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Introduction: Polymeric particles are ideal vehicles for controlled delivery
applications due to their ability to encapsulate a variety of substances, namely
low- and high-molecular mass therapeutics, antigens or DNA. Micro and nano
scale spherical materials have been developed as carriers for therapies, using
appropriated methodologies, in order to achieve a prolonged and controlled
drug administration.

Areas covered: This paper reviews the methodologies used for the production
of polymeric micro/nanoparticles. Emulsions, phase separation, spray drying,
ionic gelation, polyelectrolyte complexation and supercritical fluids precipita-
tion are all widely used processes for polymeric micro/nanoencapsulation.
This paper also discusses the recent developments and patents reported
in this field. Other less conventional methodologies are also described, such
as the use of superhydrophobic substrates to produce hydrogel and polymeric
particulate biomaterials.

Expert opinion: Polymeric drug delivery systems have gained increased impor-
tance due to the need forimproving the efficiency and versatility of existing ther-
apies. This allows the development of ‘innovative concepts that could create
more efficient systems, which in turn may address many healthcare needs world-
wide. The existing methods to produce polymeric release systems have some
critical drawbacks, which - compromise the efficiency of these techniques.
Improvements and development of new methodologies could be achieved
by using multidisciplinary approaches and tools taken from other subjects,
including nanotechnologies, biomimetics, tissue engineering, polymer science
or microfluidics.

Keywords: bioactive molecules, drug delivery systems, hydrogels, microencapsulation,

nanoencapsulation, polymers
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1. Introduction

Conventional drug delivery systems often require multiple administrations leading to
irregular systemic drug distribution. To overcome these drawbacks, controlled delivery
systems were developed allowing the release of the drug at predeterminated rates for
predefined periods of time [1,21. Controlled systems improve drug efficacy, reduce its
toxicity and improve patient compliance. Other characteristics include the protection
of the drug from degradation, alterations in pharmacokinetics and biodistribution,
and reduction of clearance and side effects [3]. The success of a therapy involving mol-
ecule release depends mostly on the characteristics of the system developed for
that purpose.

In last few decades, biodegradable and biocompatible polymeric particles have
been proposed as carriers for controlled delivery of bioactive substances 4-7. These
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Article highlights.

» Micro and nano polymeric particles are ideal vehicles for
many controlled delivery applications due to their ability
to encapsulate a variety of substances.

o The methodologies used for the production of polymeric

micro/nanoparticles to be used in drug delivery

applications determine the characteristics of the
obtained product and consequently the profile release of
the bioactive molecules.

Currently, the most used processes for micro/

nanoencapsulation are solvent evaporation/extraction,

phase separation, spray drying, ionic gelation and
supercritical fluid precipitation.

Due to the drawbacks of the existing techniques to

produce polymeric systems for drug release, searches for

new methods or improvements on existing techniques
have been a subject of intensive study as well as for
translation to the market.

This box summarizes key points contained in the article.

systems also allow an easy administration of molecules,
through multiple routes, such as oral, nasal, injectable or
transdermal [3,8]. Having taken this factor into account, subse-
quent innovations involve the study of micro/nanosphere or
micro/nanocapsule applications in healthcare, namely, phar-
maceuticals and nutraceuticals, cosmetics, veterinary, agricul-
ture and food industry. The particle shape and size constitute
important characteristics of the formulations. For example,
different solid formulations carriers may be produced and
administered through nasal route (acrosols) or oral ingestion
(capsules and tablets). In addition, sub micrometer solid sized
systems can be also injected into the blood stream. Bioactive
compounds such as low- and high-molecular mass therapeu-
tics, antigens or DNA may be then incorporated into such
spherical supports and be released inside the body in a
sustained way.

Strategies have been continuously developed in order to
improve the efficiency and efficacy of the action of the bioac-
tive compounds by targeting them specifically to the sites of
action [9,10]. In some cases, particles obtained from stimuli-
responsive materials have the ability to respond to external
stimuli and consequently deliver the active agent in specific
sites in the body and in a controlled fashion [11); examples
have been reported on magnetically targetable particles and
antibodies-conjugated drugs and particles for drug delivery
applications [12-15]. Such strategies may prevent unwanted sys-
temic side effects and dose requirements are substantially
reduced. Moreover, more challenging therapeutic approaches
have created more demanding specifications of the dosage
forms in which the particles need to exhibit other functions
such as stabilization of the active molecules and modulate
their release profile. Particles for drug delivery release may
also be used as a diagnosis tool, especially providing imaging
information [16]; the so-called theragnostic approaches have
been shown to have potential to be used in cancer therapy [17].

Therefore, micro and nanoparticles in drug release applica-
tions should not be seen now as a passive carrier, but rather
as an essential multifunctional element in the therapeutic or
vaccination processes.

The production route used to fabricate the particles will
determine their shape, size distribution, porosity, surface
topography and drug entrapment capacity. The choice of
the processing method will depend on factors such as the
nature of the polymer and of the drug, the application (nature
of the therapy and local of administration) and the duration
of the therapy. The methods to encapsulate such substances
must accommodate some requirements that should be fol-
lowed: i) during the encapsulation process, the drug should
maintain its stability and biological activity; ii) the distribu-
tion of sizes and the anisotropy of the obtained carriers should
be as small as possible; iii) the encapsulation efficiency should
be high; iv) the loading capability should be high; v) the drug
release profile should be reproducible within specific limits;
vi) the particles should exhibit low level of aggregation or
adherence; and vii) the polymer composing the matrix of
the particles should exhibit a degradation profile adequate
with the site of administration and type of therapeutic appli-
cation, and should not cause adverse or systemic responses.
Langer (8] described in detail the fundamentals of release
mechanisms when the molecules are entrapped in polymeric
carriers. Diffusion is the primary mechanism through which
the molecules are delivered from the polymer matrix or
through a porous membrane. Another possibility to release
encapsulated molecules is through chemical reactions in
which the polymeric structure is hydrolytically or enzimati-
cally degraded and the bonds between the drug and the poly-
mer are cleaved. The third mechanism occurs when the
polymer loaded with drug swells due the entrance of external
solvents changing the diffusion properties of the molecules in
the matrix. The release of the active agents is also influenced
by drug molecular size, the amount entrapped, dimensions
and shape of the matrix [18-20].

In this work, we provide an overview and discuss the most
used polymers and processing techniques used to prepare
polymeric particles for drug delivery applications; due to the
importance of this topic in the pharmaceutical industry, the
most recent patents are also revised. Less conventional or
promising particle fabrication methods are also addressed.

2. Drug delivery systems

2.1 Biodegradable polymers

Different biodegradable polymers have been proposed in the
preparation of particles for drug delivery applications [21,22].
Among them, synthetic polymers have been widely used, as
they can typically be obtained with controlled molecular
mass and with a tailored chemical structure. The biggest
advantage of using synthetic polymers is the wide choice in
the chemical nature and architecture of the macromolecular
chains; besides the great variety of homopolymers that can
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be synthesized, many combinations of co-polymers may pro-
vide structures with a great control of final chemical and phys-
ical properties. Poly(amides), poly(amino-acids), poly(esters),
poly(orthoesters), poly(urethanes) or poly(acrylamides) are
examples of synthetic polymer families that have been used
in the production of drug loaded devices [23-26. However,
the aliphatic polyesters such as poly(glycolic acid), poly(lactic
acid) and especially the corresponding co-polymers (poly(lac-
tide-co-glycolide acid; PLGA) have been, by far, the most
used synthetic biodegradable macromolecules in the produc-
tion of particles for drug delivery applications [23-25,27,28].
These polyesters exhibit low immunogenicity and toxicity,
whose physiochemical properties may be controlled by chang-
ing parameters such as molecular mass, formulation of the
co-polymer and functionalization.

Natural-origin polymers usually contain domains that can
send relevant signals to guide cells at various stages of their
development [29-31]; this may permit eliciting the correct inter-
facial response between cells/tissues and the implanted device
and enhancing and promoting the desired functions of
the surrounding cells, tissues and organs. However, such bio-
activity can cause problems with antigenicity [31] and their
processing is often difficult. The most used sources of
natural-derived polymers include proteins, especially from
extracellular matrices (e.g., collagen), polypeptides, polysac-
charides (including chitosan, starch, dextran and alginate)
and poly(hydroxyalkanoates). Most of such materials have
reactive chemical groups that permit their modification, being
possible to tailor many properties, including water affinity,
charge or degradation profile. An interesting possibility to
combine natural-based polymers is using the layer-by-layer
technology to assemble oppositely-charged macromolecules
in nanostructured multlayers that can be used to control
the permeability of drug delivery particles [32,33].

The combination of synthetic and natural-based polymers
may be a way to combine advantages of both families of mac-
romolecules. For example, PLGA and a starch-derivative have
been proposed for the production of microspheres in drug
delivery systems [34]; in another invention, hyaluronic acid, a
non-sulfated glycosaminoglycan that is distributed widely
throughout the human body in connective, epithelial and
neural tissues, is processed in the form of particles and coated,
for example, with PLGA, which permits controlling the
degradation rate of the polysaccharide 35].

2.1.1 Hydrogels

Hydrogels are polymeric networks able to absorb and retain
large amounts of water providing good biocompatibility (36,571,
while maintaining their shape. Physical or chemical crosslink-
ing of the polymeric chains prevents the dissolution of the
matrix and the maintenance of mechanical integrity. Different
crosslinking agents may be used, such as epoxy compounds,
glutaraldehyde, formaldehyde, dialdehyde starch, dimethyl
suberimidate, carbodiimides, succinimidyls, diisocyanates,
acyl azide, tris(thydroxymethyl)phosphine, ascorbate-copper,
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glucose-lysine or photo-oxidizers; physicochemical treatments
may be also used, such as UV irradiation and dehydrothermal
treatments. Natural-origin crosslinkers have been also pro-
posed, such as genipin [38], due to their biocompatibility and
environmental-friendly nature. The most common crosslink-
ing methods for producing hydrogels were reviewed by
Hennink and van Nostrum [39].

The strong hydration state in equilibrium makes many
physical properties of hydrogels similar to living tissues. Pro-
teins do not adsorb easily to hydrogels because of their low
interfacial tension. Therefore, there is great interest in the
use of natural, synthetic and hybrid hydrogels in areas such
as tissue engineering, drug delivery systems and bionanotech-
nology. In particular, hydrogels have been widely used as drug
delivery vehicles as they permit molecules of different sizes to
diffuse into (drug loading) and out (drug release) [40.41].
Moreover, they can incorporate stimuli-responsive elements
that permit delivering the bioactive agents in an ‘intelligent
way [11,42,43].

Hydrogels can be processed in the shape of particles at
micro and nano scale being adequate to develop biocompati-
ble drug delivery systems. Different methods have been pro-
posed to process hydrogel particles, using both biopolymer
and synthetic polymers. We consider that crosslinking possi-
bilities able to form networks in mild conditions, such as
the ones mediated by enzymes [44,] are especially relevant in
the context of encapsulation as this process may be performed
together with the presence of the active agent.

Most of the hydrogels processing techniques involve wet
environments; this means that liquid droplets containing the
polymer and the bioactive molecule are developed in a liquid
medium, either organic or aqueous [45]. As is described later,
other methodologies should be used to avoid such contact
between distinct liquid phases to improve encapsulation
efficiency and decrease contamination.

In order to obtain a controlled release, environmentally-
responsive hydrogels (or smart hydrogels) have been applied
in delivery systems [40]. External stimulus such as temperature,
pH, ultrasounds, electric and magnetic field, oxidation light,
mechanical stress, ionic strength, enzymes and biomole-
cules [1,11,46] could cause swelling, collapse or degradation of
the hydrogel structure switching the release profile of an

entrapped drug.

2.2 Micro/nano sized polymeric particles

Polymeric particles including spheres and capsules with sizes
at the micro or nano level constitute the kind of carriers
most studied in the pharmaceutical field. Microparticles,
with sizes between 1 and 1000 pm, have the ability to encap-
sulate high amounts of active agents and may be administered
by minimally invasive procedures or intranasally (in dry pow-
der format) or ingested [47]. The use of biodegradable poly-
meric microparticles avoids surgical procedures of removing
them after the release of the bioactive agent [48]. Silva ez al.
48] reviewed the most important characteristics of
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microparticles to be used in biomedical applications, includ-
ing size, size distribution, porosity and pore structure and
surface area.

Nanoparticles, which include nanocapsules and nano-
spheres, present a large surface area when compared with
microparticles and help in increasing drug stability (49). Due
to their small size, nanoparticles may be injected and circu-
lated in the blood stream constituting an advantage for
some therapies. The circulation of nanoparticles in the blood
stream is prolonged because of their ultra small volume,
which also allows the passage through capillary vessels and
avoids clearance by phagocytes. However, nanoparticles may
lead to adverse immunological responses when they are
phagocytosed by macrophages. Strategies such as the pegyla-
tion of the particles surface may decrease such an effect [50].
Nanoparticles arrive easily to targeted organs such as liver,
spleen, lung, spinal cord and lymph because they can pene-
trate cells and tissue gaps (511 which is advantageous for
successful targeted delivery systems.

The active molecules in the core of micro/nanoparticles
could be released by erosion, permeation or rupture of the
shell; depending on the thickness or the material composing
the shell, the rate or timing of core releasing could be con-
trolled [3,521. Most of shells and cores are polymeric; however,
they could be also made of lipids and waxes [53].

By focusing on the micro/nanoparticle production, the
concept of encapsulation has to be understood. Micro/nano-
encapsulation is defined as a process of producing particles
or droplets at micro/nano scale with an active substance
(core) coated or embedded in a polymer (shell) (54]. The shell
should be inert and has the function to isolate and protect the
core against aggressive environments and control the perme-
ability or diffusion rate of the substances. These systems con-
stitute interesting approaches in medical, pharmaceutical and
veterinary fields by acting as a controlled and sustained drug
delivery, masking tastes or odors of many drugs, stabilizing
and protecting the drugs from degradation, protecting the
body against the toxic effects of drugs, targeting the delivery
for a specific site and preventing incompatibility between
drugs (3.

Different methods have been proposed to process poly-
meric micro and nanoparticles loaded with active agents and
their final characteristics are directly related to the methodol-
ogy chosen for their production. The most used techniques
are emulsions, phase separation and spray drying (48,55].
More recently, technologies such as supercritical fluid (SCF)
precipitation and microfluidic devices were developed and
shown to be useful for producing micro/nanoparticles incor-
porating active agents entrapped. Such methodologies will
be described and discussed in more detail later in this
review; Figure 1 summarizes the size of the particles that
each technique is able to produce. Other methods or devia-
tions of the traditional methodologies have been proposed
and were reviewed by Oliveira and Mano in the context of
tissue engineering applications [56].

3. Micro/nanoencapsulation technologies

3.1 Emulsions

Techniques of micro/nanoencapsulation based on the use of
emulsions are the oldest and widely applied in pharmaceutical
industries [57-60]. Different procedures may be used in this
context, depending of the nature of the drug and the charac-
teristics of the final particles. For example, size, porosity and
surface characteristics of the obtained particles may be con-
trolled up to certain extent, so that they can meet the neces-
sary requirements for the applications [10]. The basis of these
techniques is the formation of an emulsion of a polymeric
solution inside a continuous phase. The application of
mechanical forces induces the deformation of an interface
between the two phases and consequently spherical drops
are formed (61]. The mechanical forces applied (controlled
by the mixing or stirring speed), the viscosity of the polymer
solution and also the amount of stabilizers present in contin-
uous phase to avoid coalescence of the drops determine the
size of the particles obtained. For insoluble or poorly water
soluble molecules, the oil-in-water method (o/w) is usually
used (Figure 2A). The polymer that will give rise to the matrix
encapsulating the drug is first dissolved in a water immiscible,
volatile, organic solvent into which the bioactive molecule is
also dispersed. This dispersion (polymer/solvent/drug) is
then added to a large amount of an aqueous solution contain-
ing an emulsifying agent (e.g., poly(vinyl alcohol)). The sol-
vent is then removed by either evaporation or extraction
resulting in the formation of polymeric spheres loaded with
drug. In the first case, the solvent evaporates under appropri-
ate temperature, pressure and stirring conditions, during
which the particles harden; an example of this application
can be seen elsewhere [62]. In the latter case, the emulsion is
moved to a large quantity of water that may also contain sur-
factant (63]; under such conditions, the solvent is diffused out
and the solid spheres are finally obtained after washing, iso-
lated using filtration, sieving or centrifugation, and dried.
Moreover, inverse emulsions (water-in-oil (w/0)) also can be
performed. In this case, an aqueous drug and polymeric solu-
tion or suspension is added into an oil continuous phase
where stabilizers (Span 80 and Aerosol OT) and specific cross-
linking agents (according with the polymer used) are present.
These kind of emulsions are also used to encapsulate DNA
and cells.

The major drawback of the o/w methodology is the poor
encapsulation efficiencies of drugs that are water soluble or
moderately water soluble, as they could diffuse towards the
aqueous phase during the processing of the particles. In such
cases, a double (or multiple) emulsion process would be
more suitable to encapsulate water-soluble substances.

In water-in-oil-in-water (w/o/w) methodologies (Figure 2B),
an aqueous solution of the drug is added in an organic phase
containing the polymer; the first w/o emulsion is then formed.
This emulsion is then added into water containing an emulsifier
to form the w/o/w emulsion under stirring. The organic solvent
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Figure 1. Schematic representation of the polymeric particles size range of each encapsulation methodology.

is finally removed by either evaporation or extraction as
explained before. An example of application of the w/o/w, aimed
to encapsulate a peptide, can be seen elsewhere [64].

Many hydrophobic and hydrophilic drugs have been
encapsulated into polymeric matrices using the solvent
evaporation methods mentioned above (58], including
proteins [65-68]. Such macromolecules are usually very unsta-
ble and protein denaturation can easily occur during the
shear and cavitation forces generated during the dispersion
steps of the encapsulation processing, such as mechanical/
magnetic stirring, homogenization and sonication. During
the solvent evaporation step, the interfacial stress also could
destroy the protein structure. The final solvent removal or
drying process may also generate irreversible conformational
or chemical changes in the protein structure and aggrega-
tion, due to the loss of hydrating water shell. Such issues
that may lead to the loss of structural integrity of proteins,
thus compromising their therapeutic efficacy, were discussed
in more detail by van de Weert et /. [69]. Another issue is to
control the release of the encapsulated drug. It was suggested
that the creation of interfaces between the lipophilic and the
hydrophilic/amphyphilic domains, using a lipophilic addi-
tive solubilized inside the droplets, could help in delaying
the release of the active agent [70]. Another major drawback
of emulsions is the environmental aspect related to the
removal of the organic solvents. Sometimes high tempera-
tures are used to remove the solvent from the particles; in
these cases, temperature-sensitive polymers or bioactive mol-
ecules could be damaged. An alternative to the use of lower
temperatures is the employment of a closed system which
requires the increase of the pressure inside the vessel where
the particles are being dried [71,72]. In any case, conventional
emulsion-based methods always required multiple steps that

should be desirably reduced.

There are several patents reporting small changes
emulsion-based methodologies in order to improve the pro-
cess and the resultant particles characteristics. For example,
patent WO/2001/035933 described a method to encapsu-
late vitamins, food complements oils or pharmaceuticals
using an emulsion solvent removal technique with non-
chlorinated solvents, which are physiologically more accept-
able (73]. Moreover, special devices have been developed
to obtain micro and nanoparticles in a controlled and
reproducible manner using a solvent removal process.
In the case of the invention presented in the patent
WO/2006/082263, the apparatus contains a capillary
focusing system which combines the application of hydro-
dynamic forces and the use of a specific geometry [74].
The system is composed of a device restrained in a pressur-
ized chamber, which is immersed in a liquid that is a com-
ponent of the external phase of the emulsion. The second
liquid flows in the interior chamber. Pressure drives the
flow of the second liquid to the exterior through a special
nozzle. The set up permits the formation of a homogeneous
emulsion with droplets with controlled size. The use of
nozzles with various concentric channels results in the for-
mation of spheres with several layers. This device may be
applied in drug, cell and microorganism encapsulation,
diagnosis and clinical analysis. The major advantages of
this system are: i) production of very small sized particles,
ii) particle size control, iii) narrow distribution size of par-
ticles, iv) reproducibility, v) no contact between internal
fluid and the outlet, avoiding stress problems, vi) a large
range of fluids may be used with distinct physicochemical
properties (e.g., viscosity or chemical composition) and
vii) continuous production of particles.

Another interesting system was described by Little ez /.
who developed a high-throughput system to produce
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Figure 2. Solvent evaporation/extraction encapsulation method: single emulsion (A) and multiple emulsions (B).

different microparticles formulations simultaneously (for
particle screening and optimizations) using a double
emulsion/solvent evaporation method [75]. Due to the
small dimensions, this system requires small amounts of
reagents which allow saving costs. In addition, time is

also saved because it is possible to test different material
combinations.

Table 1 presents some recent patents that use the emulsion-
based methods to produce specific polymeric particles for
different applications.
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Table 1. Patents that use solvent evaporation/extraction method to produce polymeric particles.

Applications

Pamoic acid microspheres for sustained

Drug release

release of a physiologic active peptide

Starch microparticles with an immunologically

Vaccine composition

active substance entrapped

Viral vector conjugated with a microparticle Vaccines

that increases drastically the efficacy of

Biodegradable polymeric particles with ester

Drug sustained release

prodrug entrapped to treat or prevent a disease
in posterior part of a mammal eye

Biodegradable polymeric microparticles

Drug sustained release

(PLGA and PLA) as carriers for one or more
active agents (e.g., timolol maleate) for sustained

Patent number Inventors Description
W01998032423 Kamei et al. [140]
W02002028371 Jonsson et al. [141]
W02002092132 Hural et al. [142]

immune response
W02005011741 Hughes and Olejnik [143]
W02008157614 Lavik et al. [144]

release in eye
W02008075762 Futo et al. [145]

Lactic acid microcapsules with physiologic active

Drug sustained release

substance (peptide LHRH) entrapped. Suppression
of the initial excessive release was achieved

LHRH: Luteinizing hormone-releasing hormone; PLA: Poly(lactic acid); PLGA: Poly(lactide-co-glycolide acid.

In terms of recent research in the area of emulsions, due to
the great stability of the obtained systems and the high poten-
tial in pharmaceutical applications, the physical and physico-
chemical fundamentals of micro and nanoemulsions have
been studied (76].

Landfester [77) reviewed the ability of miniemulsions to
form in situ complex structured polymeric nanoparticles and
their capacity to encapsulate solid/liquid, inorganic/organic
or hydrophobic/hydrophilic materials into polymeric shells.
One example of their work is the production of degradable
polyester nanoparticles (~ 200 nm) with excellent cellular
uptake and drug delivery properties (7).

3.2 Phase separation (Coacervation)

Phase separation method is based on the decrease of the solu-
bility of the encapsulating polymer through the addition of a
non-solvent to the organic solution containing the polymer
and the bioactive compound. During this process two sepa-
rated liquid phases are generated: the core of the spheres and
the polymer surrounding the core [24]. During coacervation
processing other molecular entities may be included in the
particles, such as binding components that can interact with
the bioactive molecules [791. The process happens in three
basic steps [54,55] shown in Figure 3.

Depending of the method that induces the phase separation,
coacervation techniques could be classified as: non-solvent addi-
tion, temperature change, incompatible polymer or salt addition
and polymer—polymer interaction (complex coacervation when
two opposite polyelectrolytes are used and simple coacervation
when just a single polyelectrolyte is used) [55.80].

The coacervation technique is an aqueous method able
to encapsulate water soluble and insoluble drugs with

reasonable efficiency. A major drawback of this technique is
the non-straightforward scale-up for the production of large
quantities of particles because of the difficulty of controlling sev-
eral processing parameters, such as the rate of non-solvent addi-
tion, agitation conditions and viscosity of the two organic media.
Kumar ez al. proposed an innovation to scale-up this process; the
coacervation agent is added to the mixture comprising the bioac-
tive molecule and the polymer in at least two distinct stages of
the particle production [81]. In this new methodology, water
soluble biologically active polypeptides may be encapsulated
without loss of biological activity.

Other disadvantages of coacervation technique include:
agglomeration of particles, large quantities of organic solvent
required and difficulty in removing residual solvents from
the final particles [24].

Some minor optimizations of phase separation methods are
also described in patent literature, for example, Dardelle and
Normand describe in patent WO/2007/113706 a coacervation
methodology for microencapsulation by gelling warm gelatin
(from fish, pork, beef and poultry) with transglutaminase at
temperatures in the range of 13 - 25°C [82]. Microcapsules
were obtained with an average diameter of 250 pm. The advan-
tages of this process are that the energy required to heat or cool
is minimized, and the loss of volatile reagents through evapora-
tion and the degradation of the molecules are also reduced.
Gheith ez al. proposed a coacervation methodology using a cat-
ionic and an anionic polyelectrolyte to produce novel capsules
without using crosslinking agents for encapsulation of hydro-
phobic molecules such as carotenoids [80); Lee, in patent
W0O/2009/054841, described the process of production of
thermally stable microcapsules by complex coacervation, also
without crosslinking agents, for applications in food and
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o
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Phase separation of the
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Adsorption of coacervate
droplets

D.

Solidification of the
microcapsules
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Figure 3. Phase separation method: a solution containing the bioactive molecule (A) is added to a polymeric solution (B)
where a phase separation occurs and coats polymer form coacervate droplets onto the bioactive molecule solution (C). Finally,

droplets solidify and a loaded particle is obtained (D).

pharmaceutical industry [83); Trapani and Herbert focused
their investigation in discovering a methodology to improve
non-aqueous quench liquids and washing systems to reduce
the amount and concentration of hardening agents used in
coacervation processes [84].

Table 2 indicates relevant patents in which the phase separation
method is used to produce diverse polymeric particles.

3.3 Spray drying

Spray drying permits creating solid matrix spheres (using
either hydrophobic or hydrophilic polymers) by spraying lig-
uid mixtures such as solutions, emulsions or free-flowing slur-
ries, into a hot drying medium (Figure 4). It is a continuous
processing method that involves several operational steps,
namely atomization, mixing of spray with the drying gas,
evaporation and product collection [85,86].

Atomization design influences directly the particle size of
the final product. Four different types of atomizers are used
in most industrial applications, including rotary atomizers,
pressure nozzles, two-fluid nozzles and ultrasonic atom-
izers [(86]. More complex nozzles have been proposed. For
example, Ozeki ez al. (87) produced submicron particles of eth-
ylcellulose and PLGA in combination with polyethylenimine
using a 4-fluid nozzle. This special nozzle has two liquid
and two gas passages which allow the encapsulation of two
different drugs dissolved in different solvents.

Despite the easy scale-up and the high degree of reproduc-
ibility, spray drying also offers a narrow particle size distribu-
tion. However, a considerable loss of the product may occur
during spray drying as the particles may adhere to the inside
wall of the apparatus. Moreover, agglomeration of particles
may also take place. Takada et al. suggested a way to overcome
such problems, by using a double-nozzle spray drying tech-
nique using mannitol as an anti-adherent agent [88}; in another
solution, a powdering agent is introduced during the spraying
step, preventing the capsules from sticking together [89].

In this method, the particle size is difficult to control and
temperature-sensitive compounds could be degraded if it is

necessary for high temperatures to remove the solvents [90].
The resolution for this issue has been addressed, for example,
by reducing the temperature during particle formation due to
increase of the pressure inside the device where the particles
are being produced [91].

The major application of the particles obtained by spray
drying is pulmonary drug delivery due to the large porous par-
ticles obtained by this methodology. However, for other
applications the high porosity could be a disadvantage because
the release of the drugs occurs very fast. The particle morphol-
ogy and drug release profile are determined by the evapora-
tion rate and diffusion flux of the solvent and till now the
drying mechanism is not completely understood [92].

In conventional spray drying systems it is necessary to con-
sume considerable amounts of energy to dry the droplets pro-
duced. Patent WO/2010/085143 describes a new system and
method for reducing the amount of energy required for spray
drying [93]. The system comprises a fluid reservoir and a spray-
ing device with at least one outflow. The droplets are pro-
jected into a determined trajectory and the energy to dry the
particles is focused on the droplet trajectory.

Another innovative application of spray drying was proposed
by Koch ez al. 194] to produce a specific atmosphere inside an
exposure room in order to obtain a controlled atmosphere to
perform clinical tests. A liquid spray formulation comprising
a solvent, a carrier and an allergen (a natural element such as
plant pollen) is transformed in an aerosol and the room con-
tained a device to generate a temporally and spatially constant
allergen concentration. The effect of the amount of the allergen
present in the atmosphere is then studied.

One other application of spray drying was explored by
Origuchi et al. 195 who produced polyurethane particles coated
with hydrophilic silica micropowders for cosmetic applications.
Moreover, in patent WO/2010/037142, D’Souza [96] proposed
a new procedure to obtain nanospheres containing bioactive
material for cellular uptake. The polymer (e.g., albumin or
B-cyclodextrin) is first mixed with a crosslinking agent (e.g.,
glutaraldehyde) and a neutralizing agent (e.g., sodium bisulfate)
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Table 2. Patents that use phase separation method to produce polymer particles.
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Patent number Inventors Description Application
W01996032191 Jason and Gelatin and polyaspartic acid are coacervates Drug delivery
Kalota [146] to create non-permeable, stable and uniformly
spherical microparticles. An aldehyde
(gluteraldehyde) is used as a crosslinker
W02005105290 Lumsdon et al. [147] Encapsulation of water insoluble oils inducing Agricultural and
the reduction of their oxidative degradation pharmaceutical
applications
W02006109104 Forster [148] Micelle production containing a new type anionic Isolating, stabilization
surfactant and small molecular cationic complexing and removing of
agent substances such as
proteins, lipids, dyes,
radioactive substances,
isolating nucleic acids
and encapsulation
bioactive molecules
W02006072613 Ruiz [149] Microparticles of an insoluble polymer salt containing Drug sustained release
functional groups with ionic bonds with the active
agent
W02006055142 Lai et al. [150] Pharmaceutical compositions for making taste- Drug delivery
masked
microparticles and orally disintegrating tablets
W02006023207 Heller [79] Microparticles for the sustained release of therapeutic Drug sustained release
agents
W02007026307 Bouquerand et al. [151] Particles with effective barriers to an oxygen-sensitive Oral administration
active ingredient systems or food products
Raw materials temperature sensitive molecules. It consists of the atomization
(polymer + bioactive of the solution containing the polymers and the active com-
molecule solution) . . . . ..
pound directly into the freezing medium, such as cryogenic lig-
Heat air flow uid nitrogen. The solvent where the polymer and the active
Spray nozzle ——|—_| molecule were dissolved is then removed through a sublimation
process, such as liophilization. Studies 97,98 demonstrated that
Spray spray freeze drying is suitable for drug encapsulation. An appli-
cation of this method - the ProLease® technology to encapsu-
Dry chamber late proteins under sterile conditions — was developed and

Harvesting particles

Figure 4. Spray drying process.

in an aqueous medium, and then complemented with the bioac-
tive material. Finally, the mixture is sprayed and dried to create
the nanospheres.

An alternative technique to spray drying is spray chilling in
which the drug is dissolved or dispersed in a melted carrier
without using solvent. The fluid is sprayed into a cold air
stream, at a temperature lower than the melting point of the
carrier, to solidify the particles [55]. Spray freeze drying is also
an alternative to combat the disadvantage of the high tempera-
tures required in spray drying process. This technology is able
to maintain the biological activity of proteins and other

commercialized by the company Alkermes, Inc. (USA) [99,100].

3.4 lonotropic gelation and polyelectrolyte
complexation
The principle of ionic gelation is the ability of polyelectrolytes
to crosslink and form hydrogels in the presence of ions.
This methodology has been used for cell [101] and drug
encapsulation [99,102-104]. Examples of polymers with these char-
acteristics are alginate [51,105,106], chitosan [107], dextran [108],
carrageenan [109], gellan gum [110] and poly-di(carboxylatophe-
noxy)phosphazene [39]. The introduction of stimuli-responsive
polymers in such formulatons, such as poly(N-isopropyl-
acrylamide), can lead to smart semi-interpenetrated networks
beads [111,112].

In general, micro/nanospheres are produced by dropping a
polymeric solution containing cells or bioactive molecules
into an aqueous bath containing specific ions able to crosslink
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the polymers. The ions diffuse into the drug loaded drops
allowing the crosslinking and forming a 3D network hydrogel.
When using syringe needles, the size of the particles generated
is relatively high; however, smaller droplets can be formed
using a system of air atomization (Figure 5). Zhao et al. [113]
used an electrodispersion reactor, where electric fields are used
to atomize the sodium alginate solution, to prepare calcium
alginate microgels for pharmaceuticals encapsulation. The
mild processing conditions used in ionotropic gelation (with-
out use of organic solvents or high temperatures) could main-
tain cell viability and protein integrity, constituting an
advantage compared with other methods such as emulsions,
spray drying or coacervation. One of the major disadvantages
of this technique is the loss of drug during particle production.
Also, some crosslinking agents could react with specific groups
establishing bonds between the polymer and the bioactive
molecule inhibiting or delaying the molecule release.

Patent WO/2005/071060 proposes a novel system for cell
encapsulation [114]. The device is constituted by two chambers
separated by a plate with several apertures. The first chamber
contains a cell suspension in a polymeric solution and the sec-
ond one contains a solution with the crosslinking agent.
A pressure is applied in the cell suspension forcing the passage
through to the apertures of the plate and its collection in the
second chamber in the form of particles. As examples related
to the use of ionic gelation to obtain particles for drug release,
Park et al. (115] developed chitosan capsules crosslinked in a
phytic acid bath and Reis ez a/. [116] performed a combination
between ionic gelation and emulsions methods to produce
polymeric particles. The last case demonstrated that the combi-
nation of distinct established encapsulation methodologies may
overcome the drawbacks of the processes when used alone.

In order to improve some characteristics of the hydrogel
produced, namely the mechanical strength and the permeabil-
ity of the particle, other polyelectrolytes may be added to the
particles obtained by ionotropic gelation. For example, chito-
san and negatively charged biopolymers, such as chondroitin
sulfate, heparin, dextran sulfate or carragenan, have been
used to prepare particulate systems that could be suitable for
drug delivery applications [117,118].

The sequential deposition of polyelectrolytes with oppo-
site charges using the layer-by-layer methodology allows
the formation of membranes or layers surrounding the
core of the particle. The core could be liquefied or removed
and capsules capable of controlling the release of the
entrapped molecules are obtained [55.119]. Costa et al. [120]
proposed a liquefied LbL system (capsules with 2 mm) com-
posed of alginate and chitosan for cell encapsulation. For
applications in therapeutic delivery, Becker ez al [121)
reviewed the most relevant LbL 3D systems able to
encapsulate small molecules, DNA and proteins.

3.5 SCF precipitation
SCFs have been used in several biomedical technologies [122],
including the development of particles for bioactive molecules

delivery. The most used principle is based on the fact that
rapid expansion of SCFs causes precipitation of solutes
dissolved therein [123].

Depending on the materials, the molecules to be encapsu-
lated and the final product characteristics, SCF could
be used as a solvent, solute, anti-solvent and aerosolization
aid [124).

The most common methods using SCF for encapsulation
are the rapid expansion of supercritical solutions (RESS), gas
anti-solvent (GAS) and aerosol solvent extraction system
(ASES). In RESS, the drug and the polymer are dissolved in
an SCF (usually CO,) at high pressure and after a rapid
decompression (expansion) precipitation occurs. Also, after
expansion the SCF becomes a gas which means that the solid
product in a pure form is recovered, without any trace of sol-
vent. In the GAS process, the solutes (polymer and bioactive
molecule) are dissolved in a suitable organic phase. The solu-
tion is pressurized and the SCF, acting as the anti-solvent
fluid, enters into the solution precipitating the solutes. The
pressure is then decreased (expansion) and the solid product
is collected. This method is adequate when it is difficult to
dissolve polymers or bioactive molecules (such as peptides or
proteins) in SCFs [s5,125]. Recently, Garay et al. [126] used
GAS to obtain Eudragit EPO® (an acrylate-methacrylate
co-polymer) particles with 2 - 12 pm suitable for bioactive
molecule entrapment. In the ASES method, a solution con-
taining the solutes is dispersed by a spray device and mixed
with the SCF (the anti-solvent) promoting the precipitation
of the solute. Kunastitchai ez /. [1127] showed that this method
could be used for the preparation of liposomes for drug
release applications.

The use of SCFs instead of organic solvents presents several
advantages. For example, the most common SCF used is CO,
which is a non-toxic, environmentally acceptable, non-
flammable and inexpensive product. The process does not
require high temperatures, has potential to be scaled up and
it is possible to apply it in aseptic conditions. The drawbacks
of these processes are the difficult dissolution of some poly-
mers and drugs in SCF and the control of the morphology
of the obtained particles may not straightforward [52].

Patent WO/1998/015348 [52] describes a microencapsula-
tion method in mild conditions using an SCF neither requir-
ing polymers nor bioactive molecules soluble in SCFs. In this
innovation, the bioactive compound has to be mixed with an
encapsulating polymer and the SCF is supplied to the result-
ing mixture. The SCF has to be capable of inducing the swell-
ing of the polymer, penetrating and liquefying the polymer
under temperature and pressure conditions able to maintain
the fluid in a supercritical state. Finally, the rapid decreasing
of the pressure induces the solidification of the polymer
around the core material. In patent WO/2009/016677,
Reverchon and Porta [128] described a method to produce con-
tinuously micro and nanoparticles. Supercritical CO, or other
similar solvent contact with emulsions (o/w, w/o, multiple
emulsions) forming a solution with the dispersed phase of
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Figure 5. lonotropic gelation method using an air atomiza-
tion system.

the emulsion and it induces the formation of the desired par-
ticles. The process is carried out in a counter-current packed
column wherein the expanded emulsion is fed from the top
and the expanded liquid is fed from the bottom. The
expanded liquid avoids the solid particle deposition on the
apparatus walls and a suspension of structured particles is
collected continuously at the bottom of the column.

Tu ez al. (129 presented a method to produce particles with
two or more pharmaceutical active compounds. The first bio-
active compound was suspended in a medium miscible with
SCE. After this, a solution with the second bioactive com-
pound was prepared in a solvent also miscible with SCF. After
mixing both, the precipitation of the second compound in
the presence of the first is induced by combining the SCF of
the suspension and the solution. The SCF acts as an anti-
solvent dispersing and extracting the suspension medium
and the solvent.

3.6 Microfluidic devices

Some encapsulation methods require harmful procedures that
could damage cells or cause loss of bioactivity of some mole-
cules. The use of microfluidic devices may help in developing
simple, continuous, uniform, cell-friendly and less contami-
nated systems capable of encapsulating cells and molecules
in mild conditions. In most of the cases, these devices have
distinct inlets, one for continuous liquids and other for poly-
meric solutions where drugs or cells are dissolved or sus-
pended. The operating principle is based on the use of a
pulsed airflow to conduct the polymeric solution through
microchannels forming microbeads due to the presence of
two immiscible phases (emulsions principle). The particles
are delivered out of the system through a microcapillary
tube [130). The formed particles could after be solidified using
UV light, solvent evaporation, chemical reactions or ionic
gelation [131]. Similar to the technologies described above, a

Lima, Sher & Mano

few parameters have to be controlled in order to obtain par-
ticles with desired morphologies and sizes, including the
flow rates of the liquids and the reaction time [132].

Microfluidic devices with distinct designs have been devel-
oped to produce continuously beads, at micro scale, for cell
encapsulation applications [130-134]. Variations of these meth-
odologies may be used to produce more complex particles,
including Janus and ternary microparticles with narrow size
distribution [135]. Due to the compartmentalization of the
obtained particles, this microfluidic system has great potential
to innovate drug delivery systems.

Patent WO/2004/071638 [136] describes microfluidic sys-
tems able to control the viscous shear forces of the o/w
imiscible liquids. This caracteristic provides optimal condi-
tions to produce continuously amphiphilic vesicles, namely
lipossomes, polymer vesicles or micelles both at micro and
nano scales. Droplet formation speed, droplet size ranges,
multi-lamellar amphiphilic layers and asymmetic visicles are
parameters that may be controled varying the design of
the device.

Patent WO/2009/015296 [137) describes a high-throughput
microfluidic device with a specific design and constituted by
3-valve pump, able to control with precision the size of the
droplets obtained by an emulsion process. The pulsatile flow
profile of the microfabricated pumps provides the control
over droplet generation. In addition, DNA/RNA molecules
or cells are easily encapsulated due to the use of biological
compatible oils.

3.7 Superhydrophobic surfaces

As seen before, in most technologies used to fabricate spheri-
cal particles the initial liquid droplets harden into a hydrogel
or solid form while immersed in another insoluble liquid sub-
strate, during which a fraction of the molecules that are ini-
tially in the liquid phase may be lost. Then, in these ‘wet
methods, the encapsulation of proteins or other molecules
will be never totally efficient and some molecules cannot
maintain the biological activity. One other drawback of
most of the presented processes is the use of organic liquids
that are required in several steps, which limit the possibility
of encapsulating living cells or microorganisms.

In order to overcome the disadvantages of these encapsula-
tion methods, Song ez al. [138] presented a method to prepare
spherical hydrogel or polymeric particles with high encapsula-
tion efficiency. In this fabrication process, using superhydro-
phobic substrates, spheres are produced involving basically
liquid-air interfaces which mean that spheres harden in a
dry environment (Figure 6). This environment-friendly
method shows interesting characteristics because it is easy,
presents high encapsulation efficiency, shows absence of
mechanical forces, and has low production costs and scale-
up possibility. It was shown that this methodology could be
used for cell encapsulation [138] and also for encapsulation of
proteins in stimuli-responsive matrices [139]. Until now, just
mili and micro sized particles were produced using this
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Figure 6. Production of polymeric particles using superhydrophobic substrates: droplets of an aqueous polymeric solution
containing a bioactive compound are dropped on superhydrophobic surfaces (A). The particles harden in a dry environment
through a photocrosslinking process (B) or ionic gelation (C). Afterwards, they are easily harvested (D) to be applied or dried

and stored.

technology. The use of spraying devices to deposit small drop-
lets into the superhydrophobic surfaces could allow produc-
tion of particles with smaller sizes.

4. Conclusion

The use of polymeric and hydrogel drug delivery systems
constitutes an interesting approach to improve the efficiency
of the developed drugs when required for therapeutic or dis-
ease prevention. The encapsulation allows the increase of
active agents’ stability due to the protection against the envi-
ronment as also their sustained and controlled release in a
target site.

This overview made regarding the most important meth-
odologies for encapsulating active agents and cells or micro-
organisms shows that the selected technique used to perform
the encapsulation may influence the performance of delivery
systems. Moreover, the patents reviewed permitted having a
better perception of the technological developments made to
improve the existing methodologies. It is clear that most of
the efforts have focused on improving the existing processes
in order to overcome the disadvantages of the conventional
techniques making the processes more efficient and conse-
quently saving the costs of production to obtain more effi-
cient delivery systems. We believe that completely new
strategies should also be explored such as the last example
presented, in which the critical parameter should include

the scalability and the economical viability in the case of
industrial implementation.

5. Expert opinion

Drug delivery systems have an important role in disease
treatment or prevention, constituting an important area
where recently research is highly focused. Research, devel-
opment and the sales of drug delivery systems are increasing
in a rapid way. Even taking into account the increased
demand for new healthcare treatments to satisfy worldwide
necessities, existing drugs have been commercialized and
will continue being formulated in order to achieve an opti-
mal molecular activity. The major driving force of this area
has been focused on the search for drug encapsulated sys-
tems with high efficiency and ability to target the release
of the drug to specific sites. To achieve this, an intensive
research to develop new drugs and also to use new materials
is ongoing. Furthermore, more complex systems composed
by micro and nanoparticles for multiple drug release with
molecules to target the delivery of the active compound in
a desired site or to a specific type of cells/organ have
been studied.

The most widely used applications of particulate delivery
systems are focused in oral, nasal, injectable and topical appli-
cations in order to enhance a sustained and controlled release
of the encapsulated compound.
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Depending on the drug, encapsulation material and final
application of the system, the appropriate encapsulation
methodologies may be selected. The encapsulation enhances
the material stability, extends the release of the drug and
also reduces its adverse toxic effects. Focusing on the most
used encapsulation methodologies in food and pharmaceuti-
cal industry, such as spray drying, emulsions and coacervation
(previously described), some major disadvantages are found
and addressed in this review. In a significant part of these
methodologies, aggressive environments are required during
intermediate steps, including extreme temperatures or pres-
sure and direct contact with organic solvents, which affect
the stability of the bioactive compounds or even the biological
activity of encapsulated cells or microorganisms. Until now,
there is no single encapsulation technique able to encapsulate
all the drugs loaded in the process without some loss of mate-
rial. This is the reason for the continuous search for improve-
ments of the existing techniques and also to develop new ones
based on innovative concepts.

The materials to be used in the fabrication of particles should
be also not limited by the traditional synthetic polymers cur-
rently used. For example, marine origin macromolecules, such
as chitosan or alginate, are very promising polymers obtained
from renewable sources able to be chemically modified and
processed by different techniques.

Natural polymers constitute a very interesting class of mate-
rials due to their low/non-cytotoxicity, low immunogenicity,
good biocompatibility and easy availability from renewable
sources. The design, synthesis of new hydrogels or other poly-
mers and search for new applications are important issues in
polymeric science research applied to biomedicine 40].

Modifications of hydrogel properties are important in some
aspects of delivery systems mechanisms: permeability (sus-
tained release), environment responsive nature (pulsatile
release), surface functionality (e.g., PEG coatings for stealth
release), biodegradability (bioresorbable applications) and sur-
face biorecognition sites (target release and bioadhesion
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applications). However, improvements at the chemical archi-
tecture point of view should be made together with techno-
logical ~developments related to particle design and
processing, for example, particles able to release multiple mol-
ecules with distinct release profiles should possess a special
compartmental organization that requires the use of non-con-
ventional fabrication techniques. The precise control of the
release kinetics should also be possible with the production
of more complex structures, such as hierarchical or property
gradient systems. In this context, the involvement of a multi-
disciplinary field, namely, materials science, engineering,
nanotechnology, chemistry, health sciences and pharmaceu-
tics, is crucial.

Beyond bioactive compounds encapsulated in polymeric
particles, cells and genes have been studied as potential partic-
ipants in therapeutic applications. In this field, more
restricted regulatory issues should be considered and the proc-
essing technologies to be used must also be more specific to
accommodate the use of biomedical materials.

In the future, an improvement of the existing delivery sys-
tems and the development of innovative systems are expected:
more accurate, more efficient and obtained through better
methodologies. The main aim of this review paper is to
draw attention to the high number of innovations in encapsu-
lation technologies described in patents and research papers.
Nevertheless, in most of the cases, it remains difficult to
implement all the ideal properties of drug delivery systems
in a single processing methodology. Therefore, strategies
could also include the combination of different techniques
and the use of different materials.
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