
8.0 MPa by using CO, as supercritical fluid in the SAS
process. Increasing the temperature from 308 to 323 K and
the pressure from 10 to 14 MPa resulted in larger particles,
and massive particle agglomeration was noticed at 333 K
and 17 MPa. The temperature, pressure, CO, velocity and
density, nozzle diameter, interfacial tension between liquid
and CO,, and Reynolds and Weber numbers had a small
effect on droplet formation. As the droplet and particle
formation regime did not explain the observed changes of
particle sizes, it was suggested that the size of the ini-
tial droplets formed at the nozzle did not affect the final
particle size.

A high-resolution imaging system was used by Obrzut
et al.¥ to study the influence of the nozzle outlet distance
on PLA particle formation from methylene chloride solu-
tions by SAS. The camera and lens were positioned at
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a selected axial distance from the nozzle and the parti-
cle mean size was evaluated at a fixed density of 0.33 £
0.02 g/cm?® at different pressure and temperature combi-
nations and also using a fixed temperature (323 K) with
selected pressure and density combinations. Two distinct
regimes of jet break up were observed, depending on
the process conditions. As the break up length decreased,
a transition in the jet break up regime from atomization
to a gas-like plume was noted. A reduction in the jet
break up length occurred both due to increases in pressure
and temperature at fixed density experiments and at higher
pressures and densities used in fixed temperatures experi-
ments. PLA particle size distributions are very similar at
all conditions, except at the lowest CO, density (84 bar
and 0.24 g/cm?), the only condition predicted to be sub-
critical at equilibrium. The larger particles obtained at this
condition were a result of the effect of the thermophysical
properties on the spray characteristics, mass transfer, and
nucleation.

SAS processes have been used not only to study the
particle process formation itself but also to incorporate
several drugs in PLA-based systems. Taki et al.®! have
evaluated a co-precipitation approach using a supercritical
antisolvent technique for the development of a controlled
delivery system for the herbicide diuron in amorphous
PLLA microparticles. The initial concentrations of diuron
and PLLA in dichloromethane, equal to, respectively,
3 and 0.1% in weight, had an influence upon morphology
and shape of the spherical particles formed. The increase
of solution viscosity due to higher polymer concentra-
tions lead to a stabilizing effect on the jet, yielding big-
ger droplets. High polymer concentrations may reduce
the atomization forces so that they are not sufficient to
break the jet into droplets, thus allowing faster precipita-
tion rather than droplet formation. The authors also noted
that the PLA particle growth rates were 10000 times higher
than the growth rates of diuron particles in aqueous solu-
tion despite the very short precipitation time during the
SAS process. Boutin et al.®* also studied the precipita-
tion of diuron, but using PLLA as a coating matrix. Dif-
ferent organic solvents were tested (dichoromethane and
tetrahydrofuran) and the experiments performed showed
that increasing the pressure from 10 to 14.5 MPa at 308 K
results in an increase in the CO, density, which in turn
induces a better dispersion of the organic solution in CO,
and, hence, a decrease in droplet size. As a consequence,
super-saturation within the liquid phase is reached more
rapidly, thus preventing diuron crystal growth and result-
ing in the formation of particles composed of herbicide
embedded in the polymer matrix at high concentrations.
Changes in the capillary diameter also have shown effects
on particle size and morphology, since the mean diameter
of the particles and the particle size distribution increases
with the capillary diameter. However, convergent effects
on droplet size will depend on both the capillary diame-
ter and the liquid velocity, since the formation of bigger
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droplets is a result of a smaller specific surface area and
of a slower mass transfer through the interface.3*

A SAS process was also used to produce theophylline
particles as pure crystals or as a solid formulation in
a composite with PLA.*’ In this case, CO, and trifluo-
romethane were used as antisolvents on the process and
both led to theophylline precipitation, with hexagonal and
triangular shapes, respectively. For those cases in which
PLA was used as a coating for theophylline, the pre-
dominat macroscopic aspect was powder, independent of
the antisolvent used. Despite the differences in shape, the
dissolution kinetics of theophylline were similar for both
cases. The drug was completely dissolved in less than one
hour, also independent of the antisolvent used. When PLA
was used to coat theophylline using CO, as antisolvent,
it was noted that the polymer did not interfere with the
precipitation behavior of the drug, allowing sustained drug
release (for over 14 hours). Similar results were obtained
when the antisolvent employed was CHF;, suggesting that
the drug release was controlled by diffusion.

Miguel et al.%? used ethyl acetate as solvent in a pro-
cess used for precipitation of lutein and co-precipitation
of lutein/PLA. The authors observed the occurrence of
changes in lutein particle morphology from agglomerated
microparticles to polygonal crystals when the CO,/solution
flow ratio was increased or the initial concentration of
the lutein solution was decreased. The co-precipitation
of lutein with PLA resulted in reduction of the particle
size with changes in the polymer/drug ratio from 34.3 to
68.6 wt%, leading to particles with mean sizes from 1 to
5 pum. The production by SAS of L-PLA particles having
similar mean diameters (around 5 wm) and loaded with
rifampicin was also reported by Patomchaiviwat et al.®’
Althought the loading efficiency of the antibiotic was not
high, the microparticles could be successfully used for
dry powder inhalation applications due their suitable size.
Decreasing the polymer content and also the operating
temperature made the particles more irregular and agglom-
erated, since smaller particle sizes smaller seems to be
associated with increasing the polymer/solute concentra-
tion ratio.

The SEDS process may be also used to produce PLA
particles, as shown by Chen et al.*® Fe,O,-PLLA magnetic
particles were successfully prepared, using indomethacin
as a drug model in this study. The particles produced
had a mean size of 803 nm, with a core—shell struc-
ture. The addition of the drug increased the mean size
to 901 nm. The particles proved to be biocompatible and
not cytotoxic, thus allowing for biomedical applications.
In another study, Chen et al.® reported the production of
micronized particles of puerarin (an isoflavonoid) as well
as of PLA particles containing this drug. The micronized
puerarin nanoparticles were suspended in a highly satu-
rated PLLA-DCM solution by ultrasonic dispersion and
then were incorporated in the polymer by the SAS method.
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The use of ethanol as an organic non-solvent for puerarin
micronization allowed obtaining a homogeneous solution
with a higher saturation ratio and a lower concentration.
This approach led to the formation of particles with a nar-
row size distribution, with a mean size of 188 nm. In this
case, supercritical CO, was used both as an anti-solvent,
due to its chemical properties, and as a spray enhancer,
due to its mechanical effects. Particles of PLA containing
puerarin were much bigger in diameter (675 nm).

Similarly, Zhang et al.””> proposed a modification of
the SEDS process to produce PLLA particles containing
morphine, consisting of the use of an organic solution
(ethanol), which was miscible with water and soluble in
supercritical CO,. The use of this modification lead to
the formation of hydrogen bonds and/or similar interac-
tions between the solvents, promoting the mutual miscibil-
ity between the water and the supercritical CO,. Particles
with mean diameter of 2.45 um were then obtained, with
a morphine loading of approximately 4.73%. This study
suggests that the modified SEDS method may be used to
obtain particles incorporating water-soluble drugs for sus-
tained release applications.

Particles containing drugs formed from blends of PLA
and other polymers were also studied using the SEDS pro-
cess. Chemically bonded triblock copolymers with various
PEG contents and PLA homopolymer were used to incor-
porate paclitaxel in PLA and PLA-PEG-PLA particles.”®
The addition of PEG allowed producing particles with high
hydrophilicity and the content of this particular polymer
in the range from 5 to 50% (w/w) affected the shape of
particles, which exhibited sphere-like shapes and smooth
surfaces. PLA-PEG-PLA microparticles exhibit morphol-
ogy similar to that of PLA microparticles when the PEG
content is relatively low, while larger particle sizes, irreg-
ular shapes and more intense aggregation are observed
when the PEG content exceeds 15% in weight. According
to the authors, CO, acted as a plasticizer in the process,
inhibiting the particle formation process at higher PEG
contents. The sizes of the drug-loaded particles obtained
(712 to 2670 nm) were comparable to those of placebo
PLA microparticles with the same PEG content (from 825
to 2670 nm). The drug load (5.1 to 7.1%) and encap-
sulation efficiency (25.5 to 35.5%) of the microparticles
produced decreased with the increase of PEG content in
the copolymer matrix. This approach can then be used
to produce particles containing drugs for applications in
which prolonged circulation times in the bloodstream are
required.

PLA particles have been produced by modification of the
traditional RESS by expanding the supercritical solution
into a liquid instead of into a gas phase, a method known
as RESOLV.” In the presence of a water-soluble polymer
or surfactant, aqueous suspensions of well-dispersed poly-
meric particles could remain stable for an extended period
of time to potentially allow further processing. The use
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of three stabilizing agents in the RESS process was stud-
ied by Sane and Limtrakul”’ to form PLLA nanoparticles
loaded with retinyl palmitate (RP), a light-sensitive com-
pound associated with adverse effects at high doses. PLA
was used to coat the active agent and the particles pro-
duced had an average size range of 40—110 nm. As a result
of polymer and retinyl palmitate insolubility in water,
it is usual to observe a severe agglomeration tendency of
PLLA/RP particles in pure water owing to their hydropho-
bic nature. In this paper, the use of the nonionic, polymeric
surfactants Pluronic F127 and Pluronic F68, and also of
the anionic surfactant sodium dodecyl sulfate (SDS) to
stabilize the PLLA/RP particle dispersion was tested to
overcome the agglomeration tendency. Pluronic F127 was
considered the most effective stabilizer for dispersing the
PLLA/retinyl palmitate particles, while Pluronic F68 and
SDS were less effective.

Finally, it is also possible to produce PLA particles at
room temperature through the solvent-free method PGSS.
Through this specific process, supercritical carbon diox-
ide dissolves into the polymer, lowering the glass transi-
tion temperature and plasticizing it. Single shot vaccines
of tetanus toxoid (TT) can be manufactured using this
technique.®! In vivo tests have shown that the formulations
employed were similar to multiple injections of a commer-
cially available alum-adsorbed tetanus toxoid. This study
shows the potential of this technique to reduce the need
for booster doses in a vaccine administration regimen.

3.2. Poly(lactide-co-glycolide)

Another compound which has been extensively studied
is poly(lactide-co-glycolide), PLGA, a copolymer formed
from one or more than three different monomers of
hydroxyacids, D-lactic, L-lactic and/or glycolic acids.!*®
PLGA is one of the most popular synthetic polymers
used for the development of controlled release devices for
humans due to its biodegradability and biocompatibility.'?!
According to Panyam and Labhasetwar,'”> PLGA under-
goes hydrolysis upon implantation into the body, forming
biologically compatible and metabolizable moieties that
are eventually removed from the body through the citric
acid cycle. PLGA has an amorphous structure, because
the constituents poly(acid lactic) and poly(glycolic acid)
are not naturally able to pack tightly into one another.!'®
As reported by Mungargi et al.'”® the most widely used
PLGA composition (which presents the highest biodegra-
dation rate) has a 50:50 ratio of lactic and glycolic acid,
degrading in about 50-60 days, but other combinations of
monomer ratios have also been used, such as 65:35, 75:25
and 85:15, which have progressively longer in vivo life
times.

According to Kumari et al.’** PLGA has been used
to obtain medicines, vaccines and nanoparticles for gene
delivery systems and for the presentation of antigens and
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growth factors. Studies performed by Eldridged et al.!'?

have demonstrated that PLGA particles smaller than
10 um may be efficiently phagocytosized by macrophages
and that larger particles tend to rupture before they are
phagocytosized, whicht may reduce the absorption effi-
ciency of the entrapped active agent.

There are several factors that can influence the release
profile of active agents incorporated into PLGA-based
particles. As described by Kumari et al.'* particle
mean diameter, size distribution, surface morphology, sur-
face chemistry, surface charge, surface adhesion, surface
erosion, internal porosity, drug encapsulation efficiency,
drug stability, drug diffusivity, drug release kinetics and
hemodynamics must be considered. Furthermore, changes
in PLGA molar mass and copolymer composition can result
in different drug release behaviors. Increases in molar mass
and in lactic acid content tend to reduce the drug release
rate, while zero order release kinetics is obtained if PLGA
with low molar mass is used. For high molar mass PLGA
and different copolymer compositions, drug release behav-
ior usually depends on the square root of time.'**

PLGA has been used in the development of systems
for the controlled release of proteins despite the nega-
tive effect of the acid-catalyzed nature of the polymer
degradation on protein stability.!?* According to the same
authors,'” PLGA hydrolysis leads to the accumulation
of acidic monomers, resulting in a reduction of pH of
microenvironment and denaturation of the encapsulated
proteins. Thus, several process modifications during par-
ticle production have been tested to overcome problems
associated with protein degradation, such as coating the
active agent with other materials prior to the incorpora-
tion in the particles'*'? and adding stabilizers such as
trehalose and albumin'*® or by complexing proteins with
zinc and/or addition of antacid excipients.'3!

Coating and encapsulation of fine particles with PLGA
using supercritical antisolvent processes were investigated
by Wang et al.”> A suspension of silica particles in an
acetone—PLGA solution was used to evaluate the effects
of process parameters. The coated particles seemed to be
severely agglomerated as the polymer weight fraction was
increased from 12.5 to 25.0%, reaching a mean size of
10 uwm. High pressure also plays a critical role in the
agglomeration of the particles, since increasing the pres-
sure led to an increase at the average size of the agglom-
erates to 24.8 um, probably due to the reduction of the
glass transition temperature of the polymer. The amount of
CO, absorbed by the polymer matrix changed the degree
of plasticization of PLGA, favoring the redistribution of
the coating on the surface of the particles. The operat-
ing temperature, on the other hand, appeared to have lit-
tle effect on agglomeration, since at temperatures below
the glass transition temperature such an effect was not
observed. However, at temperatures above T,, strong par-
ticle agglomeration was noticed, probably because of the

0
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sintering effect on the particles. The use of surfactants to
suppress agglomeration was not effective.

PLGA particle production as a strategy to coat hydrocor-
tisone particles through the use of a supercritical antisol-
vent process is also described in the literature.”* When the
polymer to drug ratio was increased from 1:4 to 1:2, PLGA
was more effectively deposited on the surface of the drug
particles. At a 1:1 polymer to drug ratio, an improvement
in drug encapsulation efficiency was observed, however
the polymer was not evenly distributed on the surface of
the particles, mostly due to the irregularity of the hydro-
cortisone particles themselves. Similar methods can be
used for encapsulating proteins and other types of active
agents, since this approach does not require dissolving the
host particles (drugs) in organic solvents before the poly-
mer coating process. There is a clear advantage to this
approach, because the use of non toxic organic solvents is
indeed a recurring issue in particle formation processes. As
shown by Mayo et al.®® 85:15 PLGA nanoparticles incor-
porating high amounts of the non-viral plasmidial DNA
pEGFP and pFlt23 K (up to around 20% in weight), with
incorporation efficiencies close to 100%, may be success-
fully obtained using ethyl acetate instead of DCM, result-
ing in particles containing low residual organic solvent
levels (below 50 ppm). These results are quite relevant,
showing that the supercritical fluid technology is a feasible
alternative to obtain particles narrow in size and loaded
with plasmids, with potential application in gene therapy.

PLA/PLGA-based particles may also be efficiently pro-
duced, as shown by Kang et al.®®* and Jordan et al.!®
PLA/PLGA particles loaded with indomethacin were
prepared by Kang et al.®® through the SEDS method
using DCM as solvent. The particles obtained showed a
mean diameter of 2.35 um, while placebo PLLA/PLGA
microparticles were even smaller, presenting a mean size
of 1.65 um. Jordan et al.'® on the other hand, attained
much larger PLGA/PLA particles (around 93 pm) through
the use of the PGSS strategy. The main advantage of this
approach over the SEDS method is that it does not require
the use of organic solvents. In addition, the PGSS method
usually results in high drug encapsulation, allowing the
production of particles incorporating molecules presenting
no structural changes resulting from the processing at high
loading efficiencies (near to 20-30%, depending on the
type of active compound used).'* This approach was used
to circumvent the difficulty of forming fine particles from
amorphous PLGA only, as both polymers have different
nucleation rates in the supercritical process. This strategy
is commonly used not only to solve the fine particle for-
mation problem but also to modulate the degradation rates
of PLLA/PLGA blends due to the different degradation
rates of PLLA and PLGA.!®

It is possible to use other approaches to improve the
delivery of drugs incorporated in PLGA nano or micropar-
ticle systems, such as coating them with polymers such as
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the mucoadhesive polycation chitosan, which is capable of
providing longer residence times in mucosal tissue appli-
cations and rapid absorption of the drug.'”’” The combina-
tion of PLGA/chitosan system with methoxy polyethylene
glycol has been studied as well, showing improvement
in the morphology and the processability of the particles
themselves.'?

3.3. Polycaprolactone

Polycaprolactone (PCL) is another polymeric material
which has significant use in the biomaterials field. This
compound is a linear'* poly(a-hydroxyester) formed of
repeating units of hexanoate,'** with hydrophobic charac-
teristics. Its repeating unit consists of a relatively polar ester
group and five non-polar methylene groups.'® It is a semi-
crystalline polymer,'** presenting crystallinity between
45-69%'1" and low melting temperature (60 °C). Its phys-
ical, mechanical and also thermal properties are dependent
on its molar mass and on its degree of crystallinity.'3*

The main attributes that make this polymer so suit-
able for the production of controlled drug delivery devices
are its high permeability to many drugs and its non-toxic
character.!* In addition, its biodegradability can be easily
improved to suitable periods by combination with other
synthetic polymers.!*” In vivo, its degradation time is on
the order of three years,'*® and its relatively easy degrada-
tion when exposed to physiological conditions is attributed
to the presence of unstable ester groups in its structure.'

According to Sinha et al.!*® PCL was first identified in
1973, and its properties of biodegradability were then char-
acterized. Initially, it was suggested that the degradation
of PCL showed a two-stage pattern.'*® In the first stage,
a decrease in the polymer molar mass without mass loss
and/or deformation is observed, while in the second stage,
the polymer molar mass would be reduced to 5000 Da.
The same authors observed that at 40 °C the degradation
rate was identical to polymer in vitro hydrolysis, obey-
ing first-order kinetics. More recently it was proposed
that in the first stage of the PCL degradation process, the
amorphous phase of the polymer was degraded, leading
to an increase in polymer crystallinity, while its molar
mass remained constant.'*® In the second stage, cleavage
of the ester bridges occurs, resulting in polymer mass
loss'** due to chain scission. This allows the production of
smaller polymer fragments that diffuse out of the matrix,
thus increasing the probability of phagocytosis. Cleavage
of the terminal chains under high temperature is com-
monly observed, while random cleavage occurs at low
temperatures.'*’ Finally, the product of degradation of
PCL, 6-hydroxycaproic acid, is absorbed or removed under
physiological conditions'*!' through the tricarboxylic acid
cycle.!¥’

The increased use of PCL in the production of con-
trolled delivery devices is attributed to its ability to form
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drug carriers that allow high drug permeation, to the
fact that no acidification of the microenvironment during
degradation is observed, and to its ability to easily form
blends.!*

Thus, blending PCL with other polymers may improve
and/or maintain its mechanical properties, diminish blend
toxicity, provide a partial biodegradable character and con-
trol the release of bioactive molecules.'*?

Vega-Gonzdlez et al.!® evaluated the use of a
PMMA/PCLA-based blend for loading cholesterol. How-
ever, cholesterol incorporation was not successful, mainly
due its solubility in CO, and in a CO,/DCM mixture.
Decreasing the contact time and CO, density in order to
reduce cholesterol loss during the process of encapsula-
tion would be attractive alternatives to improve process
efficiency. Pigments such as 3-carotene, active against oxi-
dation and degradation processes,”® were also loaded in
PCL particles (with a size range of 270-650 wm) by the
PGSS process. In this study, it was observed that decreas-
ing of PCL molar mass led to a decrease in mean particle
diameter. Larger particles were obtained if both the system
pressure and temperature were increased.

In some cases, the use of supercritical fluid technol-
ogy results in higher efficiency of drug incorporation when
compared to other methods. High encapsulation efficiency
of rosemary extract in PCL particles (82.8%) was attained
when a supercritical antisolvent process was employed,
as described by Yesil-Celiktas and Cetin-Uyanikgil.”” The
traditional technology of solvent evaporation gave lower
values (62.2%), and the increase in encapsulation effi-
ciency was attributed to the presence of CO,, that dilutes
the polymer/drug mixture, thus decreasing the equilibrium
concentration and mole fraction of the solute. In this situa-
tion, the chemical potential is reduced, thereby enhancing
encapsulation efficiency. It was observed that the mean
particle size decreased from 696 to 254 nm with the
increase in pressure from 20 to 30 MPa. Furthermore, the
particles obtained through the supercritical fluid method
exhibited better sphere structures and smoother surfaces
than the particles produced by the solvent evaporation
method. In addition to lower mean particle size, more
appropriate particle size distribution and higher encap-
sulation efficiency were achieved for the particles pre-
pared through the supercritical fluid approach. However,
the active compound diffusion rate and the release profiles
in aqueous medium from both types of particles were very
similar.

4. FINAL REMARKS

The encapsulation or co-precipitation of bioactive agents
with polymers aiming at the production of devices for con-
trolled release or to protect them from the environment
is receiving special attention in recent years. Among the
available polymers used for that purpose stand the poly(a-
hydroxyesters) PLA, PLGA and PCL and amongst the
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methodologies to effectively produce these devices, special
interest has been given lately to supercritical fluid-based
technologies. Their significance is mainly related to the
versatility of these methods, which allow manufacturing
particles with sizes from nano to micrometers. Independent
of the advantages of the use of supercritical fluid tech-
nologies, such as safety regarding solvent choice, many
parameters should be optimized to obtain particles with a
particular set of characteristics, and most of the time this
is not a trivial task. The understanding of the effects of
the operational conditions on the size of the particles pro-
duced is of paramount importance to develop a specific and
reproducible method. Specific issues such as the removal
of organic chloride solvents that are usually employed in
these methods without extracting the active compound, the
scale up of the process, the control of particle morphology
and size and improvement in the loading efficiency should
still be further addressed to transform these methods into
standard industrial choices.
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In recent years, the application of silica nanoparticles in the biomedical field experienced a great
development, showing a sharp increase in the number of published articles and patents. The driving
forces for these and future developments are the possibility to design nanoparticles with homoge-
neous size and structure and amenable to specific grafting. In this way, it is possible to control
the interaction of nanoparticles with cells. Moreover, it is possible to tune the characteristics of
the nanoparticles to meet the requirements of each specific cell and desired application. Herein,
we present different strategies developed to optimize the size, morphology, surface topography, ele-
mental ratio, hydrophobic/hydrophilic balance, and erosion rate, which contribute to understand the
nature of this inherently complicated cell-nanoparticles interactions mechanism, which will deter-

mine the resulting function performance.
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1. INTRODUCTION

The sol-gel process has several well-known advantages
such as a choice of high purity precursors (monomers or
condensed species), homogeneity of the obtained mate-
rial with different shapes (i.e., gels, films, particles)"? and
especially the possibility of making hybrids and compos-
ite materials with new chemical and mechanical properties,
conductivity and permeability.*> Moreover, slight changes

*Author to whom correspondence should be addressed.
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in experimental parameters such as pH, additives, and con-
centration can lead to substantial modification of the result-
ing material.>” In recent years, biomedical applications of
sol-gel technology have received extensive coverage.’'?
Particularly, the application of silica nanoparticles in the
biomedical field experienced a great development, show-
ing a sharp increase in the number of published articles
and patents.!* 15 The driving forces for these and future
developments are the possibility to design nanoparticles
with homogeneous size, structure and amenable to specific
grafting, which provides structural support and delivery
systems for therapeutic purposes.'®'8

The effect of various silica formulations such as plain,
mesoporous and hollow silica nanoparticles are being cur-
rently investigated. Nowadays, different silica nanoparti-
cles can be obtained through well known procedures.'*
The most popular is undoubtedly the Stéber method.?? This
method allows the synthesis of monodisperse, spherical sil-
ica nanoparticles that range from 5 to 2000 nm, through
an ammonia-catalyzed reaction of tetraethylorthosilicate
(TEOS) with water in low-molecular-weight alcohols.?
Another method used to obtain solid silica particles
involves the preparation of water-in-oil microemulsions,
where the droplets of the water polar phase dispersed in a
continuous oil phase are used as nanoreactors for the syn-
thesis of silica nanoparticles.?*?" Secondly, hollow silica

2157-9083/2013/3/108/014 doi:10.1166/jbt.2013.1069
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nanoparticles (HSNP) are gaining great attention. They
consist of hollow spherical particles with typical sizes
below 200 nm and a shell of silica. Such structure provides
some advantages over solid (plain) ones because of its low
density and large surface area (Scheme 1).20-2!-28

In addition, their size will also determine the mechanism
and rate of nanoparticles cell uptake and their ability to
permeate through tissues. Moreover, particle shape (i.e.,:
spherical, tubes) and surface properties (i.e.,: positively or
negatively charge) have a great impact on different aspects
of cellular functions including cell proliferation, apopto-
sis, cytoskeleton formation, adhesion and migration. Thus,
although silica is generally accepted as having low tox-
icity, the biocompatibility of silica nanoparticles (SiNPs)
as a “new” kind of material should be revisited.” In this
way, it is possible to control the interaction of nanoparti-
cles with cells. This interaction is sometimes mediated by
the type and concentration of the protein layer adsorbed
to the nanoparticles that interact with integrins present
in the cell membrane. Thus, a careful consideration must
be given to control the interaction of nanoparticles with
macromolecules and cells present in biological systems.
Such interactions play a key role in the stability, aggre-
gation and dissolution of silica nanoparticles and in the
uptake by phagocyte mononuclear cells or even other cells
types. In addition, the transendothelial permeability in var-
ious normal or damaged tissues, the uptake by cells and
particle clearance should be taken into account.

Therefore, it is possible to tune the characteristics of
the nanoparticles to meet the requirements of each specific
cell and desired application.®® Especially, silica nanopar-
ticles have gained ground in the pharmaceutical field and
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have been widely studied in the context of drug deliv-
ery and drug targeting.’'*® Indeed, a huge amount of
cosmetic products and pharmaceutical formulations con-
tain nanoparticles. In this sense, it was suggested that an
ideal drug delivery system should be inert, biocompati-
ble, mechanically strong, comfortable for the patient, capa-
ble of achieving high drug loading, safe from accidental
release, simple to administer and remove, and easy to fab-
ricate and sterilize.’”-*® Silica nanoparticles meets nearly
all the requirements, thus it is not surprising the great
attention that they are receiving from researchers and
industries. 40

Scheme 1. Schematic representation of: (a) plain nanoparticles and
(b) hollow nanoparticles.
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The great advances in the application of silica nanopar-
ticles also require a careful characterization of the bio-
compatibility, immune response and toxicological effects
that they may cause. The study of the immune response
against nanoparticles is actually being studied*' for mul-
tiple reasons such as the elucidation of new targets for
drug delivery systems,** as vaccination adjuvants*>“ or
for toxicological studies.*’° It is worth to mention that
nanoparticles interact with the immune system in differ-
ent ways, having the possibility to trigger both the innate
and adaptive immune response. Both innate and adaptive
immune responses work in a coordinated manner to mount
an effective immune response in the body that prevents
or protects against foreign material, mostly microorgan-
isms, but also dust and particles, entering and/or affect-
ing the organism.*' Furthermore, cell cultures can be used
in toxicity screening both through estimation of the basal
functions of the cell (i.e., those processes common to all
types of cells) or through testing on specialized cell func-
tions. Several parameters are used to assess the effect of
nanoparticles over cell functions. These parameters include
vital staining, proliferation test, cytosolic enzyme release,
and cytokine production, among others. Special attention
should be given if nanoparticles are intended to treat or
prevent infections. In this case, it is highly desirable that
the formulation possess a strong activity against microor-
ganisms without affecting host cells.

In the case of cell interaction with nanoparticles, some
works have been published which try to elucidate the
mechanism either for cell toxicity or for cell growth stimu-
lation in other cases. Herein, we present different strategies
developed to optimize the size, morphology, surface topog-
raphy, elemental ratio, hydrophobic/hydrophilic balance,
and erosion rate, which contribute to understand the nature
of this inherently complicated cell-nanoparticles interac-
tions mechanism, which will determine the resulting func-
tion performance.

2. IN VITRO ASSAYS

Biocompatibility is always a matter of study in medi-
cal research. In this sense, the effect on human health
of a therapeutic, occupational or accidental exposure to
nanoparticles should be thoroughly investigated. Conse-
quently, many studies have been performed in this field but
still very little is known about the human body’s response
to nanoparticles.

Research has shown that the response depends not
only on nanoparticle composition, but also on many fac-
tors like size, shape, mass and the method of synthesis
involved, which can influence cell toxicity.51 Even though
there are works whose results seem to contradict those
obtained by other researchers, there are some generaliza-
tions which are worthwhile of considering when working
with nanoparticles.
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2.1. Effect of Concentration and Size of SiNPs

From the analysis of the literature available, it has been
found that cellular response to SiNPs is concentration
dependent,”>>* even though increasing SiNPs concentra-
tion will also increase the effect produced and eventually
the probability of cell toxicity.>

On the other hand, the size of the nanoparticles is related
to the surface which will ultimately be in contact with
the cells. In this sense, it would be expected that a higher
interaction will be established with smaller sized particles.
This higher interaction can be favorable or unfavorable,
depending on the characteristics of the material employed.
Furthermore, smaller sized nanoparticles are more rapidly
taken up by cells, thus speeding the reaction to them.
It was reported that as a consequence of the treatment of
Langerhans cells with silica particles, with diameters of
70, 300, and 1000 nm, cellular uptake and cytotoxicity
increased with the decrease in particle size.*

Indeed, when considering size alone, it has been exten-
sively reported that cytotoxicity increases when nanoparti-
cle size is reduced.’®’ However, this was observed when
cells were exposed to silica nanoparticles ranging from 50 to
500 nm and not in those with less than 50 nm.>>>® Because
agglomeration of nanoparticles can take place quite easily,
another approach points out the fact that when surface area
is taken into account it can be generally accepted that the
larger the surface area, the higher the toxicity.>

Morishige et al. found that unmodified amorphous
microsized silica particles (i.e.,; 1000 nm) induced higher
levels of IL-1b production in THP-1 human macrophage
like cells whereas smaller particles (30 to 300 nm) did not
induce such a significant production.’ In a related work,
Waters et al. suggested that the response of macrophages
to SiNPs depends on the nominal surface area basis rather
than on particle mass or number. They arrived to this
conclusion using unopsonized amorphous silica nanopar-
ticles ranging from 7 to 500 nm diameter and measured
the stimulation of inflammatory protein secretion and the
induced macrophage cytotoxicity.”® Oberdérster et al. also
reported that particles with greater specific surface areas
per mass are more biologically active.®' Same results were
found in mouse keratinocytes (HEL-30) exposed for 24 h
to 30, 48, 118, and 535 nm SiNPs. Indeed, silica nanopar-
ticles exhibiting the highest specific surface area showed
more toxic effects.> When working with endothelial cells
(EAHY926 cell line), surface area also seems to be an
important parameter in cytoxicity, as it was seen with the
smallest SiNPs (14-16 nm diameter), which led to a 50%
reduction of viability when used at a lower concentration
than 19, 60, 104, and 335 nm monodisperse amorphous
spherical silica particles.5?

2.2. Effect of Crystalline Form and Porosity

Silica can be divided into crystalline or amorphous (non-
crystalline), all having the same basic molecular formula
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(almost 100% Si0,).** Because inhalation of crystalline
silica dust is well known to cause silicosis, it is commonly
accepted that this form of silica is more toxic. However,
in a recent publication, Constantini et al. compared the
uptake and toxicity of amorphous silica to crystalline silica
in various cell types, such as mouse alveolar macrophage
(MH-S) cells, mouse lung epithelial type II, mouse skin
melanoma, monkey kidney fibroblast, human adenocarci-
noma cells and cervical epithelial cells among others. They
found out that, whereas all cells are able to take up silica
nanoparticles, only macrophages showed extreme sensitiv-
ity, and in this case crystalline silica and amorphous silica
killed the cells with equal strength.%*

Other works dealing with mesoporous silica nanoparti-
cles try to explain the effect of the porosity on the final
response.®¢7 Lee et al. compared the effect in vitro and in
vivo of mesoporous silica nanoparticles (MSNs) with non-
porous colloidal silica of the same size and shape. Results
showed that MSNs induced less activation of MAPKs,
NF-kB and caspase-3 leading to a lower cytotoxicity and
inflammatory response when compared to non-porous sil-
ica nanoparticles. Moreover, the results of the hazard test
for identification of contact hypersensitivity performed
in vivo were congruent with those obtained in vitro.®®

2.3. Effect of Surface Modification

It seems that covering the anionic surface of silica
nanoparticles, often with cationic compounds, results in
reduced toxicity when compared to particles without any
modification. Tao et al. reported different mesoporosity-
dependent and functional group-dependent cytotoxicity
and endocytosis of various silica nanomaterials on sus-
pended and adherent cells. They confirmed that the func-
tionalization of mesoporous nanomaterials, namely by
amination with positively charged quaternary amines,
is able to prevent cellular injury as the rate of cell
internalization is significantly diminished.®® In relation to
nanoparticle modification, Chen et al. synthesized silicon
nanoparticles chemically modified with sodium chloride or
sodium iodide (diameters of 10-100 nm) as novel non-
viral vectors for DNA transfer into cells. Results showed a
better efficiency of DNA transfection with the advantage of
protection of DNA against degradation. Microscopy assays
showed no cytotoxicity during adhesion and entry of the
nanoparticles into HT1080 cells. In vivo experiments with
mice revealed accumulation of nanoparticles within the
cells of the brain, liver, spleen, lung, kidney, intestine and
prostate without pathological cell changes or mortality.%
There are more works suggesting the potential of modi-
fied silica nanoparticles as gene carriers with very low or
no cell toxicity observed. As an example, the ability of
cationic SiNPs to transfect galactosidase expression plas-
mid DNA pCMV reporter gene was successful in Cos-1
cells in vitro™"! and in the mouse lung in vivo.”' Fur-
thermore, SiNPs with surface cationic amino groups were
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efficiently taken up in vitro and succeeded to deliver DNA
to the nucleus.”? In addition, Bharali et al. found promising
the use of amino-functionalized silica organically modified
nanoparticles for future direction and effective therapeutic
manipulation of neural stem/progenitor cells and in vivo
targeted brain therapy.”> Mumin et al. demonstrated that
phosphonate functionalization of mesoporous SiNPs with
a resulting foam structure (i.e.,; 65 nm) leads to increased
levels of interaction or internalization by dendritic cells.™

Surface modification can drastically change -cellu-
lar response to nanoparticles. For example Gyenge
et al. tried core—shell silica nanoparticles with hydroxyl-,
aminopropyl- or PEGylated surface modifications (200-
300 nm) encapsulating a fluorescent dye to evaluate their
uptake in the human head and neck squamous cell carci-
noma cell line UMB-SCC 745 and found that the uptake of
PEGylated SiNPs was minimal even after 24 h in contrast
to hydroxyl- and aminopropyl-modified SiNPs.”

In relation to the mechanism involved in the protection
given by modification with cationic compounds, which
will be further discussed, Dutta et al. proposed that serum
proteins which commonly adsorb on the surface of amor-
phous silica nanoparticles could influence the biological
fate of SiNPs and in fact they observed that surfactant
coated nanoparticles, which prevented proteins from bind-
ing to their surface, inhibited cytotoxicity.”® Considering
the amount of surface modification possibilities this is
probably an interesting point for optimization in the design
of SiNPs for different proposes.

2.4. Cell Type

Another interesting fact is that not all the cells show the
same response to silica nanoparticles, which can be related
to different interaction mechanisms or to different degrees
of interaction. As an example, 3T3 fibroblasts, bronchi-
olar epithelial cells (hT) and RAW 264.7 macrophages
were used to test viability when exposed to 30 nm silica
or titanium nanoparticles in different concentrations and
three different diameters of multi-wall carbon nanotubes.
As expected, it was found that size and composition do
affect cellular response but this is cell type dependant in
such a way that it is recommended to focus nanoparticle
engineering on the potential cell type which may be finally
exposed to them. Likewise, Malugin et al. tried modified
(-COOH and -NH,) and unmodified silica nanoparticles
from 50-500 nm in human prostate carcinoma DU145,
colon carcinoma HCT116 and murine macrophages RAW
264.7 cells. They found that phagocytic cells are more sus-
ceptible to amorphous silica nanoparticles than epithelial
cells.*

2.5. Cellular Uptake

In order to design drug loaded nanoparticles as well as
to diminish the toxicity of the before mentioned SiNPs,
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it is necessary to know more about the different ways
the particles obtained will enter the target cell.”” There
are essentially four mechanisms of endocytosis by means
of which nanoparticles enter the cells: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, phagocyto-
sis and macropinocytosis, though a discussion has grown
around this classification and it may need to be updated.
Nanoparticles taken up by endocytosis are firstly enclosed
within early endosomes, phagosomes and macropinosomes
respectively. These vesicles will later become multivesic-
ular bodies, also known as late endosomes, and eventually
fuse with lysosomes.”® In general terms, larger particles
are taken up by phagocytosis while smaller ones by endo-
cytosis (Scheme 2). Strictly speaking, phagocytosis is a
process occurring only in highly specialized cells, e.g.,
macrophages, although other cells may use phagocytic-like
mechanisms too.” In this sense, Zhang et al. identified an
optimal NP radius at which the cellular uptake reaches a
maximum and they showed that the cellular uptake of NPs
is regulated by membrane tension, which can be elabo-
rately controlled by particle size. The optimal NP radius
reported for endocytosis was on the order of 25-30 nm.*
Similarly, SiNPs uptake by HeLa cells is size-dependent
and the maximum uptake by cells occurs at a nanoparticle
size of 50 nm. These findings suggested that MSNs 50 nm

a)

d)

Scheme 2. Mechanisms of endocytosis by means of which nanoparti-
cles enter the cells: (a) phagocytosis (b) endocytosis clathrin dependent
(c) endocytosis caveolin dependent (d) endocitosis non-clathrin non-
caveolin dependent.
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in diameter may be the most suitable candidate to serve as
a carrier for further studies in biological applications.®!

Not only size but also concentration probably influ-
ences one of the various uptake mechanisms that have been
described as potential cell capture pathways for nanopar-
ticles. In this sense, an interesting observation was made
by Choi et al. who described that when working with low
SiNPs concentrations, namely 7.28 x 10™* ug/ml, silica
was dispersed throughout the cytoplasm whereas at higher
concentrations they appeared to be engulfed in phagocitic
vacuoles, and therefore suggested that concentration may
affect silica nanoparticles uptake.®

When it comes to size, it has been suggested that mod-
ified (-COOH, -NH,, -SO;H, —CHO) and unmodified
1000 nm silica particles are taken by THP-1 cells with sim-
ilar frequencies by actin-dependent phagocytosis.’> %3 On
the other hand, other groups working with silica nanopar-
ticles ranging from 50 to 500 nm claimed that within this
range they do not enter the cells through the phagocytic
pathway but through a different mechanism, presumingly
endocytosis.’> Moreover, recently Quignard et al. demon-
strated that positive charged SiNPs (i.e.,: 200 and 40 nm)
are easily uptaken by human dermal fibroblast, through a
macropinocytosis, without impacting on cell viability. On
the other hand, the small SiNPs (i.e.,: 10 nm positively and
negatively charged) show high and fast cytotoxicity com-
pared to the largest ones at a similar dose, but only the
negatively-charged colloids induced genotoxicity effects.3*
One interesting point that deserves more attention is that
SiNPs are prone to dissolve in culture media. The disso-
Iution process was also confirmed by several works that
monitors the cell culture medium where it was demon-
strated that it contains both colloidal and soluble silica
species.®* 37 Apparently, as it was shown by Xing et al. not
only size and concentration affect cellular uptake of SiNPs.
Their experimental results demonstrated that uptake of
silica-coated nanoparticles by HeLa cells was higher at
37 °C than at 4 °C and concluded it was time and energy
dependent process.®® Analysis of the intracellular local-
ization of silica nanoparticles revealed that SiNPs pen-
etrated into the nucleus, whereas SiNPs modified with
amine or carboxyl groups showed no nuclear localization.
These results suggest that intracellular localization is a
critical factor underlying the cytotoxicity of these silica
nanoparticles.®

2.6. Cell Damage Mechanism

Different cells have different metabolisms and thus it
would be expected that the extent of cell interaction
and toxicity will vary when considering different cells
being exposed to the same silica nanoparticles. Concern-
ing the mechanism of cell toxicity, several studies propose
that nanomaterials cause lysosomal membrane destabiliza-
tion induced by reactive oxygen species (ROS) genera-
tion, which would ultimately lead to apoptosis.3!>8 %09
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Indeed, human embryonic kidney (HEK293) cells®> and
human bronchoalveolar carcinoma-derived cells,”® for
example, showed dose dependent cytotoxicity associated
with increased oxidative stress when exposed to SiNPs.
In the case of liver cells, Ye et al. reported that exposure to
SiNPs of the normal human hepatic cell line (L-02) caused
cytotoxicity in size, dose and time dependent manners,
with 21 nm SiNPs inducing oxidative stress, apoptosis and
increased p53 and Bax expression.”” On the other hand,
Lu et al. tested the biological response of normal human
L-02 hepatocytes and HepG2 hepatoma cells to SiNPs and
stated that the first ones showed only slight toxicity when
compared to the antiproliferation activity seen in the sec-
ond ones.”®

The mechanisms of toxicity in human HepG2 hepatoma
cells by 7 to 50 nm or 14 nm silica nanoparticles were
studied by Lu et al.”® and Ahmad et al.*® respectively. Both
found that in these cells nanoparticles produce toxicity in a
dose dependent manner. The expressions pS3 and caspase-
3 (proapoptotic) were up-regulated, whereas the expression
of bcl-2 (antiapoptotic member of the Bcl-2 family) was
down-regulated. Lu et al. found decreased the expression
of procaspase-9 and no significant change in expression of
Bax (propapoptotic member of the Bcl-2 family), whereas
Ahamed et al. found that the proapoptotic gene bax was
up-regulated in HepG2 cells treated with silica nanopar-
ticles. Both found an increase in ROS and decrease in
glutathione (GSH) (antioxidant) levels. This suggests that
in these cells nanoparticles induced apoptosis mediated
through ROS via p53, bax/bcl-2 and caspase pathways.”

When considering macrophage cells, Morishige et al.
suggested that ROS production induced by phagocy-
tosis of unmodified 1000 nm silica particles triggered
endosomal rupture followed by the activation of the
pro-inflammatory complex NLRP3 inflammasome (NLR
family, pyrin domain containing 3) and subsequent
interleukin-1b (IL-1b) production.®” In addition, SiNPs
induced an elevated level of reactive oxygen species (ROS),
leading to DNA damage.'” When surface modification
with several functional groups (-COOH, -NH,, —SO;H,
—CHO) was performed, it dramatically suppressed IL-1b
production by reducing ROS production in THP-1 human
macrophage-like cells. The inflammatory effect in vivo in
intraperitoneally injected (I mg) mice showed the same
results when compared to IL-1b production in vitro.’*%3
Furthermore, unmodified silica nanoparticles from 50 to
500 nm induced a more severe plasma membrane dam-
age in RAW?264.7 macrophages than surface functionalized
(-COOH and -NH,).%? In relation to the immune sys-
tem, Lucarelli et al. suggested the possibility of inadequate
defense against certain infections after exposure to SiNPs
(15 nm) due to the inhibition of the expression of toll-like
receptor (TLR) and proinflammatory cytokine production
in macrophages.'’! Meanwhile, Winter et al. reported that
SiNPs (14 nm) activate murine bone marrow-derived den-
dritic cells and activate inflammasome.'%> In another work,
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in which human umbilical vein endothelial cells (HUVECsS)
were exposed to silicon dioxide nanoparticles with diame-
ters of 304 nm and 310 nm, results showed that NP induced
exocytosis of Weibel-Palade bodies, associated with the
release of von Willebrand factor and necrotic cell death.3

However, in some cells, ROS production does not seem
to be associated to citotoxicity of silica nanoparticles. In
relation to this, Yu et al. did not found significant dif-
ferences between HEL-30 controls and those treated with
different sizes (30, 48, 118, and 535 nm) and different
concentrations of amorphous SiNPs and suggested that
either direct physical disruption of membranes or another
unknown mechanism could be involved in the observed
size-dependent toxicity.** Moreover, Tao et al. studied the
effect of two types of mesoporous silica nanoparticles on
mitochondrial oxygen consumption and found out that in
their presence glucose supported respiration was delayed
without contribution of reactive oxygen species, because
cellular GSH remained unchanged.'%

Finally, Sohaebuddin et al. concluded that, depending
on the exposed cell type, the same material can cause
different intracellular responses and potential mechanisms
of toxicity, as it was shown that nanomaterial-associated
lysosomal membrane destabilization is responsible for the
nanomaterial-induced toxicity in 3T3 fibroblasts, but not
in hT bronchiolar epithelial cells and RAW macrophages
and suggest that cytotoxicity of SiNPs in these cell lines
may be associated with mitochondrial membrane potential
reduction.’!

Interactions between particles with mitochondria could
also generate additional oxidant species. Indeed, increased
oxygen consumption was observed in lung tissue cubes of
animals exposed to particles.!® This observation is also
supported by an increased NADPH oxidase activity. It is
worth to mention that this enzyme play a role as potent
superoxide anion producer enzyme which is expressed
both in phagocytic and nonphagocytic cells.!%> Moreover,
increased mitochondrial oxygen consumption, NO pro-
duction and phospholipid oxidation in lung homogenates
exposed to particles was also observed.

3. IN VIVO ASSAYS

Although there are lots of scientific works concerning
the potential toxicity of silica nanoparticles over different
types of cell culture, little information is provided about
the toxicity on living organisms. Furthermore, these in vivo
results are often contradictory and the question about the
possibility to safely administrate silica nanoparticles to liv-
ing organisms remains open. In this section the results
reported on biocompatibility, biodistribution and clearance
of silica nanoparticles will be discuss.

3.1. Toxicity of SiNPs

Some authors found low toxicity of silica nanoparti-
cles after their injection in animals. It has been reported
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the synthesis of ultrafine organically modified silica
(ORMOSIL) nanoparticles with diameters of 20 nm, conju-
gated with a near-infrared fluorophore for optical bioimag-
ing. ORMOSIL NPs mainly accumulated in the liver and
spleen and did not show any toxicity, adverse effect or any
other abnormalities in the tissues of injected animals after
15 days studies.!® In another experiment, the results of sin-
gle and repeated dose toxicity of mesoporous hollow silica
nanoparticles (MHSiNPs) demonstrated low toxicity of
these new nanostructures in vivo when repeated and single
dose toxicity were evaluated for 110 nm (MHSiNPs) after
their delivery through the blood stream of mice. The LD50
of MHSNSs was greater than 1000 mg/kg, while in repeated
administration; 80 mg/kg continuous injection for 14 days
did not produce animal death. No toxicity was found in
liver, spleen, lung and kidney in MHSiNPs-injected mice at
40 and 160 mg/kg single dose and there were no abnormal-
ities in the spleen, kidney and lung in MHSiNPs-injected
mice at 500 and 1280 mg/kg. However, lymphocytic infil-
tration, microgranulation and degenerative necrosis of hep-
atocytes were observed in the liver at 500 and 1280 mg/kg
single administration. In this study, MHSNs were found
to be distributed in the liver and spleen after 24 h intra-
venous injection. Macrophage resident in liver and spleen
was the target cell of MHSiINPs.!”” This is in concordance
with other results where liver damage caused by meso-
porous hollow silica nanoparticles was also demonstrated
after continuous intraperitoneal injection into mice twice
a week for 6 weeks. The administration of MHSiNPs at
50 mg/kg increased liver injury markers in serum, such as
alanine aminotransferase (ALT), inflammatory cytokines
interleukin-1 beta (IL-1b) and tumor necrosis factor-alpha
(TNF-a). Histological analysis revealed lymphocytic infil-
tration and silicotic nodular like lesions in liver where
activated kupffer cells played a key role similar to alveo-
lar macrophage in the process of silicosis.! 1% Moreover,
it was observed that 30 mg of intraperitoneally adminis-
tered silica particles invariably resulted in death or distress
of mice; in contrast it was found that even 100 mg of
poly(lactic-co-glycolic) (PLGA) acid microspheres cause
no detectable toxicity in mice of the same strain and mass
indicating that silica tested would appear 100 times more
lethal than PLGA particles.®

Apparently, there is a relationship between toxicity and
sizes, shapes, surface area or chemical modification on the
surface of silica nanoparticles which also condition the
grade of dispersion of the particles. An experiment was per-
formed where different sizes (50, 100 and 200 nm) of silica
particles were used to evaluate their level of toxicity. The
200 nm particles were taken up faster and more intensively
than the other sizes by macrophages of the spleen and liver
and disappeared thereafter. In the liver, there was a signifi-
cant increase in the incidence and severity of inflammation
for 100 and 200 nm silica nanoparticles treatment groups
at 12 h. The 50 nm particles induced only a slight inflam-
matory response at the same time.''® However, all particle
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sizes remained aggregate in the spleen through macrophage
trapping after 4 weeks. The aggregation state of nanopar-
ticles is an important factor for distribution and excre-
tion in the body. A previous study showed quantum dots
that remained nano-sized in vivo are excreted via the kid-
ney, and quantum dots that aggregated into larger particles
remained in liver tissue until 5 days after a single intra-
venous injection.!'! There are several reports in the litera-
ture which indicate that larger particles tend to accumulate
more into the liver as compared to the smaller ones.''? '3

Other studies have shown that exposures to nanoscale
particles produce greater inflammatory and cytotoxic
effects when compared to exposures to larger sized par-
ticles at equivalent mass concentration. As a particle
decreases in size, the surface area increases and a greater
proportion of atoms/molecules are found at the surface
compared to those inside. Thus, nanoparticles have a much
larger surface area per unit mass compared with larger par-
ticles. The increase in the surface-to-volume ratio results
in the increase of the particle surface energy which may
render them more biologically reactive.'' Therefore it is
considered that nanoparticles can be more reactive with
biological components and have adverse effects due to
large surface area and much particle number. Lu et al.
found in their study that all sizes (30, 70 and 300 nm)
of silica nanoparticles tested caused injury in the liver
and caused lung inflammation without affecting the spleen,
heart and kidneys. Furthermore, they proved that particles
of 30 nm were the most toxic among the three sizes as
determined via biochemical assays and histopathological
examinations at 10 mg/kg. However, the other SiNPs sizes
could also induce liver injury when the dose was increased.
It was reported that, surface area had a greater effect than
particle number on the toxicity of silica nanoparticles in
the liver.!"> The DNA damage caused by amorphous SiNPs
of 15 and 55 nm in liver, lung and blood cells and micronu-
clei in circulating reticulocytes were measured after three
consecutive intravenous injections to rats at 48, 24 and
4 h before sacrifice. Silica particles caused a small but
reproducible increase in DNA damage and micronucleated
reticulocytes when tested at their maximum tolerated dose
(MTD) but no genotoxic effects were observed at lower
doses. These effects were probably caused through inflam-
matory cell-derived oxidants such as inflammatory mark-
ers, TNF-a and IL-6, found in rats’ plasma. The same
experiment was performed using gold nanoparticles and
no genotoxic effects were observed.!'®

The toxicity of silica nanoparticles includes many
aspects which were evaluated by other authors as well.
For example, it has been shown that silica and titanium
dioxide nanoparticles with diameters of 70 nm and 35 nm,
respectively, can cause pregnancy complications when
injected intravenously into pregnant mice. These nanopar-
ticles were found in the placenta, fetal liver and fetal brain,
and mice treated with these nanoparticles had smaller
uteri and smaller fetuses than untreated controls. However,
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it was also found that larger (300 and 1000 nm) silica par-
ticles did not induce these complications.!!” In addition,
it was reported that systemically administered SiNPs can
penetrate the blood-testis barrier and were detected within
sertoli cells and spermatocytes, including in the nuclei of
spermatocytes.!'!8 119

When SiNPs are not administered to the blood stream
but subcutaneously, their toxic effect is also of great
importance, particularly for local drug applications. The
cytotoxicity and biocompatibility of mesoporous silicates
in particle sizes 150, 800 and 4000 nm injected subcu-
taneously in rats were analyzed. At early time points the
authors found large deposits of the material subcutaneously
but very small amounts or no particles were observed after
2-3 months and there was an inflammatory reaction at the
beginning which decreased substantially with time. There
was no significant injury to surrounding tissues like mus-
cle, nerve or blood vessels.®® Bionanocomposites based on
the association between biological polymers and inorganic
colloids are an emerging class of materials.'” Nanocom-
posite silica-collagen materials derived from concentrated
collagen hydrogels and silica nanoparticles were evaluated
in vivo to establish their potentialities for biological dress-
ings. It was determined through the experiments that silici-
fication significantly improved the mechanical and thermal
stability of the collagen network and that nanocomposites
favor the metabolic activity of immobilized human der-
mal fibroblasts while decreasing the hydrogel contraction.
When studying in vivo implantation of bulk hydrogels in
subcutaneous sites of rats after 1 week, it was noticed that
these materials were colonized and vascularized without
inducing strong inflammatory response.'?!

3.2. Degradation and Excretion

Several reviews suggest that silica nanoparticles are degrad-
able over time in the body. Liu et al. found that about 50%
of MHSiINPs was removed from the body over 4 weeks
after injection. The particles would be excreted from the
body with a clearance time of over 4 weeks and this long
circulation time of MHSiINPs provides the possibility of
using them as drug carriers for controlled release applica-
tions in vivo.'” Excretion to urine and feces showed dif-
ferent patterns depending on particles size. At 12 h, 50 nm
SiNPs reached the highest concentration in urine while
100 nm particles had a peak concentration at 24 h and
neither three sized silica NPs (50, 100 and 200 nm) were
detected in urine 1 week after intravenous injection. Silica
nanoparticles eliminated slower via feces than in urine. The
50 nm silica nanoparticles excreted faster than the other
two particle sizes and 200 nm silica particles were excreted
from urine and feces at lower concentrations than the other
two. This fact could be useful as nanoparticles for ther-
apy need to have a long retention time for targeting and
therapy. However, a long retention time could also caused
in vivo toxic effects.!*
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Not only the size and surface area are important to eval-
uate the toxicity, distribution and excretion of SiNPs but
also their surface chemical characteristics. In this sense,
highly positive charge, mesoporous silica nanoparticles
(MSNs) administered in vivo revealed markedly different
uptake and elimination behaviors in comparison to less
charged moieties. The first ones were quickly excreted from
the liver into the gastrointestinal tract, while less charged
moieties remained sequestered within the liver. Taken
together these findings, the authors suggest that charge-
dependent adsorption of serum proteins greatly facilitates
the hepatobiliary excretion of silica nanoparticles, and that
nanoparticle residence time in vivo can be regulated by
manipulation of surface charge.'”> Moreover, the biodistri-
bution and urinary excretion of different surface-modified
silica nanoparticles (SiNPs) in mice were investigated using
an in vivo optical imaging system. Three types of surface-
modified SiNPs, including OH-SiNPs, COOH-SiNPs, and
PEG-SiNPs with a size of 45 nm were prepared. Intra-
venous injection of these SiNPs followed by fluorescence
tracing in vivo indicated that OH-SiNPs, COOH-SiNPs,
and PEG-SiNPs were all cleared from the systemic blood
circulation, but that both the clearance time and subse-
quent biological organ deposition were dependent on the
surface chemical modification. The PEG-SiNPs exhibited
relatively longer blood circulation times and lower uptake
by the reticuloendothelial system organs than OH-SiNPs
and COOH-SiNPs and all three types of SiNPs were partly
excreted through the renal excretion route.'?

One of the main problems in silica nanoparticle admin-
istration is their accumulation and rapid clearance by the
reticuloendothelial system, which results in short circu-
lation times. This short half-life decreases the exposure
of nanoparticles to the blood-brain barrier (BBB) and
consequently dissuades the interaction of NPs with the
brain vascular endothelial cells and reduces their oppor-
tunity to cross the BBB. PEGylation of nanoparticles has
then become the most widely used approach to increase
the circulation lifetime of nanoparticles. Neutral charge
and hydrophilicity are desired surface characteristic of
the nanoparticles in order to avoid the rapid uptake by
monocytes and consequently by organ-resident phagocytic
cells (i.e., Kupffer cells in the liver). Most of the strate-
gies to reach those requirements use hydrophilic polymers
(i.e., polyethylene glycol) that, in addition, show steric
effects which help to stabilize the nanoparticles preventing
agglomeration. !>+ 123

A study was performed where fluorescein-doped mag-
netic silica nanoparticles (FMSiNPs) and PEGylated
PAMAM conjugated fluorescein-doped magnetic silica
nanoparticles (PEGylated PFMSNs) were used to demon-
strate that PEGylated PFMSNs could penetrate the BBB
through transcytosis of vascular endothelial cells, diffusing
into cerebral parenchyma and distributing in the neurons.
In contrast, non-PEGylated FMSiNPs were not found to
cross the BBB. Moreover, the PEGylated PFMSNs may
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not induce cumulative intoxication to the brain.!?s It was
reported that nanosized silica-overcoated magnetic par-
ticles containing Rhodamine B isothiocyanate can also
penetrate the blood-brain barrier without any apparent
toxicity.'?’

4. CONCLUSION

Silica nanoparticles seem to have low toxicity and to be
biocompatible when administered locally but they appear
to be quite toxic systemically, leading to lymphocytic infil-
tration, microgranulation and degenerative necrosis in liver
tissue.

Regarding the size, larger silica nanoparticles appear to
be taken up faster and more intensively by macrophages
than smaller ones, causing liver inflammation. On the other
hand, as far as it is possible to assume, the smaller the par-
ticle, the greater surface/volume ratio, resulting in surface
energy raise and consequently, more biologically reactiv-
ity. Additionally, increasing the dose could also induce
liver damage, independently of the SiNPs size. Instead,
when SiNPs are subcutaneously administered, the inflam-
matory reaction only appears at the beginning, and then
decreases leaving no damage in surrounding tissues.

It was also found that size was related to nanoparticles
excretion. Smaller SiNPs are excreted faster than larger
one, providing the possibility of getting a long retention
time for controlled drug delivery. Modifying the chemical
surface could manage the chance to regulate the excre-
tion too. Hepatobiliary excretion is enhanced by giving the
nanoparticle’s surface a highly positive charge. Alterna-
tively, PEGylation allows obtaining longer blood circula-
tion times, lower uptake by the reticuloendothelial system
organs, and also penetration of the blood-brain barrier.

Regarding the possibilities given by surface modifica-
tion and the results obtained by the different authors, it can
be concluded that the properties of SiNPs can be mastered
to meet the desired therapeutic requirements. In this sense,
when anticancer properties are expected, then naked SiNPs
can be useful and higher uptakes rates would cause selec-
tive toxicity in the chosen target. On the other side, when
a therapeutic action or enhancement is needed, then modi-
fying the surface of the nanoparticles could help reach the
final objective.
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In recent years, nanoparticulate systems have matured from simple devices to multifunctional and
more complex systems. They are biodegradable, stable in blood, non-toxic, and non immunogenic
construct, capable of delivering drugs in a specific site, thereby improving efficacy. Their capabilities
as drug delivery system and the interaction with the biological cells in the target tissue are depen-
dent on their physicochemical properties such as particles size, size distribution, surface charge
and morphology. Polymeric nanoparticles are usually produced by two classical methods: nanopre-
cipitation and emulsion-solvent evaporation technique. In such process, a number of preparation
parameters can affect the nature of the nanoparticles as: drug, polymer concentration, temperature,
solvent volume, aqueous:organic phase ratio, type and concentration of emulsifier and so forth.
One of the most important formulation parameters involves the emulsifier, which is necessary as
surfactant stabilizer in the process to form nanoparticles. D-a-tocopheryl polyethylene glycol (PEG)
1000 succinate (TPGS) is a water soluble derivate of natural source vitamin E. It is amphipathic
and hydrophilic, exhibiting the characteristics of a typical surface-active agent. This review summa-
rizes recently available information regarding the emulsifying effects of TPGS on the preparation,
characterization, in vitro release and in vivo performance of the nanoparticulate systems, and the
advantages of TPGS-drug conjugates.
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systems seek to concentrate the drug in the site of inter-
est, reducing the relative concentration of the drug in the
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rest of body to improve the medical treatments. Today,
commercially available nanotechnology products are an
effective alternative drug delivery platform used for the
treatment of complex disease.® Generally, these products
are designed to overcome the problems of drug poor solu-
bility and bioavailability. Nowadays, almost 60% of drugs
coming from synthesis are aqueous poorly soluble which
led to low oral bioavailability.* For example, a water insol-
uble chemotherapy drug such as paclitaxel (PTX) has been
reformulated into albumin nanoparticles (Abraxane®) with
a mean particle size of 130 nm.> This nanoparticulate sys-
tem allowed the administration of higher doses of PTX with
shorter infusion duration than Taxol® (PTX-solution). For
example, the infusion duration is 3 h for Taxol® and only
30 min for Abraxane®. Another encouraging issue was the
possibility of overcome solvent-related problems of PTX.3

In recent years, nanoparticles (NPs) have matured from
simple devices to more complex systems. NPs are defined
as solid systems that usually share, as a common feature,
a size range from a few nanometers (nm) to several hundred
nm.® Nanoparticulate systems materials must be biocom-
patible and biodegradable for their use in the clinic. These
biomaterials should be reduce, metabolize and eliminate
by the body’s natural pathways.” The choice of biomate-
rials with different physicochemical properties (molecular
weight, hydrophilic-lipophilic balance and crystallinity)
allows the modulation of drug delivery rates. Depend-
ing on the method of preparation, it is possible to gener-
ate nanocapsules or nanospheres.®!! The nanocapsules are

Vitamin E TPGS Used as Emulsifier in the Preparation of Nanoparticulate Systems

vesicular systems in which the drug is adsorbed on the sur-
face of the particle or placed in liquid interior surrounded
by the polymeric layer. In contrast, the nanospheres are
constituted by a spherical matrix, where the drug can be
entrapped within the particle or adsorbed on the surface.'?
A very important point in the nanoparticulate systems is
the particle surface. Once in the bloodstream, charged NPs
without surface modification can be rapidly opsonized and
massively cleared by the fixed macrophages. As a general
rule, hydrophobic particles can be opsonized more quickly
that hydrophilic particles due the enhanced adsorbability
of blood serum proteins on these surfaces.'? Surface mod-
ification of NPs with hydrophilic polymers and/or non-
ionic surfactants is the most common way to slow, or even
avoid, protein opsonization and to improve the surface
properties of the system. These hydrophilic polymers or
non-ionic surfactants are adsorbed or grafted in the sur-
face of NPs in order to block electrostatic and hydropho-
bic interactions that promote opsonization process. This
phenomena is denominated PEGylation.!*'* The poly-
mers and non-ionic surfactants more used in the NPs
surface modification include polysaccharides, polyacry-
lamide, poly(vinyl alcohol), poly(N-vinyl-2-pyrrolidone),
polyethylene glycol (PEG), and PEG-containing copoly-
mers such as poloxamers, poloxamines, polysorbates, and
PEG copolymers.!* Recently, other polymers such as poly-
oxazolines, poly(amino acids), polybetaines and polyg-
lycerols have been applied as surface coating agents.'
One surfactant used recently for surface coating is the
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D-a-tocopheryl polyethylene glycol 1000 succinate (vita-
min E TPGS or TPGS).'*'® TPGS is a water-soluble
derivative of natural source vitamin E and PEG. This
molecule results from the esterification of vitamin E suc-
cinate with PEG. It contains a lipophilic and a hydrophilic
portion (Scheme 1), making it similar to a conventional
surface-active agent.!” Another very important feature is
that TPGS can be intact absorbed in the gastrointestinal
tracts, and inhibits efflux pumps such as P-glycoprotein
(P-gp). Therefore cytotoxicity of anticancer agents with
low oral bioavailability can be enhanced.'® Also, several
authors have also demonstrated the effects of TPGS as an
effective oral absorption enhancer for improving bioavail-
ability of several poor absorbed drugs.?->

This review summarizes recently available information
regarding the emulsifying effects of TPGS on preparation,
characterization, in vitro release and in vivo performance
of nanoparticulate systems, and the advantages of TPGS-
drug conjugates.

2. APPLICATIONS AND ADVANTAGES OF
TPGS IN NANOPARTICLES FOR
DRUG DELIVERY

TPGS is a water-soluble form of the natural Vitamin E
(a-tocopherol) which has been approved by the Food and
Drug Administration (FDA) as a safe pharmaceutical excip-
ient in drug formulation.?* TPGS contains 260 mg/g of vita-
min E (387 TU/g) and a molecular weight of ~ 1513 Da.
It is a waxy solid which is water miscible in all parts and
it presents a HLB value of about 13.2. Also, TPGS is sol-
uble in common excipients used in both preclinical and
commercial formulations such as ethanol and PEG400.%
TPGS melting point is range between 37 and 41 °C.%
It has been administered satisfactorily for vitamin E defi-
ciency treatment in patients with cystic fibrosis, Crohn’s
disease, congenital hepatic cholestasis, short bowel and
also in premature infants with low birth weight.>’3! Due
to its physicochemical properties it has been used as an
oral absorption enhancer to improved oral bioavailability
of poorly absorbed drugs such as amprenavir, cyclosporine
A and vitamin D.**3* In some cases, the bioavailability

Hydrophilic

H{/OV\}nOJL/YO

Hydrophobic

Scheme 1. Chemical structure of TPGS.
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improvement could be observed at levels below the TPGS
CMC value (0.02% wi/v at 37 °C).3>-" Nevertheless, these
improvement could be also attributed to the enhanced on
drug solubility due to micellar solubilization and/or TPGS
capacity to inhibit P-gp.®® Lately, several authors have
described that a-tocopheryl succinate (a-TOS) has anti-
neoplastic activity in vitro on many cancer cells lines.*
Also, Youk et al. reported that TPGS was more potent
than @-TOS in carcinoma growth inhibition in human lung
cells.** Additional experiments are still necessary to con-
firm the potential anticancer activity of TPGS.

In recent years, TPGS has been used as an emulsi-
fier for provide stability in the preparation of NPs. Gen-
erally, TPGS can be used in a concentration range from
0.015 to 0.06% w/v.*' Some researchers use concentra-
tions of up to 1% w/v** and others up to 5% w/v for the
preparation of different NPs.** As emulsifier, TPGS was
67 times more effective than polyvinyl alcohol (PVA) in
poly-lactic-co-glycolic acid (PLGA) NPs preparation by
o/w emulsion solvent evaporation method.*! Further, TPGS
could achieve good efficiency of encapsulation (EE) for
hydrophobic drugs resulting, in some cases, as high as
100%.%“* Additionally, TPGS could be used as a matrix
component to improve NPs pharmaceutical properties. To
achieve this, an interesting alternative was the synthesis
of polymers such as poly-lactic acid (PLA) or poly-e-
caprolactone (PCL) with TPGS to form different copoly-
mers. PTX-loaded PLA-TPGS NPs presented a faster PXT
release rate than PTX-loaded PLGA NPs due to the higher
hydrophilic character imposed by TPGS.* At the cellu-
lar level, it has been reported that NPs fabricated with
TPGS as emulsifier could have higher cellular uptake effi-
ciency compared to PVA-coated NPs in Caco-2 cells.*’
In Human colon adenocarcinoma cells (HT-29 cells), cel-
lular uptake increased as follows PVA-emulsified PLGA
NPs (27%) < TPGS-emulsified PLGA NPs (40%) < PLA-
TPGS NPs (53%).“ These are encouraging results but
other experiments should be performed using multiple cell
types and in vivo models to identify the true benefit.

3. BIODEGRADABLE POLYMERS USED IN
NANOPARTICULATES SYSTEMS USING
TPGS AS EMULSIFIER/STABILIZER

Nanoparticulates systems can be prepared from preformed
polymers or from a monomer during its polymerization
by several methods.*® The most commonly-applied strat-
egy for polymeric NPs production relies on premade
polymers.* Because of the non toxic properties and bio-
compatibility of the degradation products, it is better to
use biodegradable polymers. These can be from a natural
or a synthetic origin. Natural biodegradable polymers are
based on its low cost, its biocompatibility and its solu-
bility in aqueous medium. Despite these advantages, they
have a limited use due to the variability in its composi-
tion and molecular weight between batches. On the other
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hand, synthetic biodegradable polymers have a high repro-
ducibility between batches. This allows controlling and
predicting the degradation kinetics of these polymers.*®
The synthetic biodegradable polymers more studied and
used for NPs preparation, using TPGS as surfactant, are
PLA>' and PLGA.%4-525% PLA and PLGA belong to
polyesters aliphatic family which was initially developed
by the pharmaceutical industry for use as degradable sur-
gical sutures.® Other polyester commonly used is poly-
e-caprolactone (PCL) which is less expensive than PLA
and PLGA.>® This family has gained popularity, mainly
because of their noteworthy properties in terms of bio-
compatibility, biodegradability, and by its approval for
use in human by the FDA.’ This is relevant for the
pharmaceutical industry because, FDA-approved pharma-
ceutical excipients appear as a better alternative for the
development of pharmaceutical products than other new
copolymers under evaluation which need long and expen-
sive biocompatibility assays.

Particularly, these NPs are usually produced by two
classical methods: nanoprecipitation and emulsion-solvent
evaporation technique. In both techniques, NPs are formed
by the precipitation of polymer in a TPGS-containing
aqueous phase followed by solvent evaporation. In the
nanoprecipitation, the polymer and drug are dissolved in
an organic solvent miscible with water (e.g., acetone) and
then mixed into an aqueous phase with TPGS. After the
addition of the organic phase, the diffusion of the sol-
vent into the aqueous phase will cause the polymer to
precipitate, and drug-loaded NPs, will be form. In the
emulsion-solvent evaporation method, the polymer and
drug are dissolved in a non water-miscible solvent (e.g.,
dichloromethane, ethyl acetate) and mixed into an aqueous
phase with TPGS forming an oil-in-water emulsion. This
dispersion is formed upon mixing by sonication or high
speed homogenization of the two phases and particles form
upon solvent evaporation. The emulsion-solvent evapora-
tion method is used to encapsulate either hydrophobic or
hydrophilic drugs.*! If the drug is hydrophilic, the tech-
nique should be modified to form a water-in-oil-in-water
(w/o/w) emulsion. TPGS plays a key role to improve the
characteristics of the NPs (size, surface morphology, drug
loading and drug release).’-%

3.1. PLA and PLGA NPs Emulsified/
Stabilized with TPGS

Several approaches have been proposed for the prepa-
ration of PLA and PLGA NPs (Table I). PLGA NPs
are frequently used for the encapsulation of various anti-
cancer drugs such as PTX. It is an antineoplastic agent
(mitotic inhibitor) with poor water solubility and effective
for various cancer especially ovarian and breast cancer.
The commercial formulation (Taxol®) is formulated with
high Cremophor EL concentrations, which has been asso-
ciated with severe side effects. Mu et al. reported that
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optimizing the formulation parameters, drug EE could be
as high as 100% for PTX-loaded PLGA NPs with TPGS as
emulsifier agent.*! Also, under the same fabrication con-
dition, the required amount of TPGS was 67 times lower
than the required amount of PVA to achieve the same
emulsifying effects. This point is very important because it
would need only a small amount of surfactant to produce
NPs. For example 1% w/v of PVA would be equivalent to
0.015% w/v of TPGS. Other study has demonstrated that,
PLA and PLGA NPs prepared with a TPGS concentration
between 0.02-0.03% w/v showed the best nanoparticle
yield. Also different NPs formulations fabricated with two
PLGA types (75:25 and 50:50) and 0.03% w/v of TPGS,
as emulsifier, showed EE between 49 and 84%. These
NPs presented a hydrodynamic diameter ranged between
370-655 nm. Under SEM and AFM observation, all par-
ticles had a fine spherical shape. As to the in vitro release
assays, an initial release burst was prominent during the
first day (> 15%). Then, the release gradually decreases
and remains constant even after 1 month.*! Win and Feng
evaluated this type of NPs on in vitro assays with HT-29
cells. PTX loaded-PLGA NPs showed higher toxicity than
the commercial formulation.>? In vitro cytotoxicity studies
in C6 glioma cells revealed that PTX-loaded PLGA NPs
(IC5y =9.6 ug/ml) showed 3.40 times greater cytotoxicity
than PTX solution (IC5, = 32.7 wg/ml) in 48 h culture at
37 °C. In addition, the mortality was almost despicable for
the blank PLGA NPs.%?> More over, Feng’s group evalu-
ated PTX-loaded PLGA NPs for oral chemotherapy. These
NPs presented spherical shape of 200-300 nm diameters
with an EE of 80.9%. NPs In vivo evaluation achieved
more than 10 times higher oral bioavailability than Taxol®,
which result 9.74-fold higher therapeutic effect and 12.56-
fold longer sustainable therapeutic time than Taxol®.%
In case of I.V. route, NPs produced a significant increase
in the half life of PTX in an in vivo s.c. C6 cells xenograft
model. Moreover, a single administration of NPs achieved
a sustained therapeutic effect for 7 days, while PTX solu-
tion effect remained only for 22.2 hours. In addition,
these NPs administered via intratumoral were 1.5 times
more effective than Taxol® to suppress tumor growth.®®
Also, PTX-loaded TPGS-emulsified PLGA NPs adminis-
tered 1.V. increased the AUC (area-under-the-curve) by a
factor of 4.9 compared to Taxol®.3

Due to complications presented by the LV. route,
the oral route is a very good alternative for ambula-
tory cancer patient’s therapy. For this reason, the deeply
investigation of the oral administration of the tradition-
ally I.V.-administered anticancer drugs represent a real
challenge.%* Caco-2 cell line (colon adenocarcinoma) can
be used to in vitro simulate the gastrointestinal barrier and
to evaluate cellular uptake of oral anticancer drugs. Win
and Feng prepared PVA-emulsified and TPGS-emulsified
coumarine-6-labelled PLGA NPs to evaluate uptake cellu-
lar. Images of confocal laser scanning microscopy (CLSM)
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Table I. Examples of NPs prepared with biodegradable polymers using TPGS as emulsifier/stabilizer.

Polymer Preparation method Drug Size (nm) PDI EE% Comments Ref.
PLGA (50:50) Emulsion-solvent PTX ~ 685 0.005 100 In comparison with [46]
evaporation PVA, the TPGS

could significantly
improve the
encapsulation
efficiency of the
drug in the NPs.

PLGA (50:50); Emulsion-solvent PTX ~515; ~272 0.005; 0.245 ~53; ~50 NPs of nanometer [41]
(75:25) and evaporation and ~ 589 and 0.326 and ~43 size with narrow
PLA for each distribution can be
polymer obtained.
PLGA (50:50) Emulsion-solvent PTX ~236 0.012 ~ 66 The AUC for 48 h for [52]
evaporation TPGS emulsified

PLGA NPs of PTX
were found 4.9
times larger than
that for the Taxol®.
PLGA (50:50) Emulsion-solvent PTX ~ 288 0.028 ~93 TPGS-emulsified NPs  [54]
evaporation have great
advantages versus
PVA-emulsified
NPs for local
delivery of
antiproliferative
drugs.
PLGA (50:50) Emulsion-solvent Atorvastatin ~ 140 0.150 ~35 NPs presented better ~ [69]
evaporation calcium efficacy and safety
parameters that
marketed
formulation.
PLGA Emulsion-solvent PTX 200-300 N.D. ~81 NPs achieved more [63]
evaporation than 10 times
higher oral
bioavailability than
Taxol®, which
resulted 9.74-fold
higher therapeutic
effect than Taxol®.
PLGA Emulsion-solvent Iron oxides ~280 0.120 N.D. NPs were tested [123]
evaporation in vivo using
xenograft mice.
They are able to
reach the tumor by
EPR as shown by
magnetic resonance

imaging.
Nanoprecipitation ~220 0.109 N.D.
PLGA (50:50) Emulsion-solvent Meloxicam 1st population: 0.449-0.651 50-58 NPs produced with [44]
evaporation 68-82; 2nd TPGS showed
population: bimodal size
367475 distribution. An

increase in
sonication time
leads to an increase
in the production
of smaller particles
with narrower size
distribution.

Notes: Abbreviations: PLGA, poly-lactic-co-glycolic acid; PTX, paclitaxel; PVA, polyvinyl alcohol; TPGS, D-a-tocopheryl polyethylene glycol (PEG) 1000 succinate; AUC,
area under curve; N.D., not data.
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clearly showed that the particles were internalized in the
cells and that surface modification of PLGA NPs with
vitamin E TPGS improved the cellular uptake (1.4 fold).*’
More recently, Zhao and Feng evaluated TPGS-emulsified
PTX-PLGA NPs for oral chemotherapy. The NPs devel-
oped showed an oral bioavailability 10 times greater than
Taxol® in rats.®

With other therapeutic purpose, PTX has been used in
treatment of coronary in-stent restenosis with PTX-coated
balloon catheters.® Considering this application, Feng
et al. encapsulated PTX in PLGA NPs using PVA or
TPGS as emulsifier agent. These NPs were tested for
the treatment and prevention of restenosis in coronary
artery smooth muscle cells (CASMCs) and in an animal
model (rabbit). In vitro study showed that PVA and TPGS-
emulsified NPs presented higher antiproliferative effects
than Taxol® (3.66 and 5.15 times, respectively). Further-
more, TPGS-emulsified NPs (ICs, = 160 ng/ml) was 47%
more effective than Taxol® (ICs, = 748 ng/ml) and 1.3%
more effective than PVA-emulsified PLGA NPs (ICs, =
204 ng/ml). In vivo model of restenosis was used only to
observe the uptake of fluorescent NPs.*

Not only PXT but also a variety of therapeutic agents
with different aqueous solubility could be encapsulated
in PLGA NPs using TPGS as emulsifier. For example,
rifampicin and estradiol valerate were chosen as model
of hydrophilic and hydrophobic drugs, respectively. TPGS
was a good emulsifier in terms of loading efficiency
with estradiol (insoluble) and not so good for rifampicin,
a slightly water-soluble molecule.>® Other drug with low
solubility and membrane permeability is amphotericin B
(AmB). It is an antifungal and antileishmanial drug with
negligible absorption when it is orally administered. Ther-
apy with conventional dosage form of AmB (Fungizone®)
involves L.V. administration over long periods of times
according to disease.®® However, its therapeutic effect is
limited due to several drug-related side effects as renal
toxicity.®” The existence of an effective and safe AmB
oral formulation would have great impact in the clinical
field. AmB-loaded PLGA NPs of ~ 170 nm were prepared
by nanoprecipitation method employing TPGS as stabi-
lizer. These NPs were administered I.V. in rats to deter-
mine the potential nephrotoxicity. The animals treated with
Fungizone® presented a significant increase in blood urea
nitrogen and plasma creatinine levels compared to con-
trol; while AmB-loaded PLGA NPs showed lower levels
demonstrating greater safety. Also, the relative bioavail-
ability of AmB was ~800% for the NPs (AUC,_;,; =
7939 ng-h/ml) as compared to Fungizone® (AUC,_, =
1001 ng-h/ml).%® These NPs offer a valuable possibility
of treating systemic fungal infection and leishmaniasis by
oral route. Similarly, NPs prepared with PLGA and TPGS
as emulsifier were used to encapsulate statins by emulsion
evaporation method.® Statins are a class of drugs used to
decrease blood cholesterol levels achieving important ben-
efits for the large populations of individuals at high risk
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for coronary disease.”® Statins have rare but severe adverse
effects, particularly muscle aches or muscle weakness
with increase in creatine phosphokinasa (CPK). This mus-
cle weakness is named “Myophaty.” The myotoxicity of
the statins varies as follows: atorvastatin > (pravastatin =
simvastatin = lovastatin) > fluvastatin.”! Meena et al.
prepared atorvastatin-loaded PLGA NPs using TPGS as
stabilizer demonstrating equal effectiveness in compari-
son to Lipicure® (commercial formulation), at a 66%-
reduced dose in treating the hyperlipidemia. Also, NPs
showed non negligible myotoxicity in comparison to the
marketed formulation.®® Once more, TPGS-emulsified NPs
showed significant improvement compared with commer-
cially available formulations.

3.2. Nanoparticles Prepared with
TPGS-Copolymers

The synthesis of biodegradable copolymers based upon
TPGS as a matrix component has great potential for the
manufacture of polymeric NPs (Table II). Thus, we can
prevent desorption of TPGS from the NPs surface.®® More-
over, NPs surface modifications with TPGS also provide
a platform for conjugation of ligands, and prevent the
opsonization.”>”* Recently, the properties combination of
both, polymers and TPGS, have been explored in order to
synthesized different copolymers such as PLA-TPGS,’*"*
PLGA-TPGS,’*”® PCL-TPGS,” PCL-PLA-TPGS® and
PCL-PGA-TPGS.# Some authors have used these copoly-
mers for NPs preparation. For example NPs fabricated of
PLA-TPGS copolymer were prepared by modified solvent
extraction technique with and without TPGS as emulsifier.
In both cases, PTX-loaded PLA-TPGS NPs of ~ 300 nm
showed higher EE and achieve a faster drug release than
PLGA NPs.3? Furthermore, the PLA-TPGS NPs showed
higher cellular uptake compared to traditional PLGA NPs
in HT-29 cells. The ICs, of PTX-loaded PLA-TPGS NPs
was decreased 14 fold for HT-29 and 2 fold for Caco-2
cells after 48 hours incubation in comparison to PTX solu-
tion. I.V. administration of PTX-loaded PLA-TPGS NPs in
rats revealed 1.6-fold larger AUC values and enhanced the
plasma residence times of drugs compared to commercial
formulation.®*

NPs containing TPGS have been proposed to provide
an innovate solution for oral chemotherapy. Feng et al.
prepared PLA-TPGS NPs incorporating montmorillotine
(PLA-TPGS/MMT NPs) a potent detoxifier for oral deliv-
ery of chemotherapeutic agent as docetaxel (DTX). The
in vitro activity of DTX-loaded PLA-TPGS NPs could
be enhanced by combining it with MMT. In vitro studies
in MCF-7 cells, DTX formulated in PLA-TPGS (ICs, =
5.11 pg/ml) and PLA-TPGS/MTT (IC5, = 3.68 wg/ml)
were ~2 and ~ 3-fold more effective than the Taxotere®
(DTX solution) (ICs, = 11.3 ug/ml) after 24 h treat-
ment, respectively. Moreover, in vivo experiments with
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Table II. Examples of NPs prepared with TPGS-copolymers.

Bernabeu and Chiappetta

Copolymer

Preparation method Drug

Size (nm)

PDI

EE%

Comments

Ref.

PLA-TPGS

PLA-TPGS

PLA-TPGS

PLA-TPGS:TPGS-
COOH

PLA-TPGS

PLA-TPGS:TPGS-
COOH

PLA-TPGS

PLA-TPGS

PLGA-TPGS

PCL-PLA-TPGS

PLA-TPGS:TPGS-
COOH

Emulsion-solvent PTX
evaporation

Emulsion-solvent PTX
evaporation

Doble emulsion- BSA
solvent
evaporation

Emulsion-solvent PTX
evaporation

Emulsion-solvent QDs
evaporation

Emulsion-solvent QDs
evaporation

Nanoprecipitation DTX

Emulsion-solvent DOX
evaporation

Emulsion-solvent DTX
evaporation

Emulsion-solvent DTX
evaporation

Nanoprecipitation DTX

~300

~300

260-360

310-330

~200

~280

228-245

~130

207-290

~200

160-240

>0.20

0.20-0.30

0.21-0.34

0.14-0.32

~0.15

0.16-0.20

~0.27

0.06

0.32-0.49

>0.20

0.09-0.20

62-92

60-90

44-75

~35l

46

~ 60

98

59-99

54

N.D.

PLA-TPGS copolymer can greatly
increase the drug encapsulation
efficiency and achieve much faster drug
release than the PLGA nanoparticles to
meet the therapeutic needs.

The novel PLA-TPGS NP formulation of
paclitaxel also showed significant
advantages in achieving larger
cytotoxicity and smaller ICy, over the
Taxol®.

PLA-TPGS NPs have advantages over the
PLGA NPs: smaller size, more uniform
size distribution, higher EE, and
desired release profile and more
importantly, protect the activity of the
formulated proteins.

PLA-TPGS copolymer is employed as
matrix and the TPGS-COOH
copolymer is used to facilitate folate
decoration for targeting the cancer cells
rich of the folate receptors on their
surface. NPs have great advantages
versus the pristine drug and the
folate-decoration can significantly
promote targeted delivery of the drug
to the corresponding cancer cells.

QDs were encapsulated in the interior of
the polymeric matrix. These NPs can
be used for molecular imaging for
detection of diseases at their earliest
stage.

QDs-loaded PLA-TPGS/TPGS-COOH
NPs showed lower in vitro cytotoxicity
compared to free QDs.

IC,, data showed that the Tf adsorbed
PLA-TPGS NPs of DTX could be
23.4%, 16.9% and 229% more efficient
than the PLGA NPs, the PLA-TPGS
NPs and Taxotere® after 24 h
treatment, respectively

PLA-TPGS NPs showed the inhibition of
P-gp activity and improvement in
intracellular accumulation and nuclear
localization of DOX.

DTX-loaded PLGA-TPGS NPs could
achieve much faster drug release in
comparison with PLGA NPs. Also,
PLGA-TPGS NPs were biocompatible,
and DTX-loaded PLGA-TPGS NPs
had significant cytotoxicity against
Hela cells.

DTX-loaded PCL-PLA-TPGS NPs
presented advantages over Taxotere® in
terms of cytotoxicity against HeLa
cells.

Adjusting the PLA-TPGS:TPGS-COOH
blend ratio could controlled the
targeting effects in HER2 positive
breast cancer cells.

[74]

[46]

(8]

[98]

(73]

[72]

[94]

[121]

(771

(80]

[102]

Notes: Abbreviations: PLA, poly-lactic acid; TPGS, D-a-tocopheryl polyethylene glycol (PEG) 1000 succinate; PTX, paclitaxel; BSA, bovine serum albumin; PLGA,

poly-lactic-co-glycolic acid; PVA, polyvinyl alcohol; QDs, Organic Quantum Dots; DTX, docetaxel; DOX, doxorubicin; PCL, poly-g-caprolactone; N.D., not data.
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rats showed that the oral administration of NPs achieved
~20 times longer half life of DTX. Additionally, the
oral bioavailability of DTX could be increased to 91.3%
by the PLA-TPGS formulation compared to 3.6% for
Taxotere®.8* PLA-TPGS NPs also can be used for delivery
and protection of peptides and protein. Lee et al. showed
that modulating the ratio weight content of PLA:TPGS
could affect the burst release characteristic from the albu-
min (BSA)-loading PLA-TPGS NPs. Unfortunately, the
EE decreased from 75.6% to 44.3% when the TPGS’s con-
tent in the copolymers was increased from 3.4% to 12%.%
Another novel approach was the synthesis of PLGA-TPGS
for the delivery of anticancer drugs. PLGA-TPGS NPs
encapsulating DTX showed a significant anti-proliferative
activity in vitro against HeLa cells. This activity is posi-
tively correlated to greater cellular uptake and little toxic-
ity of the drug-free PLGA-TPGS NPs.%¢ In other study, Ma
et al. developed a formulation based on PCL-PLA-TPGS
random copolymer for NPs formulation of DTX. The ICs,
value for DTX incorporated into PCL-PLA-TPGS NPs
toward HeLa cells was determined to be 4.6 ug/ml ver-
sus 28.1 wg/ml for Taxotere®, after 72 h. In addition, the
cummulative drug release was 12.2% for PCL-PLA-TPGS
NPs after 72 h.37 An interesting strategy for increase reten-
tion time at the cell surface is modify the surface charge
of NPs. Chen and co-workers prepared PLGA-TPGS NPs
with a cationic surfactant didodecyldimethylammonium
bromide (DMAB) to change the surface charge of NPs.
Zeta potential values confirmed that surface modification
with DMAB changed the PLGA-TPGS NPs from a nega-
tive to a positive surface charge. DMAB-modified PLGA-
TPGS NPs (432 mV) have significantly higher level of the
cellular uptake than that of DMAB-modified PLGA NPs
(=29 mV) and unmodified PLGA-TPGS NPs (—22 mV).%8
All studies demonstrate that TPGS-copolymers are very
promising for the preparation of novel nanocarriers for
drug delivery, but more assays are necessary to ensure
biodegradability and biocompatibility.

4. TPGS IN NANOPARTICLES-BASED
TARGETED DRUG DELIVERY

Generally, tumor cells express many molecules on their
surface at levels higher than normal cells. For example,
the transferrin receptor (TfR1) is ubiquitously expressed
in normal human tissue but it is overexpressed on surface
of many malignant cells. This high expression, its ability
to internalize by endocytosis, and the necessity of iron for
cancer cell proliferation make this receptor a widely acces-
sible portal for entry of drugs into solid tumor.® Recent
studies involve the coupling of transferrin (Tf), antibod-
ies against TfR or peptides to the NPs surface.’*' Thus,
Zheng and co-workers prepared hybrid NPs composed
of PLGA, phosphatidylcholine (PC) and TPGS, with and
without Tf, for targeted delivery of an aromatase inhibitor
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(7a-APTDAD).”> TPGS was used as stabilizer because
hybrid NPs exhibit high drug loading but little stability in
saline solutions. This inconvenient could be improved by
adding TPGS®® which provides steric stabilization of NPs
due to the hydrophilic PEG chain. 7a-APTDAD is a potent
irreversible aromatase inhibitor with activity in many cell
lines including human mammary carcinoma MCF-7 cells
and choriocarcinoma JAr cells.”* None of the formulations
studied showed significant cytotoxicity at 24 h against
breast cancer cell line (SKBR-3 cells). Therefore, the
drug and the NPs were essentially non-toxic to SKBR-
3 cells. On the other hand, Tf-PLGA NPs were visual-
ized into endosomal vesicles indicating receptor-mediated
endocytosis by CLSM. Finally, aromatase inhibition by the
drug-loaded Tf-NPs in SKBR-3 cells was more effective
than that by the non-targeted NPs.®> The presence of Tf
improves the efficiency and specificity of drug delivery
systems. In other study, DTX-loaded PLA-TPGS NPs were
prepared by nanoprecipitation and Tf was adsorbed on
NPs surface (DTX-PLA-TPGS/Tf). Different formulations
were evaluated in vitro with C6 glioma cells. ICs, data
showed that DTX-PLA-TPGS/Tf NPs could be 23.4%,
16.9% and 229% more efficient than DTX-PLGA NPs,
DTX-PLA-TPGS NPs and Taxotere® after 24 h treatment,
respectively. Also, the confocal images of C6 glioma cell
line with 6-coumarin loaded NPs formulations showed that
the intracellular uptake of PLA-TPGS/Tf NPs was signif-
icantly enhanced compared with PLA-TPGS NPs.%

The blood brain barrier (BBB) presents important obsta-
cles in the treatment of brain tumors because it regulates
the internal environment of the brain selecting the pas-
sage of desired molecules from the blood to the brain
parenchyma. The presence of TfR in the luminal mem-
brane of capillary endothelium of the BBB suggests that
this mechanism could be exploited to solve the problems
of brain drug administration.”® For example, Gang and
Feng investigated the biodistribution of 6-coumarin loaded
NPs in rats. The concentration of 6-coumarin in the brain
tissue from the PLA-TPGS/Tf was higher than the PLA-
TPGS NPs. PLA-TPGS NPs presented lower concentration
in the brain than PLA-TPGS/Tf, but higher than PLGA
NPs; this is probably due to the TPGS inhibitory function
in the P-gp efflux transporters present in the BBB.%¢

Other strategy for tumor targeting, involves folate-
modified nanocarriers because folate receptor is frequently
overexpressed in many malignant cells.”” Zhang et al. syn-
thesized TPGS-folate (TPGS-FOL) to decorate NPs pre-
pared with doxorubicin (DOX) conjugated to PLGA-TPGS
(DOX-PLGA-TPGS). TPGS-FOL was blended with DOX-
PLGA-TPGS at various ratios to control the targeting
process. In the cellular uptake assay, the NPs prepared
with a ratio 1:1 TPGS-FOL:DOX-PLGA-TPGS showed an
increase of 1.3 fold for MCF-7 and 1.2 fold for C6 glioma
cells after 6 hours cell culture compared to NPs prepared
without TPGS-FOL. The MCF-7 and C6 cell viability
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was decreased from 50.8% and 49.6% for NPs without
TPGS-FOL to 8.2% and 30.6% for TPGS-FOL:DOX-
PLGA-TPGS (1:1) NPs, respectively, after incubation for
24 hours.”® The NPs with TPGS-FOL presented better
in vitro cytotoxicity probably due to targeting effects
of FOL in the cancer cells with overexpression of the
FOL receptors. Similarly, PTX-loaded FOL decorated NPs
(FOL-PTX-NPs) were prepared with blends of two copoly-
mers PLA-TPGS and TPGS-carboxylic acid terminated
(TPGS-COOH), which facilitated the conjugation of lig-
ands such as folate. In vitro studies with MCF-7 and C6
cells demonstrated that FOL-PTX-NPs were more effec-
tive in decrease the cell viability than non-targeted NPs
and Taxol®.*”® More recently, TPGS-FOL and PTX con-
jugated to monomethoxy-poly-(ethylene glycol)-b-poly-
(lactide) (mPEG-PLA-PTX) were used to prepare NPs
with various molar ratios of both copolymers. In vitro
assays demonstrated that the cytotoxicity of PTX-loaded
NPs to C6 and Hella cells were improved by folate
component.'®” A similar strategy was used to combine
Herceptin® (a FDA approved monoclonal antibody named
trastuzumab) to the surface of NPs composed of PLA-
TPGS and TPGS-COOH for targeting delivery of DOX
to breast cancer cells overexpressing the human epider-
mal growth factor receptor 2 (HER2 receptor).'?! Zhao and
co-workers found than adjusting the PLA-TPGS:TPGS-
COOH blend ratio could controlled the targeting effects
in HER2 positive breast cancer cells of two ways: con-
trolling the surface density of TPGS-COOH, and adjusting
the feeding concentration of herceptin in the conjugation
process. This fact had a direct impact on cellular uptake
and cytotoxicity.!”? All these in vitro studies shows a high
selectivity of the NPs decorated with ligands, however,
in vivo experiments are needed to confirm a real effect at
the site of action.

5. TPGS-DRUG CONJUGATES

Polymer-drug conjugates are platforms therapeutics for
drug delivery composed of a polymer covalently bound
to a drug trough a linker, generally biodegradable. Many
polymer-drug conjugates are in different stages of clin-
ical studies or have entered into routine clinical use
in oncology.!®® DOX is an anthracycline antibiotic used
in the treatment of a wide range of cancers, unfortu-
nately its clinical application is limited because of severe
side effects, including cardiotoxicity, myelosupresion, and
neprotoxicity.'* To minimize the adverse effects of DOX,
it has been chemically conjugated to TPGS, changing
significantly the intracellular and tissue biodistribution of
pristine DOX.!% This DOX-TPGS conjugated has shown
higher cytotoxicity in vitro against MCF-7 and C6 cells
at low drug concentration. The ICy, of DOX-TPGS con-
jugated in comparison to free DOX was 84.1% more
effective for MCF-7 and 42.2% more effective for C6
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cells after 72 hours culture.'® Also, DOX-TPGS conju-
gate has been chemically conjugated to folate-hydrazide
(FOL-DOX-TPGS) in an effort to deliver DOX directly to
cancer cell that overexpressing high levels of folate recep-
tor. The IC,, of FOL-DOX-TPGS, DOX-TPGS and free
DOX were 0.59, 22.8 and 27.9 uM, respectively. There-
fore, the ICy, of FOL-DOX-TPGS in comparison to free
DOX was reduced by 45 fold for MCF-7 cells.”” The
pharmacokinetics of DOX-TPGS and FOL-DOX-TPGS
were evaluated in rats. The half life of DOX in plasma
was 10.2, 10.5, and 2.69 hours by DOX-TPGS, FOL-
DOX-TPGS and pristine DOX, respectively. Therefore,
the conjugates delay the blood clearance and have simi-
lar biodistribution.”’® More importantly, both conjugates
decreased the heart accumulation of DOX. The AUC
was increased by more than ~ 15 times.’” The previously
results show that polymer-drug conjugates are a viable
strategy for formulation of drug delivery systems. Impor-
tantly, the inhibitory effect of P-gp motivates the search of
TPGS-drug conjugates to solve problems associated with
drug’s pharmacokinetic. However, these conjugates have
the drug chemically conjugated to the polymer and there-
fore they are new chemical entities.

6. INHIBITION OF EFFLUX
TRANSPORTER FOR TPGS

P-gp is a class of multi-drug resistance (MDR) protein
that it is present on the cell membrane and cause the efflux
of drugs reducing its efficacy. Naturally, these ATP depen-
dent transporter proteins are expressed in a wide range
of normal tissues to minimize the exposure to potentially
toxic xenobiotics.!”” P-gp is extensively distributed and
expressed normally in the intestinal epithelium, liver, kid-
ney, placenta, adrenal gland and capillary endothelial cells
comprising the BBB and blood-testis barrier.'® Also, it is
overexpressed in cancer cells and is responsible for one
of the MDR mechanisms most extensively studied in this
kind of cells. The MDR is a major clinical problem to
the success of cancer therapy.'” Approximately 50% of
marketed drugs have lately been identified to be P-gp
substrates, inhibitors or inducers.!!” P-gp inhibitors have
been developed and co-administrated with chemothera-
peutic agents (e.g., verapamil, cyclosporine A), however,
the efficacy of these inhibitors was largely compro-
mised by pharmacokinetic interactions and increased side
effects.!!! Several excipients used in marketed formu-
lations (e.g., PEG400, TPGS, polysorbate 80, Solutol
HS 15, Labrasol, Cremophor EL and different polox-
amers) are potential candidate to enhance drug absorp-
tion. They were identified as more or less potent P-gp
inhibitors.!'?!'* Wempe and co-workers investigated the
potential of novel TPGS analogs using Caco2 permeability
model.'"® In vitro results showed that TPGS concentra-
tion of 30 uM (< 0.005% w/v) reduced rhodamine 123
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(P-gp substrate) efflux by 33% compared to cyclosporine
(P-gp inhibitor) that show a complete efflux inhibition.
In vivo studies confirmed TPGS ability to inhibit P-gp
mediated efflux, resulting in significant improvement of
PTX bioavailability in rats and increased oral talinolol
and cyclosporine bioavailability in humans.!'6'"® Most
recent studies revealed that modulation of ATPase activ-
ity correlated with inhibitory potential for P-gp mediated
efflux. Therefore, TPGS modulates P-gp efflux trans-
port via P-gp-ATPase inhibition.!!*~'2® Furthermore, TPGS
inhibitory potential may be increased or decreased by a
modification of the PEG chain length. Collnot and co-
workers synthesized TPGS analogues (TPGS 200-6000)
finding that TPGS 1000 was the most potent inhibitor
of rhodamine 123 transport in Caco-2 monolayers.'?! Li
et al. prepared DOX-loaded PLA-TPGS NPs and founded
that the activity of P-glycoprotein in drug-resistant breast
cancer MCF-7/ADR cells was decreased after incubation
with these NPs.!?2 NPs prepared with TPGS could exhibit
inhibitory effect on P-gp to enhance drugs bioavailability.
Certainly, the potential function of TPGS as an inhibitor
of efflux pump makes it a suitable choice for the NPs
manufacture.

7. CONCLUSIONS

The present work has reviewed the use of TPGS as emul-
sifier in the preparation of NPs. TPGS has many advan-
tages over conventional surfactants. This can increase the
solubility, permeability and bioavailability of many drugs
which are difficult to deliver orally. Also, TPGS can mod-
ulate P-gp efflux transport and improve the bioavailability
of various drugs. In recent years, TPGS has been used as a
very good emulsifier for produce NPs. As stated, TPGS is
more effective as emulsifier than traditional PVA, present
better performance in emulsification and drug encapsula-
tion efficiency. Due to its structure, TPGS can be used
in the replacement of PEG to coat the NPs surface and
enhance cellular uptake, in vitro cancer cell cytotoxicity,
and more desirable in vivo pharmacokinetics. The appli-
cations of TPGS in nanomedicine are numerous, therefore
will be necessary more research about on the pharmacoki-
netics, biodistribution, and safety of these drug delivery
systems. Finally, the largest number of publications is in
cancer. This opens the possibility to work in other diseases
exploiting this information.
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With the purpose of obtaining stable and non-toxic nanocomposites with potential biomedical appli-
cations we coated gold nanoparticles (AuNP) with chitosan (CHI) and CHI grafted with poly(N-
isopropilacrylamide) (PNIPAAm) and poly(N,N-dimethylacrylamide) (PDMAAm). We used a grafting
reaction carried out by free radical initiation mechanism using potassium persulfate. We charac-
terized the grafted CHI by FT-IR and thermogravimetry, grafting parameters were also calculated.
Gold nanoparticles (AuNP) were obtained by reduction of the auric salt with citrate. Nanocompos-
ites were obtained by mixing dropwise polymer solution into a AuNP solution under intense stirring,
with variable AuNP:copolymer ratios. These were characterized using UV-Visible spectrophotom-
etry and transmission electronic microscopy (TEM). The effects on cell viability of neuroblastoma
SHSY-5Y cells were evaluated performing the MTT assay. CHI and the grafted CHI with PNIPA did
not show effects on cell viability while PDMA presented a certain degree of toxicity. Notably the
nanocomposites did not show effects on cell viability. The new nanomaterials can be useful for new

drug delivery systems.

Keywords: Gold Nanoparticles, Chitosan, Drug Delivery, Nanotoxicology.

1. INTRODUCTION

Gold nanoparticles (AuNP), thanks to their size and prop-
erties are useful in a variety of biologic applications, such
as: control drug release agents,' transfection enhancement
vector,! DNA coupling agent,” computed tomography con-
trast agent,> among many others. One of the most impor-
tant properties of AulNP is their capacities to absorb energy
from an oscillate magnetic field source or a laser irradia-
tion dissipating that energy locally and selectively destroy-
ing tumor cells or toxic aggregates.* This effect has been
used as an effective agent for thermal therapy in cancer
treatment.’

AuNP could be bind to molecules to address them to
specific targets. We can accomplish this by coupling them
with biocompatible molecules such as peptides, proteins,
oligomers and biopolymers which provides stability and
helps to direct the particles to a desire target. For the devel-
opment of a new strategy for Alzheimer’s disease treat-
ment, in our group we bind AuNP to toxic aggregates

*Author to whom correspondence should be addressed.
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of B-amyloid involved in the mentioned pathology. The
aggregates were irradiated with microwaves in the pres-
ence of the nanoparticles. The local heat delivered to by
the metallic nanoparticles produced the destruction of the
aggregates which could be useful for a kind of molecular
surgery for therapeutically purposes.* On the other hand,
we demonstrated that AuNP injected intraperitoneally in
rats cross the blood brain barrier to reach the brain how-
ever in a very low proportions with respect to the injected
doses. This could be explained due to the capping with
plasma proteins (opsonins) that favor the interaction with
the reticule endothelial system and retention in liver and
spleen which contribute to diminish the bioavailability to
the brain.%’7 To overcome this problem it is possible to
create AuNP-biopolymer nanocomposites to enhance the
biocompatibility of the AuNP. CHI is a natural biopolymer
that have been widely studied in biomedical and possess
physical and chemical properties such as high biodegrad-
ability, biocompatibility and low toxicity.® For instance,
Trickler et al. encapsulated paclitaxel, an anticancer drug,
on AuNP-CHI nanocomposites increasing the anti-tumor
activity of the drug when compared to conventional

doi:10.1166/jbt.2013.1072 135

371011LHV HOHV3S3Y



RESEARCH ARTICLE

Capping Gold Nanoparticles with Modified Chitosan Polymers for Biomedical Applications

Paclitaxel formulations.’ There’s also plenty of studies that
use CHI as a nose-to-brain direct delivery of drugs that
show enhance results compared to equivalent drug in oral
administration.'® Also, poly(N-isopropylacrylamide) and
poly(N,N-dimethylacrylamide) are two polymers that have
been used extensively in drug delivery studies.'! !> In this
work, we synthesized and characterized CHI grafted with
N-isopropylacrylamide (CHI-g-PNIPAAm) and chitosan
grafted with N,N-dimethylacrylamide (CHI-g-PDMAAm)
employing a free radical polymerization approach. We
used these copolymers for capping of AuNP and studied
their effects on cell viability in neuroblastoma SHSY-5Y
by using the MTT assay. These new nanomaterials were
also characterized by using UV-visible spectroscopy and
TEM.

2. MATERIALS AND METHODS

High molecular weight CHI, purchased from Sigma-
Aldrich, with the degree of deacetylation of 83% was
used for the synthesis of copolymers. Potassium persul-
fate (KPS) from J. T. Baker was used as initiator for the
copolymerization reactions. Both monomers, N-isopropyl-
acrylamide of 97% purity and N,N-dimethylacrylamide of
99% purity were also purchased from Sigma-Aldrich. 2,2-
Azobis(2-amidinopropane) from FLUKA was used as ini-
tiator for homopolymerization of N-isopropylacrylamide
and potassium persulfate from J. T. Baker was used for
homopolymerization of N,N-dimethylacrylamide. Tetra-
chloroauric monohydrate salt was acquired from Aldrich
and sodium citrate dihydratate from Fluka as the reduction
agent for the reaction. For the cell culture work the fol-
lowing materials were used: streptomycin-penicillin antibi-
otic, GIBCO; phosphate buffered saline (PBS), Sigma;
Dulbecco’s modified Eagle’s medium (DMEM), Biologi-
cal Industries; Fetal Bovine Serum (FBS), GIBCO; and
sequencing grade modified trypsin, Biological Industries.
Finally, dimethylthiazol-diphenyltetrazol bromide (MTT)
from Invitrogen was used for cell viability tests. All organic
solvents were of analytical grade.

3. COPOLYMERIZATION REACTION

An amount of 0.5 g purified CHI was introduced in a
100 mL polymerization tube. It was dissolved with 20 mL
of 2% v/v acetic acid at room temperature. Then 0.108 g
of KPS dissolved in 2% v/v acetic acid was added and the
reaction volume was completed to 40 mL by adding the
required volume of 2% v/v acetic acid solution. Then, 2.4 g
of the desired monomer was added to the reaction mix-
ture. The polymerization tube was sealed and immersed in
a thermoregulated bath at 60 °C for 1 h. The resulting
product was diluted with water and precipitated with ace-
tone in order to remove unreacted monomer and undesired
homopolymer. The graft copolymer was separated by cen-
trifugation and was lyophilized during 24 h.
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4. SYNTHESIS OF AuNP

The AuNP synthesis was carried out following the
Turkevich method by reduction of HAuCl, via citrate solu-
tion that has been used in our previews work.® A fresh
solution of HAuCl, 1 mM was prepared (100 mL) and
set in reflux system under intense stirring for 30 min.
A 10 mL solution of sodium citrate dihydrate 38.8 mM
was heated at 50-60 °C and poured over the HAuCl, solu-
tion, after that the reflux was maintained for about 30 min.
The resulting product is colloid solution of AuNP of 12 nm
coated with citrate. The solution was filtered through a
0.45 pum cellulose acetate membrane Millipore syringe fil-
ters to remove any precipitate, the pH was adjusted to 8.0
using dilute NaOH solution, the final solution was stored at
4 °C. AuNP were characterized by UV-Visible spectrom-
etry and observed by transmission electronic microscopy
(TEM).

5. COATING OF AuNP WITH BIOPOLYMERS:
OBTENTION OF NANOCOMPOSITES

A stock solution of AuNP 0.001% wt/v in citrate 1.2 mM
was prepared, we also prepare a 0.2% wt/v solution of
each copolymer in acetic acid 2% v/v subsequently diluted
those with solutions of 0.1% wt/v or 0.05% wt/v or 0.01%
wt/v or 0.005% wt/v. The copolymer solutions were son-
icated for 1 hour, CHI and CHI-g-PDMAAm were fil-
tered on a 0.2 um cellulose acetate membrane filter while
CHI-g-PNIPAAm was filtered on a 0.45 um cellulose
acetate membrane filter. In order to obtain the nanocom-
posites different ratios of AuNP/copolymer were used.
To a 5 mL aliquot of AuNP 0.001% wt/v solution, under
intense stirring, we added 5 mL of copolymers 0.1% wt/v
solution (the same volume of the above mentioned solu-
tions were added) drop wise, yielding a ratio solution of
1:100 AuNP:polymer. The resulting solution was then cen-
trifuged at 8000 rpm for 15 min, and the residue was
washed using milliQ water, after washed the residue four
times was re-suspended by using a vortex in 5 mL of
milli-Q water. The same procedure was applied for the
three copolymers and their respective dissolutions.

6. CELL CULTURE

Cytotoxic effect was evaluated using a human neuroblas-
toma cell line SHSY-5Y. Cells were cultured every 4 days
in an incubator at 37 °C and 5% CO, in a 250 mL filter
cap flasks containing 10 mL of DMEM supplemented with
10% bovine fetal serum (BFS inactivated, Invitrogen) and
100 U/mL penicillin with 100 pwg/mL streptomycin (Invit-
rogen). First neuroblastoma cells were washed thoroughly
with PBS, and then incubated with 1 mL of Trypsine for
3 min to detach the cells. To quench the action of the
trypsine, 2 mL of DMEM was added to the flask and cen-
trifuged at 1000 rpm for 4 min. The resulting pellet was
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re-suspended in 10 mL of DMEM, a 100 uL aliquot was
release in a new flask to continue the culture line.

3500 cell per well were seeded in a 96 wells flat bottom
plate and incubated for 24 h at 37 °C and 5% CO,. Sam-
ples were exposed to ultraviolet light for sterilization pur-
poses. After the 24 h, the culture medium cell was replaced
with 80 uL of new medium. A 20 ul of sample solution
was added to at least 5 wells per plate an incubated for
24 h. MTT cell viability assay was performed by remov-
ing the medium from each well and incubating the cells
for 4 h at 37 °C with 100 uL of 1 mg/mL MTT solution
in PBS. After that time, the excess of MTT was removed
and the remaining formazan crystals at the bottom of the
well were dissolved in isopropanol and quantified by mea-
suring the absorbance at 490 nm with a 650 nm reference.
The resulting absorbance was compared with the control
as a percentage of cell viability.

7. CHARACTERIZATION OF POLYMERS,
AuNP, AND NANOCOMPOSITES

For UV-spectroscopy characterization of AuNP and
nanocomposites we used a Perkin-Elmer LAMBDA 25
UV/Vis spectrometer and analyze 2 mL of sample in a
1 cm length cuvette on a range of 300-900 nm. FT-IR anal-
ysis for characterization of the polymers was carried out
using a BRUKER IR spectroscope model IFS-28. Ther-
mogravimetric evaluation was performed using NETZSCH
Thermal Analysis IRIS F-209 equipment. For TEM images
of nanoparticles and nanocomposites, we used 200 mesh
cooper grids dyed with uranyl acetate 2%, and visualiza-
tion was accomplished with a JEOL equipment JEM-1010
model.

8. RESULTS AND DISCUSSION

Grafting parameters such as grafting percentage (%G)
and grafting efficiency (%FE) were calculated as shown in
Eqgs. (1) and (2), respectively.

W, — W,
%G = (M) x 100 (1
Wo

DE = (M) x 100 2)
W.

2

Where W, W,, W, are weight of the initial CHI, grafted
CHI after washing and weight of initial monomer, respec-
tively. For the CHI-g-PNIPAAm the final values for %G
and %E were 58% and 24% respectively, while for CHI-
g-PDMAAm were 167% and 70%, respectively. These
values indicated that grafting was achieved under the
conditions used in this work which is further demonstrated
by FT-IR spectroscopy.

Evidence of grafting was obtained by comparing the
FT-IR spectra of CHI and CHI-g-PNIPAAm shown in
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Fig. 1. FT-IR spectrum of CHI and CHI-g-PNIPAAm.

Figure 1. FT-IR of CHI presents two main characteristic
absorption bands, one at 1653 cm™! attributed to the mono-
substituted amide bending bonds (C=O0) and the other at
1586 cm™! corresponding to the amine I (N—H) bending
bonds. It is seen that the 1586 cm~' band is shifted to
1547 cm™! in the CHI-g-PNIPAAm spectrum, we also can
notice clearly a peak at 1459 cm~! due to the presence of
the grafted PNIPAAm on the CHI backbone.

Evidence for the grafting of PDMAAm onto CHI was
also obtained by comparing the FT-IR spectra of CHI
and CHI-g-PDMAAm (Fig. 2). Both characteristic absorp-
tion bands of the CHI are shifted to 1636 cm~! and
1499 cm™!, respectively. Furthermore, two new bands
appear at 1455 cm™! and 1431 cm™! corresponding to
vibration bands of the methyl groups of the grafted
PDMAAm chains.

TGA-DTG analysis was also conducted for the grafted
chitosans. CHI and both homopolymers, PNIPAAm and

BAE = A

Fig. 2. FT-IR spectrum of CHI and CHI-g-PDMAAm
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Fig. 3. TGA-DWA analysis CHI-g-PNIPAAm, CHI and PNIPAAm
homopolymer.

PDMAAm, present one unique degradation event as shown
in Figures 3 and 4 respectively. Grafted CH presents
two events, each corresponding to CHI and the respective
homopolymer. The presence of these degradation events
and the fact that they shift to different degradation temper-
atures demonstrate that grating was achieved.

AuNP of 12 nm were synthesized using the procedure
describe before. Nanoparticles were characterized by TEM
and UV-Vis (Fig. 5). UV-Visible spectra clearly presents a
definite absorption peak at 520 nm (Fig. 5) which could
be related with sizes of AuNP between 10 and 20 nm.S
AuNP exhibits surface plasmon band at 520 nm due to
collective oscillations of the electron at the surface of the
nanoparticles that is correlated with the electromagnetic
field of the incoming light, these results are in accordance
with our previous work.!* On the other hand the sizes of
the nanoparticles were 13+ 1.23 nm.

- -

Fig. 4. TGA-DWA analysis CHI-g-PDMAAm, CHI, PDMAAm
homopolymer.
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Fig. 5. TEM image and UV-Vis spectra of synthesized AuNP.

Figure 6 shows UV-Visible spectra of nanocomposites
using four different ratios of AuNP and CHI, CHI-g-
PNIPAAm and CHI-g-PDMAAmM named as IP and DM
respectively. Surface of the AuNP possess a negative charge
conferred by the citrate coverage.!* On the other hand,
CHI is positively charged under weak acidic conditions
due to the protonation of the amine groups in the poly-
meric bone-chains.'’ In this conditions, electrostatic attrac-
tions occur between both species and CHI will be adsorbed
onto the surface of the AuNP, as expected.'6 The AuNP
absorption peak shows a bathochromic shift from 520 nm
to 538-569 nm in all four ratios. The shift in the peaks is
caused by the encapsulation of AuNP with polymer which
changes the plasmon surface band of the original nano-
structures; this can be noted as an increase in size which
can be seen in the TEM images. Also the intensity of
the absorbance peak decreases along with lower concen-
trations of CHI. This can be explained by the different
grades of encapsulations of the AuNP, as the concentra-
tion of the polymer decreases the lower degree of capping
of the nanoparticle lead to a more unstable structure that
aggregate during centrifugation, this produce a lower con-
centration of the final product yielding a lower absorbance
peak.
The capping of the AuNP with all the polymers
was further confirmed by using TEM analysis. Figure 7
shows TEM images of the three nanocomposites in their
1:100 ratio AuNP/copolymer. As was mentioned before, a
shift toward a higher wavelength in the UV-spectra denotes
an increase in size of the AuNP due to coated copolymer.
The presence of a coating could be visualized in the TEM
image (Fig. 7), and enhanced in the inserts.

Cytotoxicity studies were conducted to the copolymers
and the nanocomposites using the MTT cell viability assay.
Neuroblastoma cell line SHSY-5Y was selected for the
cell viability studies due to the possible application of the
new nanomaterials in Alzheimer’s disease.* In an MTT
assay, the concentration of formazan generated once the
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Fig. 6. UV spectra characterization of: (a) CHI capping the AuNP; (b) CHI-g-PNIPAAm capping the AuNP; and (c) CHI-g-PDMAAm capping the

AuNP.

MTT reagent is reduced (thanks to the action of mito-
chondrial enzymes in metabolically active cells) is directly
proportional to the cell viability. The concentration of for-
mazan was measured spectrophotometrically at 490 nm.
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Fig. 7. TEM images of: (a) CHI capping the AuNP; (b) CHI-g-PNIPAAm
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The results are shown in Figure 8. CHI and CHI-g-
PNIPAAm did not showed effects on cell viability in none
of their respective dilutions studied, in opposition, we can
see a slight toxic effect using the four dissolutions of

capping the AuNP; and (c) CHI-g-PDMAAm capping the AuNP.
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Fig. 8. MTT assay results for: (a) CHI, CHI-g-PNIPAAm and CHI-g-
PDMAAm; and (b) Nanocomposites of AuNP capped with CHI, CHI-
g-PNIPAAm and CHI-g-PDMAAm. Homopolymers and CHI dilutions
were prepared using acetic acid 2%, while nanocomposites solutions were
prepared using de nanocomposites described in the procedure as the start-
ing 100% and subsequently diluted in MilliQ water. Only for ratios 1:100
of AuNP:Copolymers were studied. The experiments are in triplicate and
repeated three independent times.

CHI-g-PDMAAmMm used in the test. Despite this fact, once
AuNP are capped with the CHI-g-PDMAAm the toxic
effect was reduced considerably while AuNP capped with
CHI and CHI-g-PNIPAAm presents no effects on cell
viability possibly due the neutralization of the positive
charges that are present in CHI and grafted CHI.

9. CONCLUSION

The nanocomposites obtained in this work show low
effects on cell viability being interesting candidates to be
used for the improvement of the delivery of nanoparti-
cles to the brain after intravenously or nasal administra-
tion for the treatment or diagnosis of Alzheimer’s disease.
Experiments in this area are currently in progress in our
laboratory.
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In this work, we investigated the concentration effects on the encapsulation of prilocaine (PLC),
an aminoamide local anesthetic, into a small unilamellar liposome, at physiological pH. On the line
of our previous work, we have carried out Molecular Dynamics (MD) simulations using a coarse
grain (CG) model that allow us to reach the microsecond time scale. At physiological pH there
is a partition between protonated and neutral PLCs. In order to estimate the protonated/neutral
PLC ratio at physiological pH (7.4), we have used the Henderson-Hasselbach equation. We have
studied three PLC:lipid molar concentrations, ranging between 10:10 to 1:4. We essentially found
that all neutral PLC molecules rapidly diffuse into the hydrophobic region of the vesicle adopting
an asymmetric bimodal distribution. Moreover, protonated PLC molecules partition between the
external monolayer of the vesicle and the water phase, having a high rate of exchange between
this two phases, with no access to the inner part of the liposome in a concentration dependent way.
In this way, we found that the behavior of PLCs at physiological pH is a combination of high and
low pH, especially at low concentration of local anesthetics.

Keywords: Coarse Grain, Local Anesthetics, Liposome, Molecular Dynamics, Prilocaine,
Physiological pH.

1. INTRODUCTION others.®7 Liposomes are very versatile structures: their
physicochemical properties can be modified by changing
the types of lipids and their proportions in the liposo-
mal formulation, the size of the vesicle, the charge of the
surface (positive, negative, or neutral), the pH sensitivity,
temperature sensitivity, etc.” In this way, liposomes can be
carriers for hydrophilic or hydrophobic compounds. The
size of the liposomal vesicles significantly influences drug
distribution.®-® The encapsulation of LAs into liposomes
for drug-delivery purposes has been proposed for the first
time by Gesztes et al.! Nowadays, diverse studies have
been demonstrated the clinical effectiveness of liposo-
mal formulations containing different anesthetics.'!* '2 The
advantages of encapsulating LA in liposomes are the slow
drug release, prolonged anesthetic effect and reduced tox-
icity towards the cardiovascular and central nervous sys-
tems.* Intensive research is focused on anesthetics trapped
into liposomes, in order to enhance their activity and phar-
macokinetic properties.’

The development of safer and more effective local anes-
thetics (LA)—pain relief drugs—has come a long way
since the earliest experiments with cocaine.! Nowadays,
a growing number of new anesthetics are used in medicine
and odontology. The structure and physicochemical fea-
tures of each LA determine drug potency, onset of action
of sensory block and toxicity.? However, the relatively
short duration of analgesia—due to their transfer and redis-
tribution from the site of injection—still restricts their
clinical use for the treatment of chronic pain.® In the
last decades the development of LA drug-delivery systems
made possible to manipulate some biopharmaceutical and
pharmacological properties of LA, improving their thera-
peutic effects (long duration of action associated to low
systemic toxicity) and pointing them as promising alterna-
tives to favor the clinical use of LA agents.* 3
Liposomes-spherical vesicles consisting of one or more
phospholipid bilayers—are currently used as effective
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drug carriers. For example, there are vesicle formula-
tions for antitumor anthracyclines,* antifungal® and many

*Author to whom correspondence should be addressed.

J. Biomater. Tissue Eng. 2013, Vol. 3, No. 1

2157-9083/2013/3/141/007

It is important to remark that the pH of a parenteral
infusion is found between 4 and 8.!3 The reason for that is
related with the patient’s acceptance: infused solutions of
pH smaller than 3 cause pain and phlebitis, and pH greater

doi:10.1166/jbt.2013.1074 141
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than 8 cause inflammation and venous irritation. In particu-
lar, most of LAs are weak bases with pKA values between
7.5 and 8.8.' In this way, a partition between their charged
and uncharged forms is found at physiologic pH. This par-
tition could be quantified by the Henderson-Hasselbach
equation,

pH = pK, +1o [neutral]

(1)
The values between [..] represent the molar concentrations
of neutral and protonated species, respectively.

The knowledge of the interaction of LA with lipids is
essential in order to improve the use of liposomes as LAs
drug carriers. Many techniques are used in order to elu-
cidate these interactions.'>!'” In particular, fully atomistic
molecular dynamics (MD) simulations are very powerful to
study the interaction of anesthetics with model membranes,
as shown for the number of articles in the literature.!>- 182!

& [protonated]

PLC

Fig. 1. (A) Chemical structure of protonated prilocaine (pPLC),
(B) Coarse-grain representation of POPC phospholipid and PLC
molecules. The ester (E) and the vectors of a consecutive sites of the
lipid tails 7ai (i = 1.4) for the palmitoil chain, and 78 (j = 1.5) for the
oleoyl chain are shown.
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However, it is not possible to reach these detailed studies
for big systems and long times. In this way, the use of sim-
plified models could help us to reach important phenomena.
Very recently, we have studied the encapsulation of LA
prilocaine (PLC, see its chemical structure in Fig. 1(A))
into a liposome using a Coarse Grain (CG) model.?? In this
study we considered the PLCs at their neutral (high pH)
and protonated (low pH) state. Regarding the importance
of the formulations at physiological pH, here we extend
our simulations in order to take this effect into account.
At physiological pH there is a partition between neutral
(nPLC) and protonated (pPLC) prilocaine molecules. The
ratio of this partition was, pPLC/nPLC, was estimated
as ~ 1.6, taking into account the apparent pKa of PLC
in membranes is 7.6” and a pH of 7.4 in Henderson-
Hasselbach equation (Eq. (1)). We studied three concen-
trations of PLC that meet this ratio. It is important to keep
in mind that the protonation/deprotonation of the PLCs is
a dynamical process. However, as a first approximation we
consider only a fixed number of neutral and protonated
species in our simulations. In next section we describe the
methodology used in this study, followed by the results
and conclusions.

2. METHODOLOGY

In this work, we carried out molecular dynamics simu-
lations using a coarse grain model within the MARTINI
force field’ that can be used to investigate macromolecu-
lar phenomena at the microsecond scale.*3° This method
aims at a systematic and portable representation for water,
phospholipids, and other small molecules in terms of a
few building blocks, or coarse grained (CG) particles.
These CG particles interact with potential parameters opti-
mized for use in a broad range of biomolecular applica-
tions. Four heavy atoms to one CG particle mapping rule
is generally followed, and hydrogen atoms are neglected
because of their small size and mass. This model con-
siders four main types of CG particles: polar (P), non-
polar (N), apolar (C), and charged (Q). In Figure 1,
we show an scheme of the CG 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) lipid and the CG
PLC molecule, used in his work. The prilocaine molecules
have been parameterized in our previous work, within this
scheme.?? The structure of the neutral PLC (nPLC) is
essentially the same of the protonated one (pPLC). How-
ever, the type of CG particles and charge are different, in
order to consider the charge of the protonated molecule.
Besides, a chloride counterion was added in order to form
a salt with pPLC. The rest of the CG particles for lipids,
water, and ions follow the standard force field. For a
detailed description of force features and parameters, see
Ref. [24]. We have used the P4 model of water, instead the
new developed polarizable water®! in order to be consistent
with our previous work.

J. Biomater. Tissue Eng. 3, 141-147, 2013
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In this work we study the encapsulation of a mixture
of neutral and protonated PLC—in order to emulate the
partition of protonated and neutral species as fisiological
pH—in a POPC lipid vesicle. We considered three differ-
ent concentrations that respect the 1.6 ratio:

(a) 54 pPLC and 34 nPLC,
(b) 88 pPLC and 55 nPLC, and
(c) 141 pPLC and 88 nPLC.

The chosen concentrations were thought in order to com-
pare with our previous work:?? the

(a) condition represents the same lipid:PLC ratio (10:1)
used in the simulations of the previous work, the

(b) condition has the same amount of pPLC, even though
in the presence of the correspondent number of nPLC and
(c) condition has the same amount of nPLC, even though
in the presence of the corresponding pPLC.?

The starting point for this simulation was a preassem-
bled POPC vesicle, containing 877 lipids (254 and 623 for
the internal and external monolayer, respectively), 81550
P4 water particles. The PLCs were initially (randomly) dis-
tributed in the water phase for the case (a) (lower concen-
tration). Besides, chloride counterions were always added
randomly in the water phase, in the same concentration
than pPLC, in order to ensure electroneutrality

The following cases were built up by addition of the
extra molecules into the external water phase, starting from
the equilibrated previous case. We have equilibrated the
systems for 250 ns within the NPT ensemble. After equili-
bration, we run the system in the NVT ensemble for 1 us.

The simulations were carried out with the GROMACS
4.0 simulation package,*? using a simulation timestep of
40 femtoseconds with a nonbonded and electrostatic cutoff
of 12 A. The reference temperature was set to 325 K using
a Berendsen thermostat with a time constant of 1.0 ps.
For NPT runs, Berendsen pressure coupling was used with
a reference pressure of 1 bar, time constant 5.0 ps and
a compressibility of 3 x 10~ bar™!. On a computational
note, we report that a fully atomistic representation of the
same systems would need around a million atoms to be
run with a typical simulation timestep of 2 femtoseconds.
As drug diffusion and adsorption phenomena involve char-
acteristic scales of tens of nanometers and hundreds of
nanoseconds, we conclude that extensive fully atomistic
simulations reaching the microsecond of such phenom-
ena are impractical even using big supercomputers, leaving
coarse grained force fields the only feasible models.

3. RESULTS

In this work, we have studied the encapsulation of three
different concentrations of prilocaines, with the same
pPLC/nPLC ratio: going from ~1:10 (case a) to 1:4
lipid:LA ratio (case c), into a POPC lipid vesicle. Here,
we discuss the main results of our study.

J. Biomater. Tissue Eng. 3, 141-147, 2013

Molecular Dynamics Study on the Encapsulation of Prilocaine in Liposomes at Physiological pH

It is important to highlight here that most of the stud-
ied observable properties are converged during the NPT
equilibration period. In this way, properties shown here are
averaged at the stationary state of the system.

In order to have a first glance to the encapsulation mech-
anism, we visually check the stability of the vesicle and the
diffusion of the drug. In Figure 2, we show, as an example,
three snapshots that corresponding to case (a). The nPLC
and pPLC are represented in green and red, respectively,
and water and couterions sites were removed for visualiza-
tion purpose. In this figure, the snapshot (A) corresponds
to the initial configuration: the PLCs were randomly dis-
tributed in the water phase. The other two snapshots were
taken at the end of the NPT equilibration run = 0.25 us
and at the end of the NVT run 7 = 1.25 us. Snapshots B
and C clearly show that most of the nPLCs quickly dif-
fused into the vesicle during the equilibration period, and
remained inside during the whole simulation time, while
the pPLC partition into both phases. Similar results were
found for cases (b) and (c) (snapshots not shown).

In order to check the overall organization of the systems
under study and the stability of the vesicle we computed
the radial electron density profile (REDP), by time averag-
ing the net charge Q(r) (the nuclear charge corresponding
to all of the atoms represented by each CG site) contained
in the volume between consecutive spheres, by

o(r) >
4/37((r+06)>—r3)

In Figure 3 we show the REDP of the 3 different sys-
tems under study: (a) 54 pPLC-34 nPLC, (b) 88 pPLC-55
nPLC, and (c) 141 pPLC-88 nPLC calculated by aver-
aging over the 1 us NVT simulations run. In this figure,
the REDP corresponding to the POPC and water compo-
nents is shown in black and blue, respectively. Compari-
son of the overall organization of water and vesicle and
their interfaces show no noticeable difference between the
three cases. In these figures, the pPLCs (in red) and nPLCs
(in green) densities have been magnified 5 times for visu-
alization purposes. We can notice that nPLC molecules are
essentially found inside the vesicle, following a bimodal
distribution for the three cases (as found in previous
work??). By the other hand, pPLC molecules partitioned
between the water/lipid interface of the external monolayer
and the water phase, with no access to the bilayer center.
Looking to the different groups (ring and tail) of the pPLC
molecules, we find a preferential orientation of the pPLC
molecules (results not shown), with the ring pointing to
the lipid tail region and the pPLC tail to the the polar head
groups. This fact was better described in previous publi-
cation for the low pH case, and we will not enter deeper
here. On the contrary, nPLC does not show a preferential
orientation inside the lipid membrane.

Until now, we got the qualitative idea that nPLCs are
essentially found inside the vesicle and pPLC partition

REDP(r) < @)
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Fig. 2. Snapshots from the molecular dynamics simulations of PLC in POPC vesicles: nPLC in green and pPLC in red. The snapshots correspond to
(A) the initial configuration, (B) after 250 ns of NPT run, and (C) after 1 us of NVT run. Water and sites were removed for clarity.

between both phases. We calculate the number of PLC
molecules absorbed by the vesicle as a function of time,
using (r) =75.0 A, as external vesicle radius, which is
the averaged over the NVT simulation time radius. In
Figures 4(A) and (B) we have separated the nPLCs and
pPLC numbers, cases (a) in green, (b) in red and (c) in
blue, respectively. We can see from Figure 4(A) that nPLC
are essentially inside the vesicle independently on concen-
trations. By the other hand, in Figure 4(B) we can see
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Fig. 3. Radial electron density profile (REDP) of the different compo-
nents of the PLC/vesicle as a function of the r coordinate; »r = 0 cor-
responds to the vesicle center. The colors are blue for water, black for
POPC, green for neutral PLC, and red for protonated PLC. (A) 54 pPLC-
34 nPLC, (B) 88 pPLC-55 nPLC, and (C) 141 pPLC-88 nPLC derived,
from the 1 ws NVT simulations. The REDP of nPLC and pPLC were
amplified 5 times for visualization purposes.
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an increasing number of pPLC inside the vesicle with the
increasing of concentration. In Table I we summarized the
average numbers of nPLC, pPLC and the total number of
PLC encapsulated into the vesicle.

We found a little decreases of this number (from 20.7
to 19.2), when compared with the system with the same
amount of pPLC, but in absence of nPLC. In this way,
the presence of nPLC slightly diminishes the possibility
of pPLC to get inside the vesicle.
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Fig. 4. Number of (A) nPLC and (B) pPLC molecules inside the vesicle
as function of time for concentration p54n34 (green), p88n55 (red) and
p141n88 (blue).
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Table I.  Number of neutral (N, ), protonated prilocaine (N,p ) and
total (N,,;) molecules encapsulated into the vesicle.

Case Noprc N,prc Nt
Case (a) 33.86(1) 13.6(1) 47.5
Case (b) 54.91(1) 19.2(1) 74.1
Case (c) 87.79(2) 28.9(1) 116.7

The distribution of PLCs inside the vesicle was shown
in Figure 3. However, because of the spherical geometries
of the system, density is difficult to visualize. In this way,
we have calculated the average number of PLCs (center
of mass) as function of the distance to the vesicle center.
The protonated case is shown in Figure 5: (A) case (a),
(B) case (b), (C) low pH case from Ref. [22] and (D)
case (c). We can see from these figures that a main peak
is found for the anesthetics inside the vesicle. The max-
ima are found essentially at a radius of ~ 69 A. Its position
does not change with concentration but the intensity does.
We can see that these peaks extend more than the 75 A.2
This could be explained, by the interactions of the external
pPLC close to the surface, that interact with the lipid polar
head. In this way, an effective encapsulation is found, rang-
ing at the radius of 80 A. However, in average, the extra
encapsulation is quite low (~ 1-2 pPLC molecules). It is
important to remark here that exist a fast exchange of pPLC
between the vesicle and the aqueous phase for all the stud-
ied concentrations.”? Besides, as found in previous work,
pPLCs cannot access to the inner monolayer by diffusion.

The numbers of nPLCs (center of mass) as function of
the distance to the vesicle center are shown in Figure 6:
(A) case (a), (B) case (b), (C) high pH case from Ref. [22]
and D-case (c). As we mention earlier, we observe two
well defined peaks that correspond to the partition of nPLC
in each of the monolayers: the inner (D,) and outer (D,)
peaks, that correspond to the nPLC partitioned into the

- __.-.ﬂ[][[lf|r+.....-_......nr--_nrmlm!lnnltllil

Fig. 5. Histogram of the number of protonated PLC as function of the
radial distance for the different conditions: (A) case (a) in green, (B) case
(b) in red, (C) 88 pPLC (Ref. [22]) (orange) and (D) case (c) in blue.
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Fig. 6. Histogram of the number of neutral PLC as function of the
radial distance for the different conditions: (A) case (a) in green, (B) case
(b) (red), (C) 88 nPLC (from Ref. [22]) (orange), (D) case (c) in blue.

internal and external monolayer, respectively. We can see
that both peaks increase with concentration, however the
maxima remain at the same distance of the bilayer center
(~39 A, and ~65 A, respectively). We have calculated
the number of nPLC partitioned in each of the monolay-
ers. Taken into account the asymmetry of the monolay-
ers we use as a criteria the cut radius as the middle of
the gap in Figure 5(A) (54 A) and used this difference
for all the cases. Because of the asymmetry of the mono-
layers, it is more adequate to compare the number nPLC
per lipid (nPLCy;,), shown in Table IL It is important to
keep in mind that from the experimental point of view,
it was reported in the literature a very high lipid:neutral
LA ratio (3:1 or higher).">:!'” We can see from Table II
that the number of nPLC,;, increases with concentration.
Furthermore, the nPLCy, is higher for the inner mono-
layer for all the concentrations. Besides, if we compare
the case (c) in which the number of nPLC is 88 (and
141 pPLC) with our earlier paper (Ref. [22]) in which only
88 nPLC where present, also presented in Table II, we can
see that an increase of the inner nPLC;;, (from 0.137 to
0.146) with a concomitant decrease of the outer monolayer
(from 0.084 to 0.081). However these little differences are
not meaningful within the error bars. By the other hand,

Table II.  Number of neutral per lipid, nPLCy,, in internal and exter-
nal monolayers and ratio between the number of nPLC corresponding
to peaks D, (internal monolayer) and D, (external monolayer), for the
3 concentrations, the same information of the system at high pH was also
included.

Case Peak D,:nPLC;, Peak D,:nPLC;, D,\/D,
Case (a) 0.070(2) 0.024(1) 1.2(1)
Case (b) 0.096(4) 0.049(2) 0.8(1)
Case (c) 0.146(6) 0.081(3) 0.7(1)
Ref. [22] 0.137(6) 0.084(3) 0.7(1)
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Fig. 7. Generalized order parameter of the inner (A) and (B) and outer
(C) and (D) shell of the vesicle. Left pannels (A) and (C) correspond
to the saturated palmitoyl chain and right pannels (B) and (D) to the
insaturated oleoyl chain for the different conditions: case (a) in green,
case (b) in red and case (c) in blue.

looking at the nPLC center of mass trajectories, we can see
crossing events of these molecules between monolayers for
all the studied cases. These crossing events were already
reported,’ °- 33 here we will not enter in more details.

The effects of the solutes on the conformation of the
lipid chains can be studied by monitoring the average ori-
entation of the covalent bonds of the effective sites located
in the interior of the bilayer. In this way, we have, also,
studied the order parameter of the lipid tails. In this case,
because of spherical symmetry of the system, we have
defined the angle 6 between the vectors of consecutive
sites of the lipid tails and the radial versor, 7 and —7,
for the outer and inner monolayer, respectively. We have
named the vectors between the consecutive CG sites as
r,i (i=1,4) for the palmitoil chain, and 7; (j =1, 5) for
the oleoyl chain, as shown in Figure 1(B). We have calcu-
lated the average the order parameter through the averag-
ing of the second Legendre polynomial over all lipids and
time for each of the described vectors, as

S:%(Scosze—l) (3)

In Figure 7, we show the generalized order parameter
for saturated (left panels: (A) and (C)) and unsaturated
(right panels: (B) and (D)) chains, for the inner (top pan-
els) and the outer (bottom panels) shell of the liposome. As
an overall view of this figure, we can notice (as expected)
that the tails of the outer monolayer are more organized
that inner one. The reason for that is related with the cur-
vature and the limiting factor for the vesicle density. There
is important to point out that the unsaturated tail is always
more disorder that the saturated one due to the kinks of
the trans-gauche conformation.* Respect to the concen-
tration effects, we can see an overall organization of the
lipid tails, from case (a) to case (b). However, essentially
no changes of chain organization were observed between
case (b) and (c).

146

Giupponi et al.

4. CONCLUSIONS

In this work we have studied, by molecular dynamics sim-
ulations, the interaction of the local anesthetic prilocaine
with small liposomes at physiological pH using a coarse
grain model.** The use of a coarse grain model allowed
us to reach relevant time and length scales of drug dif-
fusion, otherwise impossible to observe using fully atom-
istic molecular dynamics. Very recently, we have studied
the encapsulation process of neutral (high pH) and proto-
nated (low pH) prilocaine in a POPC vesicle.?? This work
shed light in many aspects of the encapsulation. However,
it is undoubtedly the necessity of the understanding this
kind of system at physiological pH, since the pH of an
infused solution should be in the range 4 to 8 to have a
good patient acceptance. Moreover, the existence of the
two species of PLC is needed in order to obtain the desire
clinical effects: neutral molecules acts as a reservoir, while
the protonated specie enhanced the exchange of the LA
with the water phase. At physiological pH, there is a parti-
tion between neutral and protonated PLCs species. In this
direction, and as a first step, we have worked with three
concentration corresponding to pH 7.4.

The studied concentrations range between ~ 1:10 to
1:4 were calculated through the Eq. (1). Nevertheless, the
rigidity of the used model do not allow the protonation/
deprotonation processes during the simulation run.

The behavior of PLCs at physiological pH was found
essentially as a combination of high and low pH: we found
that all neutral PLC molecules rapidly diffuse into the
hydrophobic region of the vesicle adopting an asymmetric
bimodal density distribution. With concentration, the peaks
position remain the same, however increase in concentra-
tion per lipid, especially on the external monolayer. By the
other hand, protonated PLC are found to partition between
the external monolayer and the water phase. Most of pro-
tonated drug present a great exchange between the vesicle
and water phase (attaching/detaching cycles). No major
difference was found in the studied concentration range.
At higher simulations we observed that the increase of
neutral species slightly precludes the protonated species to
enter. In this study we have compared the physiological
pH conditions studies with the high and low pH published
before.

As a final remark, we would like to mention that molec-
ular dynamics simulations are a very powerful tool to
investigate different aspects of the encapsulation/liberation
processes regarding the development/understanding the
drug delivery systems at the nanoscale.
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Photodynamic Therapy is an alternative therapeutic modality applied on treatment of malignant neo-
plasms in different anatomical sites, such as oral cavity. It requires the action of three components
simultaneously: (i) photosensitizers, (ii) light and (iii) molecular oxygen. The interaction between
these components promotes tumor destruction by two main mechanisms: direct cell harm, such as
apoptosis and/or necrosis, and indirect effects like vasculature shutdown and induction of immune
response against tumor tissue. In this context, this study aimed to evaluate the effectiveness of
Photodynamic Therapy mediated by liposomal chloroaluminum-phthalocyanine in different oral can-
cer cell lines (OSCC and HSG), and in OSCC-induced tumors in nude mice. The results showed
that PDT induces a significant cellular death in vitro, and the in vivo results resulted in the induction
tumor death mainly by necrosis, with the disruption of tumor blood vessels. We concluded that PDT
mediated by liposomal chloroaluminum-phthalocyanine is an effective protocol to induce destruction
of oral cancer cell cultures—OSCC and HSG and the death was predominantly necrosis in both
in vitro and in vivo experiments.

Keywords: Photodynamic Therapy, Phthalocyanines, Liposomes, Necrosis.
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1. INTRODUCTION

The incidence of oral cancer has continued to increase in
recent years.! The most common treatments are: surgical
intervention, radiotherapy, chemotherapy, or a combination
of all three methods.? However, these treatments have a
number of side effects which usually result in deformities
of the maxillo-mandibular complex, with both esthetic and
functional damage.>*

In order to minimize these effects, new therapies, such
as Photodynamic Therapy (PDT), have been proposed
as alternative oral cancer treatments.* PDT requires the
simultaneous action of three components: (i) photosensi-
tizer drugs, (ii) light, and (iii) molecular oxygen. The light
source activates the photosensitizers which subsequently
react with oxygen and other biomolecules by the transfer-
ence of electrons or hydrogen. These reactions lead to the
generation of reactive oxygen species (ROS), such as free

*Author to whom correspondence should be addressed.
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radicals (especially singlet and triplet oxygen species), that
promote cellular destruction.’

The first photosensitizers applied in clinical PDT pro-
tocols were haematoporphyrin derivatives. However, their
purified fractions have shown disadvantages such as
poor penetration and high skin phototoxicity.* Second-
generation photosensitizers have been developed which,
together with other characteristics, improve phototoxicity
and photophysical properties.® Phthalocyanines are among
the latest second-generation photosensitizers and present
a variety of metal ions in their chemical structure, such
as aluminum(IIT) and zinc(II), that enhance phthalocyanine
phototoxicity. In addition, phthalocyanines are chemi-
cally pure compounds which absorb light at longer wave-
lengths (absorption peak around 670 nm), which permits
an increase in light penetration in biological tissues.®’

The development of a drug delivery system (DDS) carry-
ing photosensitizers may increase the advantages of PDT,
since these carriers are more absorbed by tumor tissue.”®
Of the available DDS, liposomes provide a simple and
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biocompatible option that has been proposed to carry and
deliver photosensitizers for PDT. Liposomes are preferen-
tially absorbed by tumor sites and surrounding vessels, and
thereby lead to a preferential tumor accumulation.®°

In this study, the efficacy of PDT mediated by a lipo-
somal chloroaluminum-phthalocyanine (AICIPc) formula-
tion for oral cancer application was evaluated using both
in vitro and in vivo experiments. First, the viability and
cellular death pathway were evaluated in oral cancer cell
lines—oral squamous cancer cells (OSCC) and human sali-
vary gland cancer cells (HSG). PDT mediated by liposo-
mal AICIPc was subsequently evaluated in a nude mice
tumor model induced with OSCC cells. As discussed later
in this paper, these findings support the effectiveness of
PDT mediated by liposomal AICIPc in the treatment of
oral cancer and thus provide a scientific base for the inclu-
sion of this drug in future clinical trial.

2. MATERIALS AND METHODS
2.1. PDT

Chloroaluminum-phthalocyanine (AICIPc) was provided
by Aldrich Chemical Company. The small unilamellar
liposomes used as the DDS were prepared according to
the protocol previously described in the literature.'® All
the experiments were performed up to 10 days after the
liposomal synthesis. A continuous diode laser (BWF light
source-Tech in) was used to excite AICIPc at 670 nm. The
PDT parameters are explained in the results section.

2.2. In Vitro Studies
2.2.1. Cell Culture

Cell lines derived from human oral squamous carcinoma
(OSCC) and human salivary gland (HSG) tumors were
maintained in 75 cm? culture dishes with Dulbecco’s
modified Eagle’s medium (DMEM) medium supplemented
with 10% of fetal bovine serum, 100 U/mL penicillin, and
streptomycin (100 pg/mL). Cells were incubated at: 80%
humidity, 5% of CO, and 37 °C.

2.2.2. Liposomal Interaction with OSCC Cells

The protocol consisted of the replacement of culture media
by liposomal solution containing 5 uM of AICIPc. The
cells, 12-well plates with 50% confluent OSCC cells, were
exposed for different periods (5, 15, and 30 minutes) in

Table I. Experimental groups and treatment regimen.

Group Solution for 30 minutes incubation Irradiation
Control (C) PBS None
Drug (D) Liposomal AICIPc (5 uM) None
Laser (L) PBS 7 J/em?
PDT (PDT) Liposomal AICIPc (5 uM) 7 Jiem?
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the dark. At each time period, the liposomal solution was
removed, and a solution of DMSO was added to the cul-
ture well to produce a cell lysate and solubilize the AICIPc
molecules. The specific fluorescence of AICIPc (Excita-
tion: 350 nm/Emission: 670 nm) was then detected in the
cell lysates. The fraction of liposomal interaction was cal-
culated by dividing the cell lysate fluorescence values by
the initial liposomal samples fluorescence and this result
multiplied by 100.

2.2.3. Treatment

When confluence was reached, cells were tripsinized, cen-
trifuged and replicated to culture plaques of 96, 24 or
12 wells, in cell densities of 10*, 10°, 5 x 10° cells/ml,
respectively, according to the different assays. Cells were
submitted to treatments following a twenty-four hour incu-
bation period. The treatment started with the replacement
of culture medium by the liposomal solution containing
5 pM of AICIPc. After 30 minutes of liposome expo-
sure (time defined previously), the liposomal solution was
replaced by a PBS sterile solution. After that, laser irra-
diation was uniformly applied in each individual culture
well, in a final energy density of 7 J/cm?. Previous exper-
iments with different laser irradiation fluences (3.5; 7; 14;
28 J/cm?) in the PDT protocol promoted a significant cell
death (up to 80%) with 7 J/cm? and this cell death did not
improve with the increase of energy doses (Fig. 1).

After this procedure, cells were incubated at the same
conditions as cell maintenance for 2 or 24 h. All the
in vitro experiments were conducted in triplicate and
repeated three times.

2.2.4. Cell Viability Analysis

Membrane integrity was evaluated using the Trypan Blue
assay, at 2 h and 24 h timepoints after treatment. The
metabolic capacity of the cells was evaluated using the
3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay.

2.2.5. DNA Fragmentation

Cells were tripsinized, centrifuged and resuspended in
100 uL of DMEM. Two hundred pL of lyses buffer with
Propidium Iodide (0.1% sodium citrate, 0.1% TritonX-100
and 20 ug/mL of PI) was added. The homogenate was
protected from light for 30 minutes and then analyzed in
a flow cytometer (FACS-Calibur, Becton Dickinson). Pro-
pidium Iodide stain DNA molecules allowing detection of
fragmented DNA by flow cytometry analysis.'!

2.2.6. Morphological Analysis

A cover glass was placed on the bottom before plating
the cells. Two and 24 h after treatment, cells were fixed
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Fig. 1. Dark Toxicity of AICIPc liposomes (A) and laser energy depen-
dence (B) influence in OSCC cell line viability. The 50% lethal concen-
tration of the AICIPc-liposome was 10.48 uM.

with 2% paraformaldehyde, stained with crystal violet and
dehydrated using alcohol and xylene baths. The cover
glasses were added to slides and analyzed under an optical
microscope (Axiophot Zeiss-Germany).

2.3. Animal Model

Nude Balb/c mice (CEMIB, Campinas, Brazil) were
used in the experiments. In accordance with the Animal
Research Ethics Committee of the University of Brasilia,
the animals were maintained in plastic cages under con-
trolled aseptic environment conditions with a 12 h light/
dark cycle and free access to water and food. For the
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animal model, OSCC cell suspensions (10° cells/100 uL
PBS) were aseptically injected into the mouse subcuta-
neous dorsum. Three weeks after the injection of cells, the
tumor reached 6-8 mm in diameter.

2.3.1. Experimental Groups

Tumor nude mice (n = 8) were randomly divided into two
experimental groups: (1) PDT; (2) Tumor Control. PDT
mice received an intraperitoneal injection of 500 uL of
the 5 uM liposomal AICIPc solution 24 hours before laser
irradiation with a fluence rate of 100 J/cm? and a total
potency of 80 mW. The irradiation fields were standard-
ized in 10 mm of circular diameter and the total time of
irradiation was set as 16 minutes of irradiation.'?

For laser irradiation, animals were anesthetized with
xylazine (5 mg/kg)/ketamine (15 mg/kg) intraperitoneal
injection. This protocol was repeated in interval of 7 days
for three times (Fig. 2). Tumor control group mice received
an intraperitoneal injection of 500 uL. PBS and were anes-
thetized at the same time as PDT treated mice.

2.3.2. In Vivo PDT Evaluation

2.3.2.1. Clinical Analyses and Tumor Growth. Animals
were monitored daily for weight, tumor volume and tumor
aspect/coloration. The tumor volumes were estimated after
calculating the tumor area by multiplication of the largest
and the smallest diameter in millimeters.

2.3.2.2. Histopathological. After the treatment period
(Fig. 2), OSCC subcutaneous tumors were completely
excised and processed for histopathological analysis.

2.3.2.3. Density of Blood vessels in tumor tissues.
A total of 5 histological sections, with 100 uwm distance
between sections, was analyzed per tumor sample. All
histological sections were photographed and viable tumor
area was quantified in Image ProPlus 5.1 software. Func-
tional blood vessels were also quantified in an optical
microscopy analyses, and proportional blood vessels/tumor
area was obtained. The blood vessels were considered
functional when the endothelial layer was intact and the
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Fig. 2. Study design for photodynamic therapy in OSCC-induced subcutaneous tumors.
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vascular bed was indentified without thrombus formation.
A total of 4 tumors were analyzed in both the control and
PDT-treated tumors.

2.4. Statistical Analysis

All of the in vitro experiments were performed in tripli-
cate. Statistical analysis was performed using the R 2.4.1
ANOVA program parametric test and the Tukey test. The
results were considered significant if p < 0.05.

3. RESULTS

The PDT protocols parameters (liposomal concentration
and laser energy) applied in the subsequent experiments
were based in a series of experiments conduced in the
OSCC cell lines. Figure 1 presents the dark toxicity
(Fig. 1(a)) and the laser energy dependence (Fig. 1(b)) of
the PDT protocol. All subsequent experiments used the
5 uM liposomal concentration and 7 J/cm? laser energy for
the PDT treatments. As described by Nunes et al. (2004),'°
liposomes with 5 uM of AICIPc may be the best concen-
tration of this AICIPc-liposomal solution, because higher
concentrations of AICIPc in liposomes induce the aggre-
gation of these molecules and decreases the functionality
of these systems for PDT purposes.

3.1. In Vitro Results
3.1.1. Cytoplasmic Membrane Integrity

As shown in Figure 3, all controls groups (Control, Drug
and Laser) showed more than 89% of viability 3 hours
and 24 hours after the experiments. In contrast, the level
of cell viability of the PDT group was always lower than
18.64%. These results were similar for both OSCC and
HSG cells.

3.1.2. AlCIPc-Liposome Interaction with OSCC Cells

The AICIPc-liposome interaction with the OSCC cells was
greater after 30 minutes of exposure (Fig. 4). This protocol
was than used for the PDT experiments against the cancer
cell lines.

3.1.3. Cell Metabolism

PDT induced cell death to approximately 94% for HSG
and OSCC at both time points (Fig. 5). On the other hand,
the C, D and L groups showed no significant changes with
regards to the number of viable cells, which was approx-
imately 97% (Fig. 5). This data was consistent with the
Trypan blue assay results, showing that PDT treated cells
promoted not only a reduction in cell proliferation, but also
a decrease in cell metabolism thereby leading to massive
destruction of tumor cells.

J. Biomater. Tissue Eng. 3, 148—156, 2013
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Fig. 3. Trypan blue assay of cell lines OSCC (A) and HSG (B). The
graph shows cell viability 2 h and 24 h after the treatment. *Statistically
significant differences compared to control groups at the same time.

3.1.4. DNA Fragmentation

The pattern provided by the PDT group 2 hours after the
application of therapy was approximately 33% of the DNA
fragmentation in both HSG and OSCC. Control groups
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Fig. 4. AICIPc-liposome internalization by OSCC cell line. The fluo-
rescent AICIPc detection was performed with the OSCC cell lysates after

different time-point of liposome exposure. The results represent the aver-
age and standard deviation of a quadruplicate experiment.
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Fig. 5. MTT assay of cell lines OSCC (A) and HSG (B). The graph shows cell viability 2 h and 24 h after the treatment. *Statistically significant

differences compared to control groups at the same time.

only had 10% of DNA fragmentation. 24 hours after treat-
ment, the cell lines presented 58% and 96% of DNA frag-
mentation for OSCC and HSG, respectively. The D group
showed higher fragmentation when compared to the C and
L groups, but these results are not statistically significant
(Fig. 6).

3.1.5. Morphological Analysis

Control group cells showed a star shape with clearly
defined cytoplasm and a well-defined evident nucleolus.
Photomicrography of the PDT group showed several mor-
phological changes 2 hours and 24 hours after the ther-
apy including: decreased cytoplasmic volume, cytoplasmic
membrane disruption, loss of the star shape, loss of contact
with neighbors, presence of vacuoles, and an increase in
the nuclear-cytoplasmic ratio. In addition, following PDT,
both cell lines presented picnotic nuclei, loss of nuclear
membrane integrity and cytoplasmic membrane blebbing,
which are morphological characteristics compatible with
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cellular necrosis. After 24 hours of PDT treatment, the
number of cells dramatically decreased in comparison to
control groups (Fig. 7).

3.2. In Vivo Results
3.2.1. Clinical Analysis and Tumor Growth

Clinically, the treated tumor presented an inflammation
pattern, characterized by edema and erythematosis (Fig. 8).
No effects in overall health of mice were observed, as
shown by the comparison between mice bodyweight of
both control and PDT groups (mean of 2.3 +2.5 g).
In additional, no skin phototoxicity was observed in all
mice used in these experiments (Fig. 8).

In Figure 9 it is possible to compare control and PDT
tumor volumes. The increase/decrease in volume was
compared to the initial (100%) tumor volume on Day 1.
Control and PDT treated tumors had similar volume pat-
terns until the second week, with a significant decrease in
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Fig. 6. Flow cytometry assay of cell lines OSCC (A) and HSG (B). The graph shows the percentage of DNA fragmentation 2 h and 24 h after the
treatment. *Statistically significant differences compared to control groups at the same time. **Statistically significant ifferences compared to the same

group at different time.
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Fig. 7. Photomicrography of OSCC (column 1) and HSG (column 2) cells. Control OSCC (A) and HSG (B) cells. Two hours after PDT treat-
ment: (C) (OSCC) and (D) (HSG) cells, with reduction in cellular volume, nucleus condensation and membrane blebbing—necrosis characterization.
(E) (OSCC) and (F) (HSG) are at 24 h after PDT treatment, there is a reduction in cellular number and membrane vacuolization.

PDT tumor volume in the third week. The body weight
of the animals did not change during the experimental
period.

3.2.2. Histopathological Analysis

Histological examination showed control tumors with a
necrotic core in tumor mass, characterized by the tissue
eosinophilia, absence of nuclear structures and cytoplas-
mic limits among tumor cells. This is a pattern generally
observed in solid tumors without a complex angiogenesis
process, leading to death of central tumor cells by hypoxia
and denutrition. Viable OSCC cells were only found in
control tumors near vascular regions, especially near skin
subcutaneous connective tissue (Fig. 8). Therefore, the

J. Biomater. Tissue Eng. 3, 148—156, 2013

comparative effectiveness evaluation of PDT treatment was
performed in this layer.

The PDT tumors, in contrast to control tumors, showed
tissue necrosis in the overall tumor mass, including areas
next to the blood vessels. No necrotic signals were iden-
tified in skin overlying tumors. However, isolated viable
OSCC-like cells were identified in necrotic mass on PDT
treated tumors. It was also observed vasculature depletion
with presence of thrombosis (Fig. 10).

Control tumors presented a blood vessel density of
7.7 blood vessels/mm?. PDT-treated tumors did not present
viable tumor tissues, so the blood vessel density was con-
sidered zero. Figures 10(a) and (b) shows the presence of
functional blood vessels in viable tumor tissues from the
control animals, as well as the necrotic tumor tissue, and
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Fig. 8. Clinical aspect of control nude mice with detail normal aspect of skin overlying tumors (a), with histological viable OSCC tumor cells near
skin subcutaneous conjunctive (b). PDT treated mice showed an increase in tumor vascular activity and inflammatory pattern in detail (c), histology
showed tumor necrosis, identified by tissue eosinophilia, absence of nuclear structures and cytoplasmic limits among tumor cells, predominantly in

tumor mass after PDT treatment (d).
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Fig. 9. Tumor growth during treatment. Tumor volume varied according
to initial (100%) volume on day 1. a represents significant difference
compared to control (p < 0.05).

the shutdown damaged blood vessels from the PDT-treated
tumors (Figs. 10(c) and (d)).

4. DISCUSSION

Photodynamic Therapy is a clinically approved treatment
of malignant and nonmalignant lesions.!* In the present
study, we showed the efficacy of PDT mediated by liposo-
mal AICIPc in vitro by comparing two different oral cancer
cell lines (OSCC and HSG), together with the response

154

of OSCC tumor induced, in a nude mice model, after
PDT. Cell death after PDT was mainly induced by necro-
sis, which is consistent with the pattern obtained in other
studies. !4

Several studies showed that PDT effects are related
with cell type dependence.!® Our in vitro results showed
a high citotoxicity induced by PDT mediated by liposo-
mal AICIPc, with more than 90% of cell mortality for
both tumor cell types, thereby showing that the effective-
ness of PDT was not affected by the cell type evaluated.
This observation led us to note that the final result of the
treatment at least for these two oral cancer cell lines was
mostly dependent on the photosensitizer and irradiation
dosimetry.

Cytoplasmic membrane disruption, observed in Trypan
Blue and morphological assays, together with the signifi-
cant increase in DNA fragmentation in PDT-treated cells,
suggests necrosis cell death pathway observed in vitro.
This necrosis process could be the result of a high inter-
nalization of the liposomal photosensitizer in tumor cells,
and also due to the high dose of energy applied. The
7 J/cm? dose was enough to promote cell damage at 2 h
post-treatment. In agreement with the in vitro data, tissue
necrosis was predominant in tumor area after PDT in vivo.

We used a systemic administration approach to treat
OSCC tumors in the nude mice and to test the selectivity
of the delivery of this liposomal preparation to the tumor
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Fig. 10. The presence of blood vessels in OSCC control tumors in sections (A) and (B). In opposite, the PDT treated tumors presents the necrotic

tumor tissue with shutdown damage blood vessels (arrow).

tissues. As observed in the clinical and the histopatho-
logical results, the overlying skin, including the subcuta-
neous tissues, of the treated animals were not affected.
On the other hand, the OSCC tumor tissues were strongly
affected, suggesting that the AICIPc-liposomes were pref-
erentially delivered to the tumor sites instead of the normal
tissues.

Photodynamic treatment induced necrosis produces a
non-specific release of cellular and tissue immunogenic
debris that leads to an intense immunological response
against tumor tissues. According to Castano et al. (2006),'
the release of different immunogenic debris from stressed
malignant tissues may serve as links between photody-
namic therapy and the subsequent immune response result-
ing in a complementary anticancer activity. Immunological
activation in PDT-treated tumors may afford an advantage
over conventional chemotherapy and radiotherapy that are
both immunosuppressive and have a lot of side effects.* !’
In fact, the recruitment of inflammatory cells near to the
treated tumor was observed in our in vivo model support-
ing this hypothesis.

In addition to direct tumor destruction, the necrosis
detected in OSCC tumors after liposomal AICIPc pho-
toactivation can also be related to vascular shutdown
(Fig. 10). The vascular shutdown observed in our results
may occur due to photosensitizer intravascular activation
which promotes a series of tissue reactions as endothelial

J. Biomater. Tissue Eng. 3, 148—156, 2013

damage, vasoconstriction and platelet aggregation. These
events contribute to thrombus formation and vascular dam-
age leading to tumor infarction and neoplasm death.'® The
depletion of oxygen and nutrient supply in tumor areas are
significant factors related to tumor necrosis. '

Selective accumulation of photosensitizers on tumors
and rapid elimination from normal tissues are require-
ments for an ideal therapy. In the present study, PDT-
treated tumors showed the preservation of overlying tumor
skin, with OSCC tumor necrosis (Fig. 8). It indicates that
liposomal AICIPc was preferentially delivered to tumor
tissues. Preferential tumor drug accumulation could be
explained by an increase in neoplastic vascular permeabil-
ity to liposome vesicles. Whereas the majority of vessel
tissues in the body have pores of approximately 6 nm in
diameter, tumor vessels have vascular pores of approxi-
mately 300 nm, which allow liposome infiltration.'3:!* Col-
lectively, our results provide a positive perspective for the
clinical use of liposomal AICIPc in the reduction of side
effects when compared to other first generation photosen-
sitizers that promote skin phototoxicity.® 1319

5. CONCLUSION

In conclusion, Photodynamic Therapy mediated by liposo-
mal chloroaluminumphthalocyanine has been shown to be
a promising treatment for cancer of oral origin. This work
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demonstrates its effectiveness both in vitro and in vivo
using the HSG and OSCC cell lines, and a nude mice
model, respectively. As for the death pathway, we can con-
clude that there is a predominance of necrosis, which does
not exclude the possibility of a late process of apoptosis.
These results provide a scientific basis for the use of this
drug in other experiments, both in vitro and in vivo, such
as in the future implementation of PDT mediated by lipo-
somal AICIPc in clinical trials.
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The importance of dendritic structures in biology and medicine lies in their multivalency. Den-
drons represent a structural component of the parent dendrimer; they have nano-dimensions and
their immobilization on surfaces would lead to structural features within this dimensional range.
Novel dendronized surface of chitosan microspheres was prepared by reaction between cross-
linked biopolymer and Behera’s or bis Behera’s amine dendrons. According to FTIR analysis, it can
be concluded that the dendronization took place; the shape and size were homogeneous and
independent of the dendronization, according SEM images. Interactions between dendron-polymer
network and hydrophilic/hydrophobic characteristics of the dendron modify the physical properties
of the microspheres. The swelling studies of dendronized films at pH 1.2 and 7.4 evidenced the
so-called “dendritic effect” In addition, the microspheres remained stable for an extended period.
The highlights of the present research were to develop nanostructured dendronized surfaces on
spheres of polymer supports that seem to be appropriate for biomedical applications. The work
aimed at studying the effect of dendronization of the surface on the original properties of chitosan

microspheres.

Keywords: Dendronized Polymer, Nanostructured Surface, Chitosan, Biomaterials.

1. INTRODUCTION

Nanomaterials include different types of materials with
dimensions under 100 nm or presenting structural features
under this dimensional threshold. Moreover, nanomedicine
is the application of nanotechnology in monitoring, diag-
nosing, preventing, repairing or curing diseases and dam-
aged tissues in biological systems.

Several studies have generally led to the conclusion that
the response of host organisms to the presence of nanoma-
terials is different and certainly superior when compared
with conventional materials used so far.!” For a bone graft
to be successful, it seems that a biomaterial with super-
ficial nano-features possessing a superior surface reactiv-
ity available for growth factors and other biospecies to be
immobilized could represent notable advances.

Dendritic structures and their built-in nanoscopic and
multifunctional features are receiving considerable scien-
tific interest. Biomedically, dendritic polymers have been
extensively studied for preparing drug/gene delivery sys-
tems, designing protein resistant surfaces, fabricating diag-
nostic agent and constructing biosensor devices. Generally,

*Author to whom correspondence should be addressed.
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the term dendritic polymer is used to denote the family of
structurally branched molecules covering dendrons, den-
dronized polymers, perfect dendrimer and hyperbranched
polymers.’

The main reason for the use of dendrimers/dendrons in
biology and medicine is their multivalency, caused by the
presence of a large number of surface end groups within
the same molecule that can interact with biological recep-
tors or with other chemical entities to a greater extent, gen-
erating hierarchical complexes with high binding affinities.
These multivalent interactions are considerably stronger
than the individual bonding of a corresponding number
of monovalent ligands to a multivalent receptor; they are
the most predominant phenomena in biological systems,
particularly for recognition and attachment, signal trans-
duction, and numerous cellular interactions.*

The multiple surface functional groups of dendritic
molecules enable simultaneous incorporation of drugs and
biological ligands for active targeting.” A number of tar-
geting signals such as folic acid,® monoclonal antibodies,’
saccharides® and peptides’ have been successfully intro-
duced into the periphery of dendrimers.

Dendritic scaffolds can easily mimic the so-called “lig-
and clustering” effect due to the vicinal presence of active
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functional groups within an adjustable distance. The immo-
bilization of dendritic molecules on surfaces would lead
to structural features within this dimensional range. Par-
ticularly, the combination of dendrons and polymers gives
the dendronized polymers, macromolecules with dimen-
sions on the nanometer scale and controlled hierarchical
structure. They represent a merger of these two concepts
and are a promising approach toward a novel generation
of smart materials.'®

In this context, the chemical approach of the present
work aimed at developing nanostructured surfaces on natu-
ral polymer supports (microspheres of chitosan) that seem
to be appropriate for biomedical applications such as, car-
rier and drug delivery. Thus, they were functionalized
with dendritic molecules and the products were character-
ized showing their properties and potential applications as
biomaterials.

Chitosan has shown interesting applications as bio-
material'! due to its excellent biocompatibility, low
toxicity, immunostimulatory activity, antibacterial and
antifungal action, and anticoagulant properties. Further-
more, degradation products of chitosan have been shown
to be non-toxic, non-immunogenic and non-carcinogenic.
Hence, our goal is to obtain a new material by modifi-
cation of chitosan using dendritic molecules of different
generation or chemical structure.

The aim of this research is to find new properties in
these products and maintain the well-known advantages of
chitosan.

2. EXPERIMENTAL DETAILS
2.1. Materials

The following chemicals were purchased and used:
epichlorohydrin, ECH (Riedel-de Hden); sodium carbonate
(Cicarelli); Behera’s amine (Frontier Scientific); thionyl
chloride (Merck); S-nitroisophtalic acid 99% (Anedra);
palladium, 10 wt% on activated carbon, Pd/C (Aldrich);
silica gel 60 (Merck); potassium bromide 99% FT-IR grade
(Aldrich); chloroform-d 99.8% D (Aldrich); Chitosan, Ch
(85% DA, LMW, Aldrich). Solvents were obtained from
Sintorgan, purified by distillation, and dried.

2.2. Instrumental and Techniques

Fourier Transform Infrared (FT-IR) spectra were obtained
on a Nicolet Avatar 360 FT-IR spectrometer on KBr discs.
A Thermo Scientific Smart Diffuse Reflectance accessory
was used to obtain Diffuse Reflectance Infrared (DRI) spec-
tra. SiC discs were used to abrade the surface of differ-
ent samples. All spectra were obtained with 32 scans at a
4.0 cm~! resolution in a range between 4000 and 650 cm ™!,

Nuclear Magnetic Resonance (NMR) spectra were
obtained in CDCl; using a Bruker 400 MHz NMR spec-
trometer. Scanning electron micrographs (SEM) of the
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microspheres were obtained by means of a [Philips SEM
501B] at 12 kV at the Instituto Nacional de Tecnologia
Industrial (INTT), Cérdoba, Argentina. SEM micrograph-
ics were obtained in order to analyze the microsphere
morphology. Before scanning, the dried samples were
gold-coated.

2.3. Methods
2.3.1. Preparation of Chitosan Microspheres

Chitosan microspheres were prepared by dissolution of
polymer (1.000 g) in a 5% (V/V) acetic acid solution
(35 mL). Chitosan solution was then added dropwise by a
dropper into a precipitation bath containing 0.5 M NaOH
solution (500 mL). This step neutralized the acetic acid
within the chitosan gel, thus coagulating the gel to spher-
ical uniform chitosan gel beads. A magnetic stirrer was
used to stir the aqueous NaOH solution continuously at
200 rpm to prevent chitosan beads from sticking to one
another or to the glassware surface. The wet chitosan beads
were filtered and extensively rinsed with distilled water
to remove NaOH. They were then air-dried to eliminate
water. After that, the microspheres were modified with
ECH according to the following procedure.

Ch-ECH microspheres: 0.500 g of chitosan micro-
spheres were added to 0.1 M of ECH solution (30 mL) to
obtain a 1:1 ratio with chitosan (mol ECH: mol CH,OH).
The mixture was heated to 45 °C for 2 h and stirred contin-
uously using a magnetic stirrer at 200 rpm. Afterwards the
beads were filtered, washed with distilled water to remove
excess ECH, and air-dried. The oxirane groups were deter-
mined by the pyridinium chloride method.!?

2.3.2. Synthesis of Bis Behera’s Amine Dendron (BB)

5-Nitroisophthalic acid (diacid) was converted into diacid
chloride with thionyl chloride. SOCI, (10 mL) was added
to the diacid (0.4000 g, 16 mmol) in anhydrous THF
(10 mL) under nitrogen atmosphere and allowed to react
for 4 h under reflux. The diacid chloride (470 mg,
2.00 mmol) and triethylamine, TEA (0.5 mL), were dis-
solved in anhydrous THF (50 mL) and reacted with
Behera’s amine (1.6600 g, 4.00 mmol) for 24 h under stir-
ring at room temperature. A white solid was obtained and
purified by column chromatography (yield 80%).

Finally, dendritic molecule (0.8000 g, 0.80 mmol) dis-
solved in methanol (20 mL) was reduced at 40 psi H,
room temperature with 100 mg of Pd/C 10%. Dendron BB
was obtained with a 95% of yield (0.7418 g)."3

Bis Behera’s amine dendron (BB): FT-IR (cm™!): the
signals at 1667 and 1535 were assigned to band (C=0
stretching vibrations) and band II (N-H bending vibra-
tions) corresponding to the amide group, respectively.
The carbonyl absorption band of ester appeared at 1736.
BC NMR (CDCl,) (8, ppm): 173.1 (C=0 ester); 163.3
(C=0 amide); 148.3 (CNO,); 136.9 (C; ,,q 5 aromatic);
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116.0 (C, aromatic); 118.0 (C, ,q ¢ aromatic); 80.9
(OCCH;); 584 (CONHC); 30.3 (CH,CH,CO); 29.9
(CH,CH,CO) and 27.9 (OCCH,). '"H NMR (CDCL,)
(6, ppm): 7.25 (s, 2H, CH aromatic); 7.38 (s, 1H, CH
aromatic); 2.25 (m, 12H, CCH,CH,CO); 2.08 (m, 12H,
CCH,CH,CO) and 1.36 (s, 54H, OC(CH,),).

2.3.3. Dendronization of Ch-ECH Microspheres

Ch-ECH microspheres were swollen in water (100 mg
mL~!) for 24 h. After that, Behera’s amine (AB) and bis
Behera’s amine (BB) (4.50 mg and 10.7 mg, respectively),
dissolved in 0.2 M Na,CO; (0.08 mL), were added to the
microspheres and stirred at 60 °C for 36 h.!* The mol
ratio used was 1:0.6 corresponding to the epoxy:dendron.
Ch-ECH-AB and Ch-ECH-BB products were filtered and
washed with water, 0.1 N acetic acid solution and water
again. The products were dried. The amount of bonded
dendrons was obtained through oxirane group determina-
tion by the pyridinium chloride method.!?

2.3.4. Hydrolysis of t-Butyl Groups of Dendritic
(AB and BB) Periphery

Hydrolysis of ester groups on the dendritic surface was
carried out in 85% v/v formic acid at 60 °C during four
days. After that, microspheres were washed and dried.
The microspheres obtained were called Ch-ECH-ABh and
Ch-ECH-BBh The degree of hydrolysis was determined
by acid-base title.

2.3.5. Thermal Analysis

Differential scanning calorimetry (DSC) measurements
were taken using a V5.4 A TA Instrument on samples with

Lh=EiL]R
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mass of about 2 mg, at a heating rate of 10 °C-min~!, and

testing temperature ranging from 50 to 400 °C. Thermo-
gravimetric Analysis (TGA) measurements were conducted
using a 2950 TGA HR V5.4 A TA Instrument, on samples
with masses of about 5 mg at heating rates of 10 °C min~!;

the samples were tested in nitrogen from 40 to 400 °C.

2.3.6. Swelling Studies

The water sorption capacity of the chitosan microspheres
was determined by swelling in buffer of pH 7.4 and 1.2
at room temperature. A known weight (200 mg) of each
product was placed in the medium for 7 h, which is the
appropriate dosage time. The swollen microspheres were
collected at different times, superficially dried with tissue
paper, and weighed immediately on an analytical balance.
The percentage swelling (E,,) in the medium was calcu-
lated using Eq. (1):

W,

W —_
Ep (%) = =100 (1)

o
where W, denotes the weight of the chitosan microspheres
at equilibrium swelling, and W, is the initial weight of
the chitosan microspheres. Each swelling experiment was
repeated twice, and the average value was taken as the E,
value.

3. RESULTS AND DISCUSSION
3.1. Synthesis

First, amine groups of microspheres of chitosan were acti-
vated through reaction with epyclorhydrine (ECH). This
molecule is a spacer arm and a cross-linking agent to

Bm o i 7
T
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Fig. 1. Pathway used to reach the dendronized chitosan microspheres. (a) Activation of chitosan (Ch) with epyclorhydrine (ECH) to yield Ch-ECH;
(b) coupling of Behera’s amine (AB) and bis Behera’s amine (BB) dendrons on Ch-ECH to yield Ch-ECH-AB and Ch-ECH-BB microspheres, respectively.
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Table I.  Coupling of Behera’s amine (AB) and bis Behera’s amine (BB)
dendrons on Ch-ECH matrix and percentage of hydrolysis of functional
periphery groups (ester to acid).

Epoxy groups® Dendron % Hydrolysis of

Matrix mol/g matrix mol/g matrix ester groups
Ch-ECH 1.80 x 10~ - -
Ch-ECH-AB 7.20 x 1073 1.08 x 107~ -
Ch-ECH-ABh 7.20 x 10~ 1.08 x 10~ 45.7
Ch-ECH-BB 1.53 x 10~* 2.70 x 1073 -
Ch-ECH-BBh 1.53 x 10~ 2.70 x 107 97.4

Note: “Epoxy groups on matrix that are free after dendronization.

facilitate the subsequent covalent bond of the dendrons
and to improve the stability of the chitosan microspheres.
Figure 1 shows a synthetic scheme.

For the dendronization of the surface of microspheres,
the Behera’s amine (AB) and bis Behera’s amine (BB) den-
drons were used, to yield Ch-ECH-AB and Ch-ECH-BB,
respectively. The AB and BB dendrons were selected for
their well-known property as nucleophiles for the open-
ing of the epoxide groups and biocompatible properties. '3
Table I shows the percentage incorporation of the dendrons.

According to the results, the amount of AB dendron
incorporated into the structures was higher than that of BB
dendron, probably due to steric hindrance.

The ester groups on the periphery of the dendron were
hydrolyzed to acid groups. This approach was carried out to
have a surface with different hydrophilic/hydrophobic char-
acteristics and affinity to different drug. Greater percent-
age of hydrolysis was obtained for the reaction of Ch-BB
to yield Ch-BBh. These results show that by changing the
dendron size and the degree of dendronization, the func-
tional groups of the periphery are more accessible and
reactive.

Ch-ECH
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3.2. Characterization
3.2.1. Diffuse Reflectance Infrared (DRI)

Firstly, characterization of the unmodified and den-
dronized spheres was carried out by Diffuse Reflectance-
IR. Infrared spectrum of Ch-ECH revealed a new signal
at 3027 cm~! corresponding to C-H stretching vibration
of the epoxy group; the stretching vibration of C-O-C
appears at 1033, 1249 and 827 cm™'. The typical absorp-
tions of chitosan were also present.

Dendronized products showed a typical band at
1729 cm™! corresponding to C=0 stretching of the ester
dendron, confirming the presence of AB and BB. Other
changes in the spectra were not observed for the den-
dronized sample due to the high intensity of the absorption
bands of chitosan.

3.2.2. Scanning Electron Micrographs

It is interesting to note the shape and size of the
particle on various biological aspects involved in drug
delivery for the development of carriers for specific
biomedical applications.” Thus, the dendronized chitosan
microspheres were characterized by SEM. The mean diam-
eter was in the range of 0.8-1.2 mm. The spheres were
homogeneous with no variation in size after dendroniza-
tion (Fig. 2).

3.2.3. Thermal Analysis

Figure 3 shows the TGA and DSC thermograms for the
Ch, Ch-ECH and Ch-ECH-AB samples. The thermogravi-
metric profiles in Figure 3(a) reveal two stages of mass
loss. The first degradation stage at around 100-150 °C,
with a mass loss of 2-10%, elates mainly to the loss of

Ch-ECH- AR Ch-ECH-BE

@

Fig. 2. Scanning electron micrograph (SEM) images of Ch-ECH and Ch-ECH-AB microspheres.
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Fig. 3. Thermal analysis of Ch-ECH and Ch-ECH-AB: (a) Differential scanning calorimetry (DSC); (b) and Thermo-gravimetric Analysis (TGA).

water physically adsorbed on the surface of the materials.
The Ch undergoes a mass loss of 50% at 298 °C. The
second degradation stage of Ch-ECH and Ch-ECH-AB
was observed at 264 °C and 296 °C, respectively, with a
mass loss around 40%. These values represent the temper-
atures of maximum mass losses of the polymeric materials
and were established from the first derivative thermogravi-
metric plots. The temperature of the second degradation
stage of Ch-ECH-AB is higher than that of the Ch-ECH,

J. Biomater. Tissue Eng. 3, 157-163, 2013

indicating that the new matrix is thermally more stable
than the undendronized microspheres.

The DSC thermogram (Fig. 3(b)) for Ch-ECH shows
three exothermic peaks at 256.6, 266.7 and 279.0 °C. In the
DSC thermogram for Ch-ECH-AB, three exothermic peaks
can be observed, at 277.4, 288.9 and 300.6 °C. These
exothermic peaks can be attributed to the thermal degrada-
tion of the materials. A significant difference in the posi-
tion of the exothermic peaks of Ch-ECH and Ch-ECH-AB
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was observed, which indicates surface modification of the
microspheres.'®

The characterization results confirmed that the formation
of the new material (Ch-ECH-AB) occurred successfully.

3.2.4. Swelling Studies

Szoka et al. have proposed that the entry and passage
of polymeric drug carriers with approximately the same
hydrodynamic volumes through pores are greatly influ-
enced by particle shape and degree of flexibility conferred
by various molecular architectures.® Thus, it is important
to study the swelling behavior of the microspheres at dif-
ferent pH values (Fig. 4).

Generally, the swelling values of the dendronized prod-
ucts at pH 1.2 were the highest. When pH is lower than
pKa of amine groups of chitosan (pKa =~ 6.5), it was pos-
itively charged and the swelling was high owing to the
repulsion between their chains.!” At pH 1.2 dendronized
products Ch-ECH-BB showed higher swelling than Ch-
ECH-AB. Thus, an increase in the size of the dendron
led to a marked increase in swelling owing to a disrup-
tion of the interactions between the chains. Moreover, the
percentage dendronization is the lowest and the presence
of protonated amine gropus greatly contributes to the
repulsion between the chains. The higher hydrophilic char-
acter was evidenced in the swelling value of Ch-ECH-ABh
with respect to Ch-ECH-AB. By contrast, for Ch-ECH-
BBh the acid groups on the periphery are close enough
to form hydrogen bonds themselves and these interactions
hinder the entry of water into the network. Ch-ECH-BB
presented a higher value than Ch-ECH-BBh.

At the highest pH examined (7.4), Ch-ECH-AB and
Ch-ECH-BB showed no important difference in relation to
non-dendronized microspheres.

For Ch-ECH-ABh and Ch-ECH-BBh microspheres, the
swelling values increase at pH 7.4 with respect to non-
hydrolyzed microspheres. It is probably due to acid groups
on the periphery which are ionized at high pH and pro-
duce repulsive interactions. The difference in swelling
values for the hydrolyzed microspheres compared with
those non-hydrolyzed was higher between Ch-ECH-BBh
and Ch-ECH-BB. This result agrees with the higher per-
centage of hydrolysis of Ch-ECH-BBh than with that of

Fig. 4. Swelling behavior of Ch-ECH, Ch-ECH-AB, Ch-ECH-ABh,
Ch-ECH-BB and Ch-ECH-BBh microspheres at pH 1.2 () and 7.4 ( ).
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Ch-ECH-ABh (Table I). Moreover, the swelling value of
Ch-ECH-BBh decreased with respect to non-hydrolyzed
tert-buthyl groups at pH 1.2 since it presents most of the
amount of acid groups on periphery of dendron. Proba-
bly, the acid-acid group interaction is higher than the acid
group-water interaction.

The swelling index depended on the pH due to the
different balance between positive (NHY) and negative
(COO™) charges. The degree of dendronizacion, size den-
dron and amount and type of functional group on the
periphery of the dendron are the factors that control of
the behavior of the matrices. These results showed the so-
called “dendritic effect.”

4. CONCLUSION

The well known advantages of chitosan and the multifunc-
tionality of the dendronizacion in the chitosan microspheres
obtained. The surface with multivalent properties allows
a material to be potentially applicable to different thera-
pies to be used as macrocarriers for the controlled drug
release. The most relevant result involves having shown
the so-called “dendritic effect.” A hydrophilic/hydrophobic
balance was found through the dendronizacion surface; the
properties of the dendronized chitosan changes with the
size of the dendron, the number and type of functional
group in the periphery.

The highlight of this research is represented by innova-
tive biomaterials whose biomimetism is ensured through
a special surface chemistry and through a specific
topography.

On the synthetic level, the different approaches for
preparing nanostructures or nanomodifications with pre-
cise shape control have their own associated advantages
and challenges. A sound understanding of the morpho-
logical dynamics will be especially useful in predicting
and ensuring consistency in the drug delivery performance
of materials consisting of biodegradable and/or stimuli-
responsive functionalities in vivo.

In a future, we will carry out different studies about the
potential applications of the microspheres obtained: as sup-
port for immobilized metal ion chromatography affinity
(IMAC), and for purification of protein, or as drug deliv-
ery system by the incorporation of targeting signals such
folic acid or to coordinate hydrophobic drugs.
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Glycol chitosan (GC) and fructose chitosan (FC) were linked to testosterone hemisuccinate through
water-soluble carbodiimide activation. The resulting conjugates formed self-assembled nanoparti-
cles in aqueous solution with particle sizes of 245-332 nm as measured by dynamic light scattering
and testosterone content of 3% and 8% (w/w) for GC and FC conjugates, respectively. The particles
appeared as 45-90 nm almost spherical nanoparticles when studied by scanning and transmis-
sion electron microscopy upon drying. Particles were also characterized by differential scanning
calorimetry and wide-angle X-ray diffraction. Drug linking to both types of chitosan derivatives was
confirmed by FTIR spectroscopy and proton NMR. In vitro testosterone release studies performed
in water at acid pH indicated that the drug release was dependent on the acidity of the solution,
testosterone content and the chitosan matrix. Almost constant release rates were observed initially.
These results indicate that the obtained nanoparticles could be good candidates for testosterone
delivery to humans and animals.

Keywords: Controlled Release, Chitosan, Self-Aggregated Nanoparticles, Testosterone.

1. INTRODUCTION and replacement therapy for hypogonadism treatment.’
However, the direct use of testosterone, its derivatives and
other anabolic steroids comes with a high rate of side
effects and health problems such as breast or gyneco-
logical cancers, sleep apnea, acceleration of prostate can-
cer growth and male infertility.*'® Hence, the controlled

release of low testosterone doses in blood is receiving inter-

Testosterone is an important sexual steroid hormone from
the androgen group, widely found in animal kingdom
(mammals, birds and other vertebrates).!> This anabolic
steroid is the main male sex hormone with a key role
in the development of male reproductive organs and the

expression of secondary sexual characters in men (increase
of muscle and bone mass, of body hair growth). The
benefices for human health (i.e., prevention of osteoporo-
sis and Alzheimer’s dementia, regulation of platelet aggre-
gation in humans, treatments of post-menopausal women
and control of type 2 diabetes) are well documented.>™
The androgenic and anabolic effects of testosterone at dif-
ferent stages of human life are thoroughly studied.® Sev-
eral testosterone derivatives have been used in anti-aging

*Author to whom correspondence should be addressed.

164 J. Biomater. Tissue Eng. 2013, Vol. 3, No. 1

est for its potential applications in medicine and pharmacy.
In this context, preparation of self-assembled polymeric
nanoparticles, based in natural biopolymers (i.e., chitosan
and derivatives, cellulose, sodium alginate), as drug deliv-
ery systems is particularly promising.''~'3

Chitosan (CS) is a natural polymer, consisting of
B (1 — 4) linked glucosamine units, with some propor-
tion of N-acetylglucosamine units. It is obtained by exten-
sive deacetylation of chitin.!*!> CS is a biomaterial with
excellent properties and beneficial effects for animals and
humans;'$-!® but its applicability in medicine and pharma-

2157-9083/2013/3/164/009 doi:10.1166/jbt.2013.1071
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ceutical field is limited due to water solubility restricted
to acid pH and the short time stability of self-aggregated
CS conjugates in solution.'®2° Some chitosan derivatives
overcome these limitations, still showing good biocom-
patibility (i.e., glycol chitosan (GC), fructose chitosan
(FC), succinyl chitosan).?'2 GC has been hydropho-
bically functionalized with 58-cholanic and other moi-
eties, forming self-aggregated nanoparticles in aqueous
solution for controlled release of proteins and genes or
imaging purposes.?®2!:22* However, to our knowledge
the preparation of covalently linked testosterone-GC and
testosterone-FC conjugates for controlled release of testos-
terone has not been yet reported.

The preparation of testosterone-GC and -FC conjugates
will potentially enable controlled delivery of testosterone,
overcoming low aqueous solubility of this drug, and com-
bining its effects on humans and animals with the bio-
compatibility and microbicidal properties of the chitosan
matrix.>28

This article reports on the covalent linking of testos-
terone hemisuccinate to GC and FC, forming self-
aggregated nanoparticles in aqueous solution, to achieve
their controlled release. The obtained nanoparticles were
loaded with testosterone and testosterone hemisuccinate,
in order to deliver higher steroid quantities.

2. MATERIALS AND METHODS
2.1. Materials

GC (acetylation degree, DA = 19.1% determined by
'H-NMR, Mw = 4.1 x 10°) and CS (acetylation
degree, DA = 19.8% determined by 'H-NMR, Mw =
4.3x10°) were purchased from Sigma-Aldrich. 1-ethyl-
3-(3’-dimethylamino)carbodiimide hydrochloride (EDC),
N-hydroxisuccinimide, testosterone, fructose, solvents and
reagents employed were purchased from Sigma-Aldrich
and used without further purification.

The structures of testosterone hemisuccinate (MSTest),
partially acetylated glycol chitosan (GC) and fructose chi-
tosan (FC) are shown in Figure 1.

2.1.1. Synthesis of Testosterone Hemisuccinate

Testosterone hemisuccinate was synthesized by base-
catalysed traditional esterification in pyridine of testos-
terone with succinic anhydride.?®*® To this end, 1 gram
(c.a. 3.5 mmol) of testosterone was dissolved in 25 mL
of pyridine, 3 grams (c.a. 30 mmol) of succinic anhy-
dride were added and stirred. Then nitrogen flow was
passed 5 min trough solution and the reaction was refluxed
overnight in argon atmosphere. Reaction mixture was
poured into a cold 0.1% (v/v) HCI aqueous solution. Ice
was added to keep the mixture cold for 2 h. The result-
ing testosterone hemisuccinate was separated by filtra-
tion, washed with cold water and dried under vacuum
at 60 °C.
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Fig. 1. Structures of testosterone hemisuccinate (MSTest), partially
acetylated glycol chitosan (GC) and fructose chitosan (FC).

2.1.2. Synthesis of Fructose Chitosan

FC (substitution degree 5.6%-mol) was prepared by
Maillard reaction of chitosan (1%, w/v) with fructose
(1%, w/v) in 0.2 M aqueous acetic acid solution at 65 °C
for 5 days.?>3! After reaction, the solution was neutral-
ized with 2 M NaOH followed by centrifugation (8000 g,
10 min, 20 °C). The supernatant was dialyzed (MWCO:
12000-14000) against double-distilled water for 4 days.
The dialyzed solution was freeze-dried affording a yellow,
powder wool-like product.

2.1.3. Preparation of Testosterone-GC and
Testosterone-FC Conjugates

One hundred and thirty milligrams (0.61 mmol) of GC, or
200 mg (c.a. 0.5 mmol) of FC were dissolved in 8 mL
of double-distilled water and diluted with 24 mL of anhy-
drous ethanol. Then 38 mg (0.20 mmol) of EDC and
23 mg (0.20 mmol) of N-hydroxisuccinimide were added
and stirred until solution clearance. Fifty-eight milligrams
(0.15 mmol) of testosterone hemisuccinate were dissolved
in 32 mL of ethanol/water solution (85:15, v/v) and slowly
added with stirring to the GC or FC solution. The reaction
mixture was stirred 72 hours at room temperature, dia-
lyzed (MWCO: 6000-8000) against ethanol/water mixture
(90:10, 66:33, 50:50 and 0:100, v/v), each one for 2 days
with 16 exchanges. The dialyzed solution was freeze-dried
affording a white, cotton wool-like product.

2.2. Characterization

The testosterone-modified GC and FC conjugates were
characterized by FTIR spectroscopy using a Perkin-Elmer
FTIR spectrophotometer with 32 scans and 4 cm™! reso-
lution. Samples were prepared by the KBr pellet method.
Elemental analyses were performed on a Varian MicroCube
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Analyzer with burning temperature of 1150 °C. The
'"H-NMR spectra were recorded with an OXFORD NMR
AS400 (VARIAN) spectrometer operating at 400.46 MHz
for 'H at 25 °C with concentrations c.a. 25-8 mg mL~! in
d2-water and d4-methanol/d2-water (66%, v/v) and ana-
lyzed with the VNMRI software, version 2.2.%2 Wide-
angle X-ray diffraction (WAXD) analysis of the powered
samples was performed using a Rigaku SmartLab X-Ray
diffractometer with Cu K, radiation (40 kV, 30 mA, A =
0.15418 nm), data collected at a scan rate of 5° min~!
with a scan angle from 4 to 50°. Calorimetric curves
were obtained with a Perkin-Elmer Differential Scanning
Calorimeter Pyris 1 and analyzed with the Pyris 1 software
(version 6.0.0.033). DSC studies were conducted using
sample weights of approximately 5 mg, under nitrogen
dynamic flow of 20.0 mL min~' and a heating-cooling
rate of 10 °C min~!.3>* Samples were deposited in alu-
minium capsules and hermetically sealed. Indium was
used to calibrate the instrument. Enthalpy (AH in J/g
dry weight) and peak temperature were computed auto-
matically. Samples were heated and cooled from —30 to
300 °C. Dynamic light scattering (DLS) studies were per-
formed using Zetasizer Nano (Malvern Instruments, UK)
at 25 °C to obtain the particle size and zeta potential.
The size and morphology of testosterone-modified GC
and FC dried nanoparticles were studied by transmission
electron microscopy (TEM) with a Philips CM20 operat-
ing at 200 kV and scanning electron microscopy (SEM)
with a FEI Nova NanoSEM 600 electron microscope. The
samples were stirred 48 hours in double-distilled water
(c.a. 1 mg mL~!) and a drop of it was deposited on carbon
plates. The excess solution was removed with filter paper
and air-dried. The SEM samples were coated with gold.
The TEM samples were negative stained with a drop of
uranyl acetate solution (1%-wt).

2.3. In Vitro Drug Release Studies

In vitro testosterone release from testosterone-modified GC
and FC nanoparticles was studied by UV detection at
243 nm of the delivered testosterone at various pH. 10 mg
of nanoparticles dissolved in buffer solutions (5 mL) at dif-
ferent pH were placed in dialysis bags (MWCO: 14000)
and dialyzed against the release media at 37 °C with con-
stant agitation at 100 rpm. The entire media was removed
at determined time intervals, and replaced with the same
volume of fresh media. The amount of testosterone released
was determined by UV spectrophotometry and calculated
from a previously obtained calibration curve. These studies
were conducted in triplicate for each sample. The experi-
ments were not performed under sink conditions because
the low aqueous solubility of testosterone, its low con-
tent on samples and the small testosterone UV extinc-
tion coefficient made it necessary to evaporate as much
release media as possible, in order to achieve a sufficiently
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high testosterone concentration in 3 mL of ethanol for UV
determination.

3. RESULTS AND DISCUSSION

3.1. Preparation of Testosterone-Modified
GC and FC Nanoparticles

Testosterone-modified GC and FC nanoparticles with
steroid substitution of 1.5%-mol and 5.4%-mol (deter-
mined by elemental analysis), respectively, equivalent to
2.7 and 7.9%-wt of testosterone were created which
self-assembled into nanoparticles in water due to their
hydrophilic/hydrophobic moieties. The particles structure
is affected by the polarity of the media, as observed in
proton NMR peak differences in d2-water compared to
d4-methanol/d2-water (66%, v/v).

3.2. Proton NMR Results

The proton NMR spectra of GC-testosterone and FC-
testosterone conjugates are shown in Figure 2. The placebo
MSTest, CS, FC and GC are also shown for comparison.

The 'H-NMR spectrum of testosterone hemisuccinate
(MSTest) in d4-methanol (Fig. 2I(a)) showed the charac-
teristic steroidal peaks at 0.89 ppm (s, 3H, CH;, Hyy),
1.20-1.24 ppm (s, 3H, CH;, H,y), 2.57-2.59 ppm (2s, 4H,
2CH,, H,, +H,, of succinyl moiety).

The 'H-NMR spectrum of GC (Fig. 2I(b)) showed the
characteristic signals of the saccharide protons at 2.09 ppm
(s, CH; of CH;CO-), 2.74 ppm (s, 2H, C, sugar protons
of N-unsubstituted glucosamine units), 3.2-4.0 ppm (C, to
C, sugar protons) and 4.49 ppm (s, C, anomeric sugar
proton).33

The proton NMR spectrum of GC-MSTest conjugate
(Figs. 2I(c) and (d)), presented peaks at 0.90-0.95 ppm
(CH;, Hyg), 1.29/1.33 ppm (CH+CH, 4+ CH;, Hg+H, +
H,, +H,,+H;+H,), 1.60-1.98 ppm (CH+ CH,, H,
to Hs, Hy), 2.51-2.62 ppm (CH,, H,, +H,, of suc-
cinyl moiety), 4.21/4.23 ppm and 4.56/4.57 ppm (CH, C,
anomeric sugar proton of testosterone substituted and free
GC respectively). Addition of d4-methanol to previously
prepared d2-water solution of GC-MSTest, until a com-
position of d4-methanol/d2-water (66%, v/v), enhance the
peak intensity in the proton NMR spectrum and produces
a slight downfield shifting (Fig. 2I(d)), due to a better sol-
ubility and amphiphilic behaviour of testosterone hemisuc-
cinate GC conjugate.

Proton NMR spectrum of CS (Fig. 2Il(a)) showed
characteristic peaks at 2.10 ppm (s, CH; of CH;CO-),
3.19 ppm (s, 1H, H,), 3.75 ppm (s, 1H, H,), 3.80 ppm
(s, 1H, H,) and 3.91 ppm (s, 3H, H.+H,+H,) as
reported for crab chitosans.’”>3¥ The 'H-NMR of FC
(Fig. 211(b)) was dominated by CS peaks; but it is observed
a signal at 4.54 ppm (CH, C, anomeric sugar proton of
FC-substituted glucosamine units).

J. Biomater. Tissue Eng. 3, 164-172, 2013
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Fig. 2. Proton NMR spectra of (I): (a) MSTest at 25 mg mL~' in CD,0D at 25 °C, (b) GC, (c) GC-MSTest at 25 mg mL~" in D,O at 25 °C,
(d) GC-MSTest at 8 mg mL~" in CD,0D/D,0 (2:1) at 25 °C; (1I): (a) CS at 10 mg mL~" in CD,COOD/D,0 (1:3) at 25 °C, (b) FC and (c) FC-MSTest

at 8 mg mL~" in D,0 at 25 °C (see Fig. 1 for structures).

The proton NMR spectrum of FC-MSTest conjugate
(Fig. 2II(c)) showed, in addition to CS peaks, signals
at 1.05 ppm (CH;, Hyg), 1.20-1.34 ppm (CH+ CH, +
CHs;, He+H; +H,, +H,, +Hj5;+H,o), 1.47 ppm (CH+
CH,, H, +H,), 2.56 ppm (CH,, H,, + H,, of succinyl
moiety), 2.94/3.19-3.13 ppm (CH, H, of testosterone-
substituted and free glucosamine units respectively),
4.11/4.38-4.42/4.54 ppm (CH, C, anomeric sugar proton

J. Biomater. Tissue Eng. 3, 164—-172, 2013

of testosterone-substituted glucosamine, free glucosamine
and FC-substituted glucosamine units respectively).
3.3. FTIR Spectroscopy

The FTIR spectra of GC-testosterone and FC-testosterone
conjugates are shown in Figure 3. The spectra of GC, CS
and FC are also included for comparison.
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Fig. 3. Infrared spectra of (I): (a) GC and (b) GC-MSTest; (II): (a) CS,
(b) FC and (c) FC-MSTest (see Fig. 1 for structures).

The IR spectrum of GC (Fig. 3(a)), presented absorp-
tion peaks at 3432 cm™! (O-H stretching overlapped with
N-H stretching), 2926 cm~' and 2870 cm~! (aliphatic
C-H stretching band), 1650 cm™' (Amide 1 band, C=0
stretching of acetyl group), 1616 cm~! (N-H bending) and
1450-1380 cm~! (C-H bending). The absorption peaks
at 1160 cm™' (antisymmetric stretching of the C—O—C
bridge), 1120 and 1066 cm™! (skeletal vibrations involving
the C—O stretching) related to its saccharide structure are
observed.?> %

The spectrum of GC-testosterone conjugate is dom-
inated by the broad GC peaks; however the intense
C=0 peak of the ester linkage is present at 1725 cm™!
(Fig. 3(b)). The intense peak at 1569 cm~! and the increase
in the amide / band at 1661 cm™! confirm the amide link-
age between the GC and testosterone hemisuccinate.

The IR spectrum of chitosan (Fig. 3II(a)) pre-
sented characteristic absorption peaks at 2942-2784 cm™!
(aliphatic C-H stretching band), 1658 cm™' (Amide 1) and
1597 cm™! (-NH,) bending and 1321 cm~! (Amide III).
Absorption peaks at 1154 cm™! (antisymmetric stretching
of the C—O—C bridge), 1082 and 1032 cm™~! (skeletal
vibrations involving the C—O stretching) are due to its
saccharide structure.>* FC presents a quite similar spec-
trum, due to lack of additional functional groups to those
of chitosan (Fig. 31I(b)).
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Testosterone-modified FC conjugate presents, in addi-
tion to CS peaks, ketone C=0 absorptions at 1716 cm~!
(ketone carbonyl, testosterone) and an intense peak at
1557 cm™!; indicative of amide linkage between testos-
terone hemisuccinate and FC (Fig. 3I1(c)).

3.4. X-Ray Diffraction Studies

The wide-angle X-ray diffraction patterns of testosterone
hemisuccinate, GC, testosterone-modified GC, chitosan,
FC and FC-testosterone conjugates are shown in Figure 4.

GC presents two intense peaks at 20 7.7° and 20.1°.

GC-MSTest showed a broad and intense peak at 20.4°.
The absence of intense peaks at 7.7 and 20.1° attributed
to GC indicates that GC is absent as crystalline phase.
The characteristic peaks of pure testosterone hemisucci-
nate were also absent.

Chitosan showed two intense peaks at 10.5° and
19.8°. These peaks are attributed to the (020), planes of
the hydrated crystalline structure and reflections of the
hydrated polymorph.*

FC presents two intense and broad peaks at 10.0° and
19.9°, and a shoulder at 21.9°.

Testosterone-modified FC yielded a quite broad and
intense peak at 18.7-21.1°. The absence of peak at
10.0-10.5° and the broadening between 18.7-21.1° indi-
cates that FC lacks as crystalline phase but with an
increased contribution of amorphous phase.

3.5. Differential Scanning Calorimetry Studies

The DSC curves of GC placebo, testosterone-modified GC,
CS placebo, FC and testosterone-modified FC, under nitro-
gen in the temperature range from —30 to 300 °C are
shown in Figure 5.
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Fig. 4. Wide-angle X-ray diffraction patterns of: (a) MSTest, (b) GC,
(c) GC-MSTest, (d) CS, (e) FC and (f) FC-MSTest (see Fig. 1 for
structures).
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Fig. 5. DSC Curves of (I): (a) GC and (b) GC-MSTest; (II): (a) CS,
(b) FC and (c) FC-MSTest (see Fig. 1 for structures).

GC is presented by three endothermic peaks at 123.6 °C,
175.1 °C and 180.9 °C (Fig. 5I(a)), with associated peak
enthalpies (AH) of 81.9 J/g, 510.5 J/g and 72.1 J/g, respec-
tively. These endothermic peaks must result from the melt-
ing of glycol chitosan crystals and dissociation of GC
chains. Testosterone-modified GC (Fig. 5I(b)) showed an
intense endothermic peak at 204.8 °C with correspond-
ing AH of 863.3 J/g, associated with melting of GC with
linked testosterone hemisuccinate, dissociation and decom-
position of testosterone-modified GC chains.

The DSC of CS placebo (Fig. 5Il(a)) showed two
endothermic peaks at 170.4 and 187.0 °C, with an associ-
ated AH of 3.5 J/g and 120.6 J/g, respectively. The total
AH of these effects is 124.1 J/g. These endothermic effects
must result mainly from the melting and dissociation of
chitosan crystals, as reported for crab CSs.>*

The DSC curve of FC (Fig. 5I(b)) showed endother-
mic peaks at 207.5 °C, 224.3 °C and 269.0 °C, with
associated AH of 3416.5 J/g, 906.7 J/g and 51.5 J/g,
respectively. These endothermic effects must result from
the melting of fructose chitosan crystals and dissocia-
tion of FC chains. Linked testosterone hemisuccinate-FC
(Fig. 5II(c)) presents three intense endothermic peaks at
158.9 °C, 164.7 °C and 170.9 °C, with associated AH of
103.7 J/g, 15.1 J/g and 126.5 J/g, respectively. These peaks
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may result from the melting of testosterone-modified FC
as well as dissociation and decomposition of modified CS
chains.

3.6. Dynamic Light Scattering Studies
and Electron Microscopy

Dynamic light scattering studies conducted in triplicate
revealed an average testosterone-GC and testosterone-FC
particles diameters of 332+4 nm and 245+ 1 nm with
polydispersity indexes of 0.57 £ 0.03 and 0.238 +0.007,
and zeta potentials of 9.7+£0.6 mV and 1143 mV, respec-
tively. These small nanoparticles were accompanied by c.a.
1-6%-mol aggregates of about 4.4-5.6 um size.

Figure 6 shows the SEM and TEM images of
testosterone-modified GC and FC nanoparticles. The
SEM images showed almost spherically shaped nanopar-
ticles smaller than 100-200 nm. Transmission electron
microscopy images provided more information, showing
spherically shaped nanoparticles with 70-85 nm (Fig. 6(c))
and 25-40 nm (Fig. 6(f)) mean diameters for GC-MSTest
and FC-MSTest conjugates, respectively.

3.7. Release Studies at Different pH

The calculated testosterone released after 30 min at differ-
ent pH are shown in Table II. The quantity released from
testosterone-modified GC and FC conjugates increases
as the solution acidity increases. These releases are pH-
dependent and affected by the ester hydrolysis of the link-
age between the testosterone and the succinyl group on
GC-MSTest and FC-MSTest conjugates, respectively.

The release profiles of testosterone at 37+2 °C in buffer
solution (pH = 6.0), expressed as per cent cumulative
release against time for testosterone-modified GC and FC
are presented in Figure 7. These studies were performed

Table 1. X-ray peaks of testosterone hemisuccinate, GC, GC-MSTest,
chitosan, FC and FC-MSTest conjugates by WAXD (see Fig. 1 for
structures).

Samples 2 6 (degrees)

MSTest 8.6 11.5* 14.0 15.2* 16.0 16.9* 193 20.3 23.2
GC 7.7 20.1 30.0¢ 34.4* 35.1* 37.9* 39.8* 41.0* 41.3*
GC-MSTest - 204 - - - - - - -

CS 10.5 19.8 - - - - - - -

FC 10.0 19.9 219 - - - - - -

FC-MSTest 18.7 21.1 - - - - - - -

Note: *Stands for peaks of low intensity.

Table II. % Testosterone released (%-wt) at 37+ 2 °C in buffer solu-
tions after 30 min. (see Fig. 1 for structures).

Sample % (pH 6) % (pH 5) % (pH 4) % (pH 2)
GC-MSTest 10.14+0.6 143+0.4 20.4+0.2 27.6+0.7
FC-MSTest - 52403 8.0+0.5 16.8+0.1
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. r
500 nm

Fig. 6. Scanning electron micrographs of GC-testosterone conjugate nanoparticles at: (a) 40000, (b) 85000x magnifications and (c) transmission
electron micrograph at 100000x magnifications; scanning electron micrographs of FC-testosterone conjugate nanoparticles at: (d) 40000x, (e) 85000 x
magnifications and (f) transmission electron micrograph at 100000x magnifications (see Fig. 1 for structures).

at pH 6 to simulate as much as possible physiological
conditions (pH 7.4), but acidic conditions are needed to
achieve the hydrolysis of the ester linkage and the testos-
terone release.

Testosterone was delivered with almost constant release
(zero order kinetics) during the first 4 and 8 h from the
testosterone-modified GC and FC conjugates, respectively.
Releases were not quantitative in both cases, reaching c.a.
52% and 33% after 68 hours from GC and FC conjugates,
respectively.

Testosterone release was slower from nanoparticles of
modified FC than from those of modified GC, probably
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due to the smaller hydrated size and more compact
hydrophobic core of the latter.

4. CONCLUSIONS

GC and FC were successfully linked to testosterone
hemisuccinate with a functionalization of up to 1.5 and
5.4%-mol respectively, as confirmed by elemental analy-
sis and proton NMR. These conjugates were able to form
self-assembled nanoparticles in aqueous solution, as result
of partial hydrophobic modification of the chitosans with
the testosterone moiety. The testosterone release percent in
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Fig. 7. In vitro release profile at 37 +2 °C of: (a) GC-MSTest and (b) FC-MSTest in buffer solution (pH = 6.0) (see Fig. 1 for structures).
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water at different acid pH indicated a drug release depen-
dence on the acidity of the solution. In vitro sustained
release was observed up to 68 hours, reaching between
33-52%-wt of the testosterone linked to the functionalized
chitosans. These results indicate that the obtained nanopar-
ticles could be good candidates for testosterone delivery to
animals and humans.
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