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Abstract

Nowadays, there are almost limitless applications for microparticles. Microparticles are
used as components in many advanced materials and composites, in the healthcare and
personal grooming industries, and in many research and development applications. This
review presents an overview of recent and current studies carried out at the Particles,
Polymers and Biomaterials Technology Group of the University of Coimbra which aims
to design and prepare novel polymeric microparticles. Microparticles herein described
were prepared from natural polymers, namely, polyhydroxyalkanoates, cellulose, starch,
and chitosan and from synthetic polymers, namely polyurethanes, poly(vinyl chloride),
silanes, and methacrylates. These studies intended different applications for
microparticles, mostly as delivery systems and coatings. The results of our studies
confirm the outstanding potential of microparticles in different fields, and emphasize the

importance of these systems for the future.

1. Introduction
1.1. Definition and general features

“Microparticle” is the term used for spherical particles with diameters in the
micrometer range (typically from lum to 1000um). Polymeric microparticles are
usually formed by a polymer matrix in which a smaller amount of an active compound
can be immobilized. With respect to the distribution of the active compound, two
different categories of microparticles can be distinguished: “microspheres” and
“microcapsules” (Fig. 1). “Microspheres” refers to microparticles composed of a
homogeneous mixture of active compound and raw material, while “microcapsules” is
the name given to microparticles that present a core (where the active compound is

placed) which is delimited by a different material (usually the raw material). The core



may be solid, liquid or even gas. Furthermore, one or more discrete domains of active
compound may be found in the microcapsule core [1].

Throughout this review, we will use this nomenclature. However, it should be
noted that in the literature and other technical sources, the term “microsphere” is used as
a synonym for “microparticle”. In these cases, the terms “solid microspheres™ and
“hollow microspheres” are used to distinguish between different types of core
structures.

Microparticles can be manufactured from a large variety of starting materials,
both natural and synthetic, and by many different preparation techniques [2, 3]. Both
starting materials and preparation techniques allows the preparation of an enormous
variety of microparticles, in terms of size, size distribution, composition, surface
chemistry, topography and morphology: [4].

There are a number of interesting features of microparticles that make them
particularly suitable for microencapsulation: (i) controlled release of encapsulated
materials, (ii) protection of the encapsulated materials against degradative reactions
(e.g., oxidation, dehydration, UV, heat, acids and bases) in the external environment,
which can also result in an improved shelf life, (iii) masking the organoleptic properties
such as color, taste and odor of encapsulated materials, (iv) easy handling of the
resulting powder-like materials, and (v) safe handling of toxic encapsulated materials
[5]. Many different types of materials, including drugs [6], proteins [7, 8], food
materials [9, 10], pesticides [11] and herbicides [12], as well as cells [13, 14] can be
encapsulated.

Microparticles do however have some limitations that must be considered. The
large particle size, compared to alternative additives, can result, for instance, in surface

texture or gloss reduction, in the case of coatings/paintings. It can also result in products



that are not as aesthetically appealing, for example, an unusual appearance or texture in
the case of food products. In addition, the use of this technology still results in increased
costs to the manufacturer; there is an increased complexity of production process and/or
supply; stability of the encapsulated material during processing may present additional
challenges; storage of the final product may require changes in packaging or conditions;

finally staff would require proper training and safety/handling equipment {15, 16].

1.2. Historical perspective

The concept of microparticles as encapsulation systems date back to 1932 with the
work of the Dutch chemist H.G. Bungenberg de Jong on the origin of life [17].
Bungenberg de Jong used the term “coacervate” (from the Latin acervus: heap, mass) to
describe droplets containing a colloid, rich.in organic compounds, surrounded by a tight
layer of water, providing a locally segregated environment. These coacervates could
have differentiated surfaces and thus be compared to cellular components such as
membranes or vacuoles [18].

The first industrial product employing microencapsulation was carbonless copy
paper developed by the chemists L. Schleicher and B. Green, in 1953, while working
for the National Cash Register Company [19]. They developed an improved copying
paper by undercoating sheets of paper with microcapsules containing a colorless dye
precursor. The application of pressure, via a pen or a typewriter type hammer, caused
microcapsules to rupture, exposing the dye precursor to a reagent that coated the top of
the lower sheet [20].

In 1970, W. M. Holliday and collaborators patented the first use of microparticles
in the pharmaceutical industry [21], as an orally administered, sustained-release

composition consisting of acetylsalicylic acid encapsulated within a continuous thin



coating of ethyl cellulose. This novel pharmaceutical composition allowed for the
gradual release of acetylsalicylic acid into the blood by a diffusion mechanism over a
period of 4 hr following oral administration and affording 8 hr of analgesic relief. It also
served as a strategy to reduce the irritant effect of acetylsalicylic acid on gastric mucosa

[22], to reduce the frequency of administration and improve patient compliance:

1.3. Current market

In 2010, BCC Research published an extensive market research report entitled
“Microspheres: Technologies and Global Markets” [23]. This report analyzed the global
market for microparticles from both the manufacturing and demand points of view, in
2010, and forecast its direction through 2015. The global market for microspheres in
2010 was estimated at $2 billion and it was predicted to reach $3.5 billion by 2015.
According to the same report, the medical technology and life sciences industries were
mentioned as emerging industries (Fig. 2).

Microparticles have found use in many applications over the years. As the
primary and more promising fields, microparticles are utilized in composites, paints and
coatings, oil and gas exploration, adhesives, cosmetics and personal grooming products,
life sciences and biotechnology, medicine and medical devices [23]. Currently there are
several companies producing exclusively microparticle-based products. Nevertheless,
microparticles are still an area of ongoing research efforts, and outstanding work
continues to be produced by researchers in this field.

In our research group, we have been developing polymeric microparticles with
different features for a variety of applications. Here, we outline microparticle

production and applications based on work performed in our laboratory.



2. Solvent extraction/evaporation method

The solvent extraction/evaporation (SEE) method is the most commonly used
method to prepare drug loaded microparticles from preformed water-insoluble
polymers, such as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and
polycaprolactone [6, 24-27]. The simplest version of this method, which invelves the
formation of an oil-in-water (O/W) emulsion, is widely used to encapsulate insoluble or
poorly water-soluble drugs. This process, depicted in Fig. 3, can be divided into four
steps [27]: 1) The dissolution of the polymer in an appropriated volatile organic solvent,
followed by the addition of the active compound (the active compound can be dissolved
or simply dispersed in the organic phase); 2) The emulsification of the organic phase in
an immiscible aqueous phase, in order to form the O/W emulsion; 3) The removal of the
solvent from the dispersed phase: by solvent evaporation, with consequent
transformation of the dispersed phase into solid particles; 4) The harvesting and drying
of the microparticles.

The characteristics of the microparticles loaded with the active compound, such as
size distribution, Internal structure, and surface morphology, ultimately determine the
release profile of the immobilized active compound. In microparticles produced by this
method, these characteristics are affected by a large number of formulation and process
variables, such as the relative quantities and physical-chemical properties of the
materials used and the operational conditions of the production process. The influence
of these variables on the final properties of the microparticles has been the subject of
several reviews [6, 24-27].

Usually, the encapsulation of hydrophilic active compounds by the O/W emulsion
SEE method results in low encapsulation efficiencies and release profiles that are

characterized by a burst release. Accordingly, in order to eliminate these undesired



features, several variations of the O/W emulsion SEE method have been developed.
Some examples are the water-in-oil-in-water (W/O/W) double emulsion method and the
oil-in-oil (O/O) non-aqueous SEE method. In the W/O/W method, an aqueous solution
with the hydrophilic active compound is emulsified with the organic phase (W/O
emulsion). This W/O emulsion is then dispersed into a second aqueous solution, in
order to form a double emulsion (W/O/W). In the O/O method, the aqueous phase is

replaced by oil (such as mineral oil) [27].

3. Microparticles based on natural polymers

Natural polymers are formed in nature during the growth cycles of living
organisms. Accordingly, they are available in large amounts from renewable sources.
Synthetic polymers, on the other hand, are produced from non-renewable petroleum
resources [28]. Structurally, natural polymers are highly organized. This feature
contributes to their most ~striking properties such as biocompatibility and
biodegradability, which have attracted researchers towards the widespread application
of natural polymers [29]. In addition, natural polymers also offer ease of processing [30]
and of chemical modification [31]. Although several natural polymers exist, in our
research group, we have been mostly focusing on investigating polyhydroxyalkanoates

and polysaccharides such as cellulose, starch, and chitosan (Fig. 4).

3.1. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) (Fig. 4a) are polyesters synthesized by many
bacteria usually under conditions that are limiting for growth (e.g., lack of nutritional
elements such as N, P, S, O, or Mg or lack of oxygen) but in the presence of an excess

of carbon sources. These polymers are accumulated as intracellular inclusions to levels



as high as 90% of the dry cell weight and act as a carbon and energy reserve [32]. PHAS
have attracted attention as they are biodegradable and biocompatible polymers [33].
There are several PHAs available, with a wide range of molecular weights and chain
substitutes. The most commonly used up until now are the homopolymer poly(3-
hydroxybutyrate) (PHB) (Fig. 4b) and the copolymer, poly(3-hydroxybutyrate-co-
hydroxyvalerate) (PHBV) (Fig. 4c).

In the human body, several metabolic processes produce hydrogen peroxide. The
accumulation of hydrogen peroxide in cells affects their normal function, promoting
oxidation processes that effect DNA (resulting in DNA damage), proteins and lipids
[34, 35]. Catalase is an antioxidant enzyme, capable of protecting the cells from the
toxic effect of hydrogen peroxide. Catalase acts to decompose hydrogen peroxide into
oxygen and water, without the resulting production of free radicals [36]. Interestingly,
this effect can be applied in cancer treatment, namely anti-metastatic therapy. It was
demonstrated that high concentrations of hydrogen peroxide are generated in tumor
tissues [37]. Furthermore, changes in certain types of genes involved in carcinogenesis
sometimes result in'a reduced level of antioxidant defence (as low activity of catalase
[38]) in cancer cells compared with their normal counterparts [39]. These findings
strongly suggest that hydrogen peroxide is not efficiently removed in most tumor
tissues, leading to an increase in its level compared with that in surrounding normal
tissues [39]. This concentration of hydrogen peroxide activates the transcription of
various genes [40], which may accelerate the growth of tumor cells in metastasis [41].
Therefore, the sustained delivery of catalase to sites where tumor cells metastasize
seems to be a promising approach for inhibiting or preventing tumor metastasis.

If an enzyme is sensitive to external conditions, it is necessary to develop an

appropriate system to deliver them to the specific target. Several enzymes were already



encapsulated and have been applied in vivo, in order to treat various diseases [36, 42]. In
the case of catalase, its encapsulation within a permeable and biodegradable polymer
will protect the enzyme from external conditions, and will allow its delivery to cancer
cells [43]. In our research group, we used PHBYV to encapsulate catalase [44]. In this
study, the PHBV microparticles were prepared by SEE method, using a-W/O/W
emulsion to encapsulate the enzyme. We concluded that mechanical stirring (at 8,000
rpm) led to larger sized microparticles (mean particle size between 22 and 26 pm)
compared to the microparticles produced using a homogenizer (at 11,000-24,000 rpm)
(mean particle size between 1.5 and 17.2 um).

As observed by scanning electron microscopy (SEM), the microparticles obtained
were spherical in shape and presented a rough surface (Fig. 5). This feature is typical of
PHB and PHBV microparticles [45], and is attributed to the highly crystalline character
of these polymers [46]. When encapsulating/immobilizing an active compound, it is
also important to determine its-encapsulation efficiency (EE). This parameter highlights
the percentage of compound lost during encapsulation but it also helps to foresee the
duration and dosage of treatment [47]. Usually, EE is determined according to EE =
AD/D+, where Dt is the total amount of active compound employed and AD is Dt
minus the amount of unloaded active compound [48]. For catalase encapsulated in
PHBYV, higher values for EE (up to 58%) were obtained for the microparticles prepared
using the homogenizer compared to the microparticles prepared using mechanical
stirring (up to 11%). The enzymatic activity was also higher in the homogenizer
prepared microparticles (0.01 pmol H,O,/min pg), being tenfold larger than the activity
observed with microparticles prepared by mechanical stirring.

The development of an optimized microparticle-based drug delivery system for a

specific application is a hard and time-consuming task due to the great number of



variables involved in the particles’ formulation and in the production process that
directly affect the properties and drug release characteristics of the microparticles.
Usually, researchers resort to literature and to their own experience to define a basic set
of conditions and a production process and then study the effect of a restricted number
of variables by varying them one at a time (the so called one factor-at-a-time approach).
To study all of the relevant variables, using the one factor-at-a-time approach, involves
performing an unrealistic number of experiments, and does not reveal any information
about the presence of interactions, i.e., the influence of one or more factors on others.
For these reasons, the use of this methodology hardly ever leads to an optimized
formulation and production process [49].

A more rational approach to develop an efficient and adequate microparticulate
drug delivery system is the employment of statistical design of experiments (DoE). This
methodology permits the planning of experiments in such a manner that appropriate
data, that can be analyzed by statistical methods, is collected resulting in valid and
objective conclusions. In DoE terminology, the controlled, independent variables under
investigation are called factors, while the measured dependent variables are called
responses [50]. Using a screening DoE, it is possible to evaluate, with an affordable
number of experiments, which process factors significantly affect the response and in
what ‘way. Additionally, this type of experimental design also reveals the possible
existence of any interactions between factors. After the identification of the critical
factors, and through the implementation of an optimization DoE, the optimum levels of
the factors, i.e., the values of the independent variables that lead to an optimum
response, can be identified [49, 50].

In our research group, we employed a DoE methodology to investigate the

encapsulation of flurbiprofen, a non-steroidal anti-inflammatory drug, in PHBV



microparticles prepared by an O/W emulsion SEE method [45]. A central composite
experimental design was employed to evaluate the effect of two process variables: i) the
polymer concentration in the organic phase, and ii) the surfactant (poly(vinyl alcohol),
PVA) concentration in the aqueous phase, on microparticle properties, specifically the
EE of the drug, the mean particle size, the particle size distribution (PSD) and the
required time for the in vitro release of 50% of the encapsulated drug (tsoe). The
statistical analysis of the implemented experimental design revealed that the two
investigated variables had significant and opposite effects on the EE of the drug (Fig.
6). We found that microparticle mean size increased with PHBV concentration in the
organic phase and that the surfactant concentration in the aqueous phase played a
critical role in the degree of aggregation of the microparticles. We also concluded that a
minimum PVA concentration was required to stabilize the O/W emulsion and thus
obtain non-aggregated microparticles. The in vitro flurbiprofen release profiles from
PHBYV microparticles were very similar for all the prepared formulations, showing that
more than 90% of the drug was released in the first 8 h of the assay. The tso,value was
not significantly influenced by any of the two investigated variables. The comparison
between the release profiles of flurbiprofen from the PHBV microparticles and the
dissolution profile of the pure drug led to the conclusion that the drug was mostly
dispersed at the surface of the microparticles, rather than effectively entrapped in the

polymeric matrix.

3.2. Polysaccharides
Polysaccharides occur in nature in large quantity and with a wide variety of
chemical structures and physical properties. They are usually hydrophilic and possess

numerous functional groups, such as free carboxyl and hydroxyl groups, which make



them susceptible to chemical modification. Also, they are, in general, non-toxic and
biodegradable. For these reasons, polysaccharides and their derivatives are widely used
in a large number of industries, including the pharmaceutical industry. For these
reasons, the encapsulation of active compounds in polysaccharide-based microparticles
has been the subject of great interest [51]. In our research group, we have already
encapsulated several active compounds in microparticles obtained from different

polysaccharides, using several microparticle preparation techniques.

3.2.1. Cellulose derivatives

Cellulose is the major component in the rigid cell wall of plants. It is formed by
repeating D-glucose units and is a highly functional, linear yet stiff, polysaccharide
chain. This homopolymer is characterized by its chirality, biodegradability and broad
capacity for chemical modification. In its chain structure, it presents a high number of
hydroxyl groups suitable to be converted, by chemical modification, into cellulose
esters [52]. These cellulose derivatives are more suitable to be applied in different areas,
such as enteric-coatings, hydrophobic matrices, and semi-permeable membranes for
applications in pharmaceuticals, agriculture, and cosmetics [52-54]. Furthermore, the
cellulose esters can be applied in the field of controlled release systems, due to their
well established preparation processes, application safety and good handling properties
[55].

The preparation and characterization of cellulose derivative microparticles as
delivery systems, usable either in cancer treatment or in coatings has been previously
reported by our research group [56, 57]. In this study, microparticles were produced by
the SEE method from cellulose acetate butyrate (CAB) (Fig. 4d). Fluorouracil, a tumor

treatment drug [58], and two fluorinated compounds used to improve hydro and



oleophobicity in coatings — Zonyl®321 and pentafluorotoluene (PFT), were
encapsulated in the CAB microparticles by the double emulsion method (W/O/W). We
studied the influence of the production method (mechanical stirrer or homogenizer) and
stirring speed in the final properties of the microparticles. From this study [56, 57], we
concluded that a uniform stirring method using the homogenizer, promotes the
formation of smaller microparticles (mean particle size ranging from 1.1 um to 4.4 pum).
Immobilization of the different substances into the CAB microparticles promoted an
increase in the final microparticles size. These microparticles were stable and did not
undergo significant hydrolytic degradation in agueous media at pH 2.0 or pH 7.4, over a
period of 30 days, meaning that they are suitable for use in an aqueous release medium.
The morphology of the microparticles was assessed by SEM. Fig. 7a) and 7b) present
CAB microparticles with and without the drug entrapped, respectively.

The EE and drug release studies were assessed by UV-Visible spectroscopy. The
EEs for fluorouracil and for PFT were ~60% and ~90%, respectively. Release studies
from the CAB microparticles revealed that fluorouracil was released in two phases. The
first phase probably corresponded to the drug being released from the external particle
surface. The second phase, after a week, was most likely due to the entrapped drug. The
release occurred during a period of 45 days. In the PFT release study, it was verified
that only a small amount of the entrapped quantity was released to the water medium,
probably the residual PFT in the external surface of the CAB particles. This behavior

was attributed to the low affinity of the PFT (hydrophobic) for the water medium.

3.2.2. Starch
Starch is a polysaccharide consisting of glucose units joined by a(1—4)

glycosidic bonds in amylose and by o(1—4) and o(l—6) glycosidic bonds in



amylopectin.[59] Fig. 4e) shows the general representation of the starch chain structure.
The preparation of starch microparticles for drug delivery applications has been the
subject of many publications, especially in the last decade [60-62]. Generally, the
methods used to prepare starch microparticles include a cross-linking step, during.or
after particle formation [60, 61, 63]. Since starch is a hydrophilic polymer, the cross-
linking of the polyssacharide chains is required to obtain microparticles that are
resistant to dissolution in the physiological environment.

We prepared microcapsules from starch derivatives by chemical cross-linking in
water-in-oil (W/O) emulsion (W/O) [64]. In a first approach, the water soluble starch
was modified with 2-vinyl-4,4-dimethyl-2-oxazolin-5-one to introduce vinyl groups into
the starch chain (Scheme 1). Then, the modified starch was used to obtain
microcapsules, through an interfacial: cross-linking reaction with dipropyleneglycol
diacrylate (DPGDA) (Scheme 2), by a W/O emulsion polymerization. The modified
starch was characterized by *H NMR and differential scanning calorimetry (DSC). The
'H NMR spectra showed high degrees of substitution and the DSC thermograms
suggest a low crystallinity in the modified starch. Also from the *H NMR spectra,
substitution in the starch chain was determined to be around 38.6%. The prepared
microcapsules were observed by optical microscopy (Fig. 8). The obtained

microcapsules presented spherical shape with a mean particle size around 150 pm.

3.2.3. Chitosan

Chitosan is a natural cationic polysaccharide, which is a copolymer formed by
units of 2-deoxy-N-acetyl-D-glucosamine and 2-deoxy-D-glucosamine linked by f-1,4
glycosidic bonds (Fig. 4f). Since chitosan occurs rarely in nature, it is generally

obtained a by partial N-deacetylation of chitin, the second most abundant natural



biopolymer. It is usually found in the exoskeleton of shrimps, fungi, insects, annelids
and mollusks. Chitosan has great potential for biomedical applications since it is
biocompatible, biodegradable, nontoxic, mucoadhesive, haemostatic,
hypocholesterolemic, hypolipidemic, antimicrobian, immunoadjuvant, antiviral and
antitumoral [65]. Recently, the applications of chitosan have been extended to other
scientific and industrial fields such as soil remediation [66], waste water treatment [67] ,
food packaging [68], and cosmetics [69], among others.

The design of new materials based on blends of two or more polymers constitutes
nowadays an interesting and promising challenge in Material Sciences. This is the case
of blending synthetic and natural polymers [70]. In fact, synthetic polymers are
characterized by their good physicochemical and mechanical properties but they are not
sufficiently biocompatible, most likely-due to the presence of residues of initiators and
other compounds/impurities. On the other hand, natural polymers have good
biocompatibility but their -mechanical properties are often inadequate [71-73]. For
chitosan, among the several blends with synthetic polymers described [74], we have
been focused onthe blending with poly(vinyl alcohol) (PVA).

Recently, we prepared glutaraldehyde cross-linked chitosan—-PVA microparticles
by an improved water-in-oil emulsion technique using corn oil as organic phase [75].
Our procedure constitutes a more environmentally friendly alternative to the use of toxic
volatile solvents, such as cyclohexane [76], toluene and chloroform [77] as organic
phase. Moreover, since the organic phase viscosity determines the size of microparticles
produced by the emulsion technique [2], the use of a more viscous organic phase was
advantageous. Among the several vegetable oils commercially available, we used
sunflower, soya bean, and (mainly) corn oil. The preparation of these microparticles

included two main steps: i) production of a dispersion of small droplets of polymeric



(chitosan and PVA) solution in vegetable oil; ii) gradual hardening of the droplets into
the corresponding microparticles, by glutaraldehyde cross-linking. In this study,
glutaraldehyde was added to the organic phase as a saturated solution in toluene [78],
improving its solubility in that phase. Therefore, glutaraldehyde induced the reaction
between aldehyde groups and amino groups (from chitosan) or hydroxyl groups (from
PVA) on the matrix of the globlets, forming either an imine (Schiff’s base) or an acetal
bond, respectively, as analyzed by infrared spectroscopy. Moreover, free aldehyde
groups are likely to exist on the surface of the microparticles. These aldehyde
functionalities may enhance, for example, tissue immobilization and attachment of
drugs, immunoglobulins or enzymes [78].

As a consequence of both the use of vegetable oil and efficient glutaraldehyde
cross-linking, and also of the addition of methanol to the polymeric phase, well-formed
microparticles, with regular spherical shape, without aggregation and, apparently,
homogeneously distributed were obtained (Fig. 9). This constitutes a remarkable
achievement over other published works [79-81].

Particle size is known as a key property of microparticles, since processes such as
matrix degradation, and the release or adsorption of active compounds [82], are related
to the 'surface area:volume ratio. In this study, we observed that the increase of stirring
speed resulted in smaller particles since a more efficient dispersion of polymeric phase
In the organic one was achieved. At 1,370 rpm, microparticles with a mean particle size
of 16 um were obtained.

The use of glutaraldehyde as a cross-linking agent is still a cause for concern due
to its toxicity [83]. Accordingly, in order to assess the cytotoxicity of glutaraldehyde
cross-linked chitosan—PVA microparticles an MTT assay was performed. Wistar mice

peritoneal macrophages were incubated for 20 hr with microparticle suspensions in



complete RPMI medium at 0.2, 2.0 and 10% (v/v) (final concentration). Since cell
viability was > 70% of the negative control in all tested concentrations, according to the
guidelines of ISO 10993-5:2009 [84] for biological evaluation of medical materials, we
assumed that these microparticles had no cytotoxic potential. Therefore, despite the use
of toxic glutaraldehyde, results suggested that its toxicity was minimized mast likely

due to the cross-linking reaction [85] that occurred during the outlined procedure.

4. Microparticles based on synthetic polymers

Thus far, numerous studies on the synthesis of microparticles based on natural
polymers have been described. However, it is important to keep in mind that both the
properties and performance of microparticles prepared from natural polymers may be
less predictable than those of microparticles prepared from synthetic polymers. This fact
is mainly due to the heterogeneity of chemical composition and therefore physical and
chemical characteristics of -natural polymers. Also, these polymers are often
immunogenic. On the other hand, it is possible to prepare synthetic polymers in a
controlled manner, resulting in the production of materials with well-established
composition and-molecular weight and therefore, with predictable properties such as
solubility and degradability. Among synthetic materials, polyurethanes (produced from
polycaprolactone), poly(vinyl chloride), silanes, and polymethacrylates (Fig. 10), have

been successfully used in our group to prepare particles for different applications.

4.1. Polyurethane
Polyurethanes (PUs) are a very versatile family of polymers. They are
characterized by the presence of an urethane linkage (Fig. 10a), which is formed via a

polycondensation reaction between an isocyanate (with at least two isocyanate end



groups) and a hydroxylated compound (with at least two hydroxyl groups).[86] PUs
have been the target of many studies, mostly in the biomedical field. The main reason
for interest in PUs is because of their excellent physical properties, such as elasticity,
abrasion resistance, durability, chemical stability and easy processability [87]. These
properties enable the use of PUs in several biomedical applications [86], including
pacemaker lead insulation [88, 89], breast implants [90, 91], heart valves [92, 93],
vascular prostheses [94, 95], bioadhesives [96, 97] and vehicles for controlled delivery
of active compounds [98, 99].

We synthesized PU-based microparticles by O/W emulsion polymerization with
poly(caprolactone) diol (PCL) and poly(propylene glycol), tolylene 2,4-diisocyanate
terminated (TDI) or poly(propylene oxide)-based tri-isocyanated pre-polymer (TI)
[100]. In this work, we studied mainly the effect of the mass ratio between isocyanate
and PCL (20/80, 50/50, and 80/20), the presence of a surfactant (Tween 80®) and the
stirring type and speed on the physicochemical properties of these microparticles. The
polymeric matrix of these PU-based microparticles was formed via the reaction of the
hydroxyl endgroups from the PCL and the isocyanate endgroups from the TDI or TI.
The urea linkage was also formed through the reaction of the non-reacted isocyanate
end groups with water from the continuous phase (Fig. 11) [101]. Both urethane and
urea groups were confirmed by attenuated total internal reflection Fourier transformed
infrared spectroscopy (ATR-FTIR). According to dynamical mechanical thermal
analysis (DMTA) results, the extent of the reaction between the hydroxyl groups and
the isocyanate groups was higher in the 50/50 and 80/20 formulations, since only one
peak was observed in the respective thermograms, confirming a homogeneous
polymeric matrix. Moreover, we observed that the glass transition temperature (Ty) was

higher for Tl-based formulations than for TDI-based formulations, suggesting a more



crystalline and/or rigid polymeric matrix in the Tl-based formulations. We concluded
that the use of Tween 80®, as a surfactant, did not significantly influence the PSD of the
microparticles prepared. We also observed that only the microparticles prepared
according to the 80/20 and 50/50 formulations presented a spherical shape, (the 80/20
formulation produced microparticles with a more regular shape and with a smoother
surface - Fig. 12). Thus, considering the chemical, morphologic and-granulometric
assays, the microparticles prepared according to the 80/20 formulation without Tween
80® were selected as the most promising for further studies. In this study, we also
concluded that the size and the PSD were directly related to the stirring type and speed
used during the emulsification step in the microparticle preparation. In fact, for
TDI/PCL 80/20 microparticles, the use of mechanical stirring at 1,400 rpm led to a
mean particle size of 24.34 um, whereas the use of the homogenizer at 1,600 rpm led to
mean particle size of 5.82 um (results for the same volume ratio of 1:100); for TI/PCL
80/20 microparticles, mean particle size decreased from 19.4 pm to 4.7 um, under the
same conditions.

The zeta potential is an important physicochemical parameter when characterizing
particles. It is‘assumed that particles with zeta potential more positive than +30 mV or
more negative than -30 mV normally lead to physically stable suspensions [102].
Therefore, measurement of the zeta potential of the microparticles in suspension helps
to foresee the storage stability of the suspension, which is especially important in
pharmaceutical formulations. The zeta potential also influences how particles interact
with cell membrane [103, 104] and influences how particles behave when undergoing
processes such as phagocytosis [105]. We observed that all PU-based microparticle
formulations presented negative zeta potential values (between -3 mV and -25 mV)

most likely due to the ionization of carbonyl groups that exist in the polymeric matrix.



Moreover, we also observed that the zeta potential of Tl-based microparticles was
significantly lower (in absolute values) than that of TDI-based microparticles. We
assumed that, in the Tl-based microparticles, the negatively charged groups represent a
lower percentage of the total matrix than in the case of TDI, leading to a decrease. in
absolute value of the zeta potential. We also studied the influence of the suspending
medium composition (distilled water, and PBS solutions at pH 7.4, 6.5 and 2.0, in order
to simulate several physiological environments) on the zeta potential of particles. The
results suggested that the salt concentration of buffered solutions caused the equalizing
of the zeta potential values of the studied formulations, due to the compression of the
electrical double layer which surrounds the dispersed microparticles, thereby making
their surface charges similar. This significant difference, when the suspending medium
changes from water to a saline solution, can be very useful for a pharmaceutical
formulation. Higher values in water will lead to better storage stability, while lower
values at physiologic pH will make mucoadhesion possible [100].

In order to assess the eventual biomedical application of the PU-based
microparticles described above, further studies were carried out [106]. Accordingly, we
performed in vitro hydrolytic degradation and cytotoxicity assays using TDI/PCL 80/20
and TI/PCL 80/20 microparticles. The obtained results revealed lower hydrolytic
degradation values for TI/PCL 80/20 microparticles than for TDI/PCL 80/20
microparticles (5.9% and 6.9%, respectively) after a 28 day incubation in PBS at 37 °C.
We hypothesized that the lower degradation of the TI/PCL 80/20 microparticles was
due to the higher content of urethane linkages, a hard segment that degrades more
slowly than the soft segments (ester linkages). The TI/PCL 80/20 microparticles also
showed lower toxicity for peritoneal macrophages, relative to TDI/PCL 80/20

microparticles, after a 3 day incubation period, with different microparticle



concentrations. We concluded that these microparticles were suitable for biomedical
applications. However, since cytotoxicity depends on the microparticle concentration,
for any possible biomedical application, the maximum concentration to be used should

be 0.08 ug/ml (cell viability less than 80%) [106].

4.2. Poly(vinyl chloride)

Poly(vinyl chloride) (PVC) (Fig. 10b) is produced by addition polymerization of
the monomer vinyl chloride (VCM). This polymer is widely applied in industry, namely
in construction, since it possesses suitable properties (such as durability), as well as low
associated price [107]. Some studies on PVC-based particles were carried out in
collaboration with our research group. Tomas and coworkers prepared PVC particles by
O/W emulsion polymerization [108]. They studied the effect of the anionic surfactants
(concentration and type) and long-chain fatty alcohol (as co-emulsifier) on the PSD of
the PVC-based particles prepared. The authors used ammonium laurate (AL), as the
main surfactant, and cetyl alcohol (CA), as the fatty alcohol. The experimental work
was developed <in-a pilot plant, in collaboration with the company CIRES, S.A
(Estarreja, Portugal), aiming towards industrial application. A tenfold increase of the
CA/AL ratio resulted in an increase in particle size (Dsg) from 267 nm (with PSD
monomodal) to 581 nm (with PSD bimodal). According to the authors, this increase in
particles size can be attributed to a decrease of the micellar nucleation mechanism. The
effect of CA on PVC-based particles size was visualized by transmission electron
microscopy (TEM) as shown in Fig. 13. With this study, the authors concluded that the
PSD of the particles was influenced by the mixture of anionic surfactant with fatty

alcohol (CA) and by the type and concentration of the anionic surfactant.



4.3. Silane

Silanes are chemical compounds that contain silicon in their composition and that
are analogues of alkane hydrocarbons. They are widely applied both in industry [109]
and in the biomedical field, mainly as adhesion promoters [110].

In our research group, microparticles obtained from a silane-based ‘material,
poly(vinyl trimethoxysilane), were prepared by O/W emulsion polymerization of vinyl
trimethoxysilane (Fig. 14) [111]. Since the polymerization reaction was carried out in
aqueous medium, cross-linking between the hydroxyl groups of water and the free
hydroxyl groups of the silane occurred, resulting in a silicone or polysiloxane derivative
(Scheme 3). The microparticles obtained were used to immobilize hydrophobic
fluorinated compounds, such as PFT, with the purpose of using the particles as a
coating. We observed that the immobilization of PFT led to a slight decrease in particle
size (1.53 pum vs 1.41 um). This led us to the conclusion that PFT immobilization did
not significantly affect particle size. For the microparticles described, the EE value
obtained was 91.3%, which means that encapsulation of PFT was achieved with high
efficacy by this preparation method.

The silane-based microparticles described above were designed for industrial
applications. However, silane-based materials were also used by other researchers in
collaboration with our group to prepare microparticles for biomedical applications.
During the work developed by Ferreira and co-workers, polymeric particles were
prepared to be used as a tool to compare the experimental results of drug release with
the simulation results obtained by a mathematical model [112]. The studied system was
composed of microparticles loaded with flurbiprofen embedded in a polymeric matrix
composed of the copolymer 2-hydroxyethyl methacrylate-co-methacrylic acid. The

system was designed in order to simulate drug-loaded contact lenses. The microparticles



were prepared based on triethoxy(octyl)silane, as previously described [113]. By
comparing the drug release profiles of the two approaches, the authors concluded that
for the studied system, the mathematical model used and the software package used to
implement it, could be employed in the design of contact lenses for a therapeutic

application [112].

4.4. Methacrylate

Methacrylates (Fig. 10c) can be defined as ester derivatives of methacrylic acid.
Since they present a carbon-carbon double bound, they are used as monomers in the
production of polymers [114]. The most commonly used methacrylate is poly(methyl
methacrylate) (PMMA), because of its properties, namely high light transmittance, low
weight, transparency, chemical resistance and weathering corrosion [115]. PMMA
applications are wide-ranging, from industry (e.g., glass substitute, additives, coatings,
binders and sealers) [116] to-biomedicine (e.g., bone cements, rigid intraocular and
contact lenses and dental fillings) [117]. PMMA has also been used to prepare
microparticles. These particles have been applied as fillers and bulking agents in
replacing both soft [118] and hard tissues [119] that have been lost because of disease or
injury. Since PMMA is a non-biodegradable polymer, it is classified as permanent filler,
remaining functional indefinitely in the site of implantation, unless physically removed.
Another application for microparticles based on PMMA has been microencapsulation of
drugs. Such systems have been used for the controlled delivery of several drugs such as
vaccination agents [120], antibiotic filled bone cements [121], chlorpheniramine
maleate (an antihistaminic) [122] and chemotherapeutic agent cisplatin [123].
Like PMMA, other acrylates and methacrylates have been used to prepare

microparticles. Magnetic non-porous poly(2-hydroxyethyl methacrylate-co-ethylene



dimethacrylate) (P(HEMA-co-EDMA)), poly(glycidyl methacrylate) (PGMA) and
P(HEMA-co-GMA) microspheres with hydrophilic properties were prepared by
dispersion copolymerization of the respective monomers in the presence of colloidal
iron oxides. These particles were used for genomic DNA isolation, in order to improve
molecular diagnostics [124].  a,B-poly(N-2-hydroxyethyl)-D,L-aspartamide-graft-
polybutylmethacrylate copolymer microparticles were prepared to encapsulate two
model hydrophobic drugs, beclomethasone dipropionate (BDP, a glucocorticoid steroid
with potent anti-inflammatory and anti-allergic effect), and flutamide (FLU, a non-
steroidal antiandrogen drug used in prostate cancer treatment). These microparticles
presented in vitro mucooadhesiveness, biodegradability and biocompatibility, though
the two encapsulated drugs have showed different release profiles [125].

In our research group, we <prepared microparticles by O/W emulsion
polymerization of two different methacrylate monomers: methyl methacrylate (MMA)
and sulfopropyl methacrylate potassium salt (SPM), using ammonium persulfate as the
initiator (Scheme 4)[111]. Moreover, we immobilized a hydrophobic fluorinated
compound (PFT) in the microparticles. These microparticles were then introduced in
commercial paints to assess their influence on the hydrophobicity/hydrophylicity ratio.
The purpose of this work was to obtain an improved paint, with hydrophobic properties,
since this type of material is highly resistant to staining and easier to clean. The
obtained microparticles were observed by SEM (Fig. 15). The size analysis confirmed
the presence of micron- and submicron-sized particles, in both MMA/SPM particles
without and with PFT. In fact, the average size of the particles without and with PTF
was determined to be 170 and 180 nm respectively. The results showed that the
immobilization of PFT did not significantly influence PSD. We determined the PFT EE

using the same approach as was used for silane-based particles. However, for



MMA/SPM-based particles, the PFT EE (63.5%) was considerably lower than the one
obtained with silane-based particles. Finally, we measured the water static contact
angles (0) of films prepared with a commercial paint and with the same commercial
paint containing the prepared particles in order to evaluate any changes in paint’s
hydrophobicity. The water contact value changed from 68.8° to 74.0°, when particles
were incorporated into the paint’s composition. This means that the hydrophobicity of
the initial sample was increased with the embedding of particles, resulting in a coating

material with higher staining resistance and easier cleaning once applied.

5. Concluding remarks

Microparticles are now established as an important part of technology, taking new
roles and offering a combination of benefits, such as reduced cost and improved product
quality and stability. Microparticles are presently used in a wide variety of applications
ranging from medical devices to construction materials. The increasing complexity of
existing applications, as well as potential applications, of microparticles requires that
more sophisticated materials become available to render these systems more successful.
Advances in polymer synthesis chemistry are making it possible to prepare more refined
microparticles with greater performance. In this review, we presented recent and current
studies carried out in our research group in developing new and promising
microparticles from either natural or synthetic polymers for biomedical and industrial
applications. However, a multitude of challenges in creating polymeric microparticles to
fulfill the technological demands still remains, making this an exciting and highly

rewarding research field.

Acknowledgments



We acknowledge Dr. James Yates (ITQB-UNL) for proofreading the manuscript.

References

[1] Coelho J, Ferreira P, Alves P, Cordeiro R, Fonseca A, Gois J, et al. Drug delivery
systems: Advanced technologies potentially applicable in personalized treatments.
EPMA J 2010;1(1):164-209.

[2] Arshady R. Albumin Microspheres and Microcapsules - Methodology of
Manufacturing Techniques. J Control Release 1990;14(2):111-131.

[3] Sahil K, Akanksha M, Premjeet S, Bilandi A, Kapoor B. Microsphere: A Review.
International Journal of Research in Pharmacy and Chemistry 2011;1(4):1184-1198.

[4] Kawaguchi H. Functional polymer microspheres. Prog PolymSci. 2000;25(8):1171-
1210.

[5] Sri.S J, Seethadevi A, Suria Prabha K, Muthuprasanna P, Pavitra P.
Microencapsulation: A Review. International Journal ‘of Pharma and Bio Sciences
2012;3(1):509-531.

[6] Wischke C, Schwendeman SP. Principles of encapsulating hydrophobic drugs in
PLA/PLGA microparticles. Int J Pharmaceut. 2008;364(2):298-327.

[7] Morita T, Sakamura Y, Horikiri Y, Suzuki T, Yoshino H. Protein encapsulation into
biodegradable microspheres by a novel SIO/W emulsion method using poly(ethylene
glycol) as a protein micronization adjuvant. J Control Release. 2000;69(3):435-444.

[8] Xie JW, Wang CH. Encapsulation of proteins in biodegradable polymeric
microparticles using electrospray in the Taylor Cone-Jet mode. Biotechnol Bioeng.
2007;97(5):1278-1290.

[9] Taylor J, Taylor JRN, Belton PS, Minnaar A. Kafirin Microparticle encapsulation of
catechin and sorghum condensed tannins. J Agr Food Chem. 2009;57(16):7523-7528.
[10] Patel AR, Heussen PCM, Hazekamp J, Drost E, Velikov KP. Quercetin loaded
biopolymeric colloidal particles prepared by simultaneous precipitation of quercetin
with hydrophobic protein in aqueous medium. Food Chem. 2012;133(2):423-429.

[11] Perez-Martinez JI, Morillo E, Maqueda C, Gines JM. Ethyl cellulose polymer
microspheres for.controlled release of norfluazon. Pest Manag Sci. 2001;57(8):688-694.
[12] Lobo FA, de Aguirre CL, Silva MS, Grillo R, de Melo NFS, de Oliveira LK, et al.
Poly(hydroxybutyrate-co-hydroxyvalerate) microspheres loaded with atrazine herbicide:
screening of conditions for preparation, physico-chemical characterization, and in vitro
release studies. Polym Bull. 2011;67(3):479-495.

[13] Mironov V, Visconti RP, Kasyanov V, Forgacs G, Drake CJ, Markwald RR. Organ
printing: Tissue spheroids as building blocks. Biomaterials. 2009;30(12):2164-2174.
[14] Oliveira MB, Mano JF. Polymer-Based Microparticles in tissue engineering and
regenerative medicine. Biotechnol Progr. 2011;27(4):897-912.

[15] The benefits of  microspheres, accessed 12"  April 2013,
<http://www.pcimag.com/articles/the-benefits-of-microspheres>

[16] Zuidam NJ, Shimoni E. Overview of microencapsulates for use in food products or
processes and methods to make them. in: Encapsulation technologies for active food
ingredients and food processing. New York: Springer Science & Business Media; 2010.
p. 3-29.

[17] Bungenberg de Jong HG. Die Koazervation und ihre Bedeutung fur die Biologie.
Protoplasma. 1932;15(1):110-173.


http://www.pcimag.com/articles/the-benefits-of-microspheres

[18] Mathias G. Jeewanu, or the “particles of life” The approach of Krishna Bahadur in
20th century origin of life research J Biosciences. 2011;36(4):563-570.

[19] Green BK, Schleicher L. Oil-containing microscopic capsules and method of
making them. US1957.

[20] White MA. The chemistry behind carbonless copy paper. J Chem Educ.
1998;75(9):1119-1120.

[21] Holliday WM, Berdrick M, Bell SA, Kiritsis GC. Sustained relief analgesic
compositions. US1970.

[22] Raderick PJ, Wilkes HC, Meade TW. The gastrointestinal toxicity of aspirin - an
verview of randomized controlled trials. Brit J Clin Pharmaco. 1993;35(3):219-226.

[23] Lipovetskaya Y. Microspheres: Technologies and global markets. Wellesley: BCC
Research; 2010.

[24] ODonnell PB, McGinity JW. Preparation of microspheres by the solvent
evaporation technique. Adv Drug Deliver Rev. 1997;28(1):25-42.

[25] Freiberg S, Zhu X. Polymer microspheres for controlled drug release. Int J
Pharmaceut. 2004;282(1-2):1-18.

[26] Freitas S, Merkle HP, Gander B. Microencapsulation by solvent
extraction/evaporation: reviewing the state of the art of microsphere preparation process
technology. J Control Release. 2005;102(2):313-332.

[27] Li M, Rouaud O, Poncelet D. Microencapsulation by solvent evaporation: State of
the art for process engineering approaches. Int J Pharmaceut. 2008;363(1-2):26-39.

[28] Vroman I, Tighzert L. Biodegradable polymers. Materials. 2009;2(2):307-344.

[29] Singh A, Sharma PK, Malviya R.‘Release behavior of drugs from various natural
gums and polymers. Polim Med. 2011;41(4):73-80.

[30] Seal BL, Otero TC, Panitch A. Polymeric biomaterials for tissue and organ
regeneration. Mater Sci Eng R Rep. 2001;34(4):147-230.

[31] Shalaby SW, Shah KR. Water-soluble polymers. in: Chemical modifications of
natural polymers and their technological relevance. Washington, DC: American
Chemical Society; 1991. p. 74-80.

[32] Madison LL, Huisman GW. Metabolic engineering of poly(3-hydroxyalkanoates):
From DNA to plastic. Microbiol Mol Biol Rev. 1999;63(1):21-53.

[33] Ojumu TV, Yu J, Solomon BO. Production of polyhydroxyalkanoates, a bacterial
biodegradable polymer. Afr J Biotechnol. 2004;3(1):18-24.

[34] Valko M, Morris H, Cronin MT. Metals, toxicity and oxidative stress. Curr Med
Chem. 2005;12(10):1161-1208.

[35] Evans MD, Cooke MS. Factors contributing to the outcome of oxidative damage to
nucleic acids. BioEssays. 2004;26(5):533-542.

[36] Muzykantov VR. Targeting of superoxide dismutase and catalase to vascular
endothelium. J Control Release. 2001;71(1):1-21.

[37] Szatrowski TP, Nathan CF. Production of large amounts of hydrogen peroxide by
human tumor cells. Cancer Res. 1991;51(3):794-798.

[38] Gupta A, Butts B, Kwei KA, Dvorakova K, Stratton SP, Briehl MM, et al.
Attenuation of catalase activity in the malignant phenotype plays a functional role in an
in vitro model for tumor progression. Cancer Lett. 2001;173(2):115-125.

[39] Nishikawa M. Reactive oxygen species in tumor metastasis. Cancer Lett.
2008;266(1):53-59.

[40] Chua CC, Hamdy RC, Chua BHL. Upregulation of vascular endothelial growth
factor by H202 in rat heart endothelial cells. Free Radic Biol Med. 1998;25(8):891-897.



[41] Nishikawa M, Hyoudou K, Kobayashi Y, Umeyama Y, Takakura Y, Hashida M.
Inhibition of metastatic tumor growth by targeted delivery of antioxidant enzymes. J
Control Release. 2005;109(1-3):101-107.

[42] Chang TMS. Atrtificial cell biotechnology for medical applications. Blood Purif.
2000;18(2):91-96.

[43] Dziubla TD, Karim A, Muzykantov VR. Polymer nanocarriers protecting active
enzyme cargo against proteolysis. J Control Release. 2005;102(2):427-4309.

[44] Ascenco M. Imobilizacdo de enzimas e de células bioldgicas para fins terapéuticos.
Coimbra, Portugal: University of Coimbra; 2006.

[45] Coimbra PA, De Sousa HC, Gil MH. Preparation and characterization of
flurbiprofen-loaded poly(3-hydroxybutyrate-co-3-hydroxyvalerate) microspheres. J
Microencapsul. 2008;25(3):170-178.

[46] Martin MA, Miguens FC, Rieumont J, Sanchez R. Tailoring of the external and
internal morphology of poly-3-hydroxy butyrate microparticles. Colloids Surf B
Biointerfaces. 2000;17(2):111-116.

[47] Freiberg S, Zhu XX. Polymer microspheres for controlled drug release. Int J
Pharm. 2004;282(1-2):1-18.

[48] Gupta KC, Ravi Kumar MNV. pH dependent hydrolysis and drug release behavior
of chitosan/poly(ethylene glycol) polymer network microspheres. J Mater Sci Mater
Med. 2001;12(9):753-759.

[49] Singh B, Tripathi C, Bhatowa R, Kapil R. Developing micro-/nanoparticulate drug
delivery systems using "design of experiments". Int J Pharm Investig. 2011;1(2):75-87.
[50] Montgomery DC. Simple comparative experiments solutions. In: Design and
analysis of experiments. 5th ed. Hoboken, NJ: John Wiley & Sons; 2001.

[51] Liu ZH, Jiao YP, Wang YF, Zhou CR, Zhang ZY. Polysaccharides-based
nanoparticles as drug delivery systems. Adv Drug Deliv Rev. 2008;60(15):1650-1662.
[52] Klemm D, Heublein B, Fink HP, Bohn A. Cellulose: Fascinating biopolymer and
sustainable raw material..Angew Chem Int Ed Engl. 2005;44(22):3358-3393.

[53] Doelker E. Cellulose derivatives. Adv Polym Sci. 1993;107:199-265.

[54] Butun S, Ince FG, Erdugan H, Sahiner N. One-step fabrication of biocompatible
carboxymethyl cellulose polymeric particles for drug delivery systems. Carbohyd
Polym. 2011;86(2):636-643.

[55] Edgar KJ. Cellulose esters in drug delivery. Cellulose. 2007;14(1):49-64.

[56] Branquinho J, Carvalho A, Gil MH. Preparation of cellulose derivatives
microcapsules for cancer drug delivery systems. 21th European Conference on
Biomaterials. Brighton, UK2007.

[57] Carvalho A, Branquinho J, Gil MH. Preparation of cellulose derivatives
microcapsules for cancer drug delivery systems. 7th International Meeting of
Portuguese Carbohydrate Group (GLUPOR 7). Oeiras, Portugal2007.

[58] Walko CM, Lindley C. Capecitabine: A review. Clin Ther. 2005;27(1):23-44.

[59] Heinze T, Koschella A. Carboxymethyl ethers of cellulose and starch - A review.
Macromol Symp. 2005;223:13-39.

[60] Devy J, Balasse E, Kaplan H, Madoulet C, Andry MC. Hydroxyethylstarch
microcapsules: A preliminary study for tumor immunotherapy application. Int J Pharm.
2006;307(2):194-200.

[61] Fang Y-y, Wang L-j, Li D, Li B-z, Bhandari B, Chen XD, et al. Preparation of
crosslinked starch microspheres and their drug loading and releasing properties.
Carbohydr Polym. 2008;74(3):379-384.

[62] Rodrigues A, Emeje M. Recent applications of starch derivatives in nanodrug
delivery. Carbohydr Polym. 2012;87(2):987-994.



[63] Li BZ, Wang LJ, Li D, Adhikari B, Mao ZH. Preparation and characterization of
crosslinked starch microspheres using a two-stage water-in-water emulsion method.
Carbohydr Polym. 2012;88(3):912-916.

[64] Duarte MG, Brunnel D, Gil MH, Schacht E. Microcapsules prepared from starch
derivatives. J Mater Sci Mater Med. 1997;8(5):321-323.

[65] Peniche C, Arguelles-Monal W, Peniche H, Acosta N. Chitosan: An attractive
biocompatible polymer for microencapsulation. Macromol Biosci. 2003;3(10):511-520.
[66] Kamari A, Pulford ID, Hargreaves JSJ. Chitosan as a potential amendment to
remediate metal contaminated soil - A characterisation study. Colloids: Surf B
Biointerfaces. 2011;82(1):71-80.

[67] Kumar M, Tripathi BP, Shahi VK. Crosslinked chitosan/polyvinyl-alcohol blend
beads for removal and recovery of Cd(ll) from wastewater. J Hazard Mater.
2009;172(2-3):1041-1048.

[68] Portes E, Gardrat C, Castellan A, Coma V. Environmentally friendly films based
on chitosan and tetrahydrocurcuminoid derivatives exhibiting antibacterial and
antioxidative properties. Carbohyd Polym. 2009;76(4):578-584.

[69] Anchisi C, Meloni MC, Maccioni AM. Chitosan beads loaded with essential oils in
cosmetic formulations. J Cosmet Sci. 2006;57(3):205-214.

[70] Sionkowska A. Current research on the blends of natural and synthetic polymers as
new biomaterials: Review. Prog Polym Sci. 2011;36(9):1254-1276.

[71] Giusti P, Lazzeri L, Depetris S, Palla M, Cascone MG. Collagen-based new
bioartificial polymeric materials. Biomaterials. 1994;15(15):1229-1233.

[72] Cascone MG, Sim B, Downes S. Blends of Synthetic and Natural Polymers as
Drug-Delivery Systems for Growth-Hormaone. Biomaterials. 1995;16(7):569-574.

[73] Cascone MG. Dynamic-mechanical properties of bioartificial polymeric materials.
Polym Int. 1997;43(1):55-69.

[74] Rogovina SZ, Vikhoreva GA. Polysaccharide-based polymer blends: Methods of
their production. Glycoconj J. 2006;23(7-8):611-618.

[75] Campos E, Coimbra P, Gil MH. An improved method for preparing glutaraldehyde
cross-linked chitosan—poly(vinyl alcohol) microparticles. Polym Bull. 2013;70(2):549-
561.

[76] Hamdi G, Ponchel G, Duchene D. An original method for studying in vitro the
enzymatic “ degradation of cross-linked starch microspheres. J Control Release.
1998;55(2-3):193-201.

[77] Stertman L, Lundgren E, Sjoholm I. Starch microparticles as a vaccine adjuvant:
Only uptake in Peyer's patches decides the profile of the immune response. Vaccine.
2006;24(17):3661-3668.

[78] Longo WE, Iwata H, Lindheimer TA, Goldberg EP. Preparation of hydrophilic
albumin  microspheres using polymeric dispersing agents. J Pharm Sci.
1982;71(12):1323-1328.

[79] Sanli O, Karaca I, Isiklan N. Preparation, characterization, and salicylic acid
release behavior of chitosan/poly(vinyl alcohol) blend microspheres. J Appl Polym Sci.
2009;111(6):2731-2740.

[80] Udrea LE, Hritcu D, Popa MI, Rotariu O. Preparation and characterization of
polyvinyl alcohol-chitosan biocompatible magnetic microparticles. J Magn Magn
Mater. 2011;323(1):7-13.

[81] Ramakrishna P, Mallikarjuna B, Babu AC, Sudhakar P, Rao KC, Subha MCS.
Interpenetrating polymer network of cross-linked blend microspheres for controlled
release of acebutolol HCI. Journal of Applied Pharmaceutical Science. 2011;1(6):212-
219.



[82] Albertsson AC, Carlfors J, Sturesson C. Preparation and characterisation of
poly(adipic anhydride) microspheres for ocular drug delivery. J Appl Polym Sci.
1996;62(4):695-705.

[83] Scobbie E, Groves JA. An investigation of the composition of the vapour evolved
from aqueous glutaraldehyde solutions. Ann Occup Hyg. 1995;39(1):63-78.

[84] Biological evaluation of medical devices Biological evaluation of medical devices
Part 5: Tests for in vitro cytotoxicity. Geneva, Switzerland: International Organization
for Standardization; 2009.

[85] Ramires PA, Milella E. Biocompatibility of poly(vinyl alcohol)-hyalurenic acid
and poly(vinyl alcohol)-gellan membranes crosslinked by glutaraldehyde vapors. J
Mater Sci Mater Med. 2002;13(1):119-123.

[86] Alves P, Ferreira P, Gil MH. Biomedical polyurethane-based materials. in:
Polyurethane: Properties, structure and applications. Nova Publishers; 2012.

[87] Ikada Y. Biological materials. In: Integrated biomaterials science. New York:
Kluwer Academic/Plenum Publishers; 2002. p. 1-23.

[88] Stokes K, Cobian K. Polyether polyurethanes for implantable pacemaker leads.
Biomaterials. 1982;3(4):225-231.

[89] Wiggins MJ, Wilkoff B, Anderson JM, Hiltner A. Biodegradation of polyether
polyurethane inner insulation in bipolar pacemaker leads. J Biomed Mat Res.
2001;58(3):302-307.

[90] Ashley FL. New type of breast prosthesis: Preliminary report. Plast Reconstr Surg.
1970;45(5):421-424.

[91] Ashley FL. Further studies on the-natural-Y breast prosthesis. Plast Reconstr Surg.
1972;49(4):414-419.

[92] Wisman CB, Pierce WS, Donachy JH, Pae WE, Myers JL, Prophet GA. A
polyurethane trileaflet cardiac valve prosthesis: in vitro and in vivo studies. Trans Am
Soc Artif Intern Organs. 1982;28:164-168.

[93] Tanzi MC, Ambrosio L, Nicolais L, lannace S, Ghislanzoni L, Mambrito B.
Comparative physical tests on segmented polyurethanes for cardiovascular applications.
Clin Mater. 1991;8(1-2):57-64.

[94] Eberhart A; Zhang Z, Guidoin R, Laroche G, Guay L, De La Faye D, et al. A new
generation of ‘polyurethane vascular prostheses: Rara Avis or Ignis Fatuus? J Biomed
Mater Res.'1999;48(4):546-558.

[95] Bergmeister H, Grasl C, Walter |, Plasenzotti R, Stoiber M, Schreiber C, et al.
Electrospun small-diameter polyurethane vascular grafts: Ingrowth and differentiation
of vascular-specific host cells. Artif Organs. 2012;36(1):54-61.

[96] Meyer G, Muster D, Schmitt D, Jung P, Jaeger JH. Bone bonding through
bioadhesives: present status. Biomater Med Devices Artif Organs. 1979;7(1):55-71.

[97] Sheikh N, Mirzadeh H, Katbab AA, Salehian P, Daliri M, Amanpour S.
Isocyanate-terminated urethane prepolymer as bioadhesive material: evaluation of
bioadhesion and biocompatibility, in vitro and in vivo assays. J Biomater Sci Polym Ed.
2001;12(7):707-719.

[98] Kim JH, Jeong SY, Jung MH, Hwang J-M. Use of polyurethane with sustained
release dexamethasone in delayed adjustable strabismus surgery. Br J Ophthalmol.
2004;88(11):1450-1454.

[99] Kang S-G, Lee S, Choi S, Park S, Jeong S, Lee D, et al. Paclitaxel-polyurethane
film for anti-cancer drug delivery: Film characterization and preliminary in vivo study.
Macromol Res. 2010;18(7):680-685.



[100] Campos E, Cordeiro R, Alves P, Rasteiro MG, Gil MH. Polyurethane-based
microparticles: formulation and influence of processes variables on its characteristics. J
Microencapsul. 2008;25(3):154-169.

[101] Queiroz DP, de Pinho MN. Structural characteristics and gas permeation
properties of polydimethylsiloxane/poly(propylene oxide) urethane/urea bi-soft segment
membranes. Polymer. 2005;46(7):2346-2353.

[102] Muller RH. Zetapotential und Partikelladung in der Laborpraxis. Stuttgart,
Germany: Wissenschaftliche Verlagsgesellschaft; 1996.

[103] Bogataj M, Vovk T, Kerec M, Dimnik A, Grabnar I, Mrhar A. The correlation
between zeta potential and mucoadhesion strength on pig vesical mucosa. Biol Pharm
Bull. 2003;26(5):743-746.

[104] Vega E, Egea MA, Valls O, Espina M, Garcia ML. Flurbiprofen loaded
biodegradable nanoparticles for ophtalmic administration. - J Pharm  Sci.
2006;95(11):2393-2405.

[105] Li L, Tian Y. Zeta potential. in: Encyclopedia of pharmaceutical technology. New
York: Marcel Dekker Inc.; 1997. p. 429-458.

[106] Campos E, Cordeiro R, Santos AC, Matos C, Gil MH. Design and
characterization of bi-soft segmented polyurethane microparticles for biomedical
application. Colloids Surf B Biointerfaces. 2011;88(1):477-482.

[107] Mulder K, Knot M. PVC plastic: a history of systems development and
entrenchment. Technol Soc. 2001;23(2):265-286.

[108] Tomas A, Gil MH, Bordado JC, Goncalves P, Rodrigues P. Preparation of
poly(vinyl chloride) latexes using a dual surfactant system: The effect in the particle
size distribution. J Appl Polym Sci. 2009;112(3):1416-1424.

[109] Petrie EM. Silanes as primers and adhesion promoters for metal substrates. Metal
Finishing 2007;105(7-8):85-93.

[110] Matinlinna JP, Lassila LVJ, Vallittu PK. The effect of three silane coupling
agents and their blends with a cross-linker silane on bonding a bis-GMA resin to
silicatized titanium (a novel silane system). J Dent. 2006;34(10):740-746.

[111] Branquinho J. Desenvolvimento de formulagbes para revestimentos contendo
nanoparticulas. Coimbra, Portugal: University of Coimbra; 2012.

[112] Ferreira JA, Oliveira P, Silva PM, Carreira A, Gil H, Murta JN. Sustained drug
release from contact lenses. Cmes-Comp Model Eng. 2010;60(2):151-179.

[113] Gulsen D, Chauhan A. Dispersion of microemulsion drops in HEMA hydrogel: a
potential ophthalmic drug delivery vehicle. Int J Pharm. 2005;292(1-2):95-117.

[114] Pérez JPH, Lopez-Cabarcos E, Lopez-Ruiz B. The application of methacrylate-
based polymers to enzyme biosensors. Biomol Eng. 2006;23(5):233-245.

[115] Saralidze K, Koole LH, Knetsch MLW. Polymeric microspheres for medical
applications. Materials. 2010;3(6):3537-3564.

[116] Yeum J-H, Deng Y. Synthesis of high molecular weight poly(methyl
methacrylate) microspheres by suspension polymerization in the presence of silver
nanoparticles. Colloid Polym Sci. 2005;283(11):1172-1179.

[117] Bettencourt A, Almeida AJ. Poly(methyl methacrylate) particulate carriers in drug
delivery. J Microencapsul. 2012;29(4):353-367.

[118] Lemperle G, Knapp TR, Sadick NS, Lemperle SM. ArteFill permanent injectable
for soft tissue augmentation: I. Mechanism of action and injection techniques. Aesthetic
Plast Surg. 2010;34(3):264-272.

[119] Kent ME, Rapp RP, Smith KM. Antibiotic beads and osteomyelitis: here today,
what's coming tomorrow? Orthopedics. 2006;29(7):599-603.



[120] Kreuter J. Poly(Methyl Methacrylate) nanoparticles as vaccine adjuvants. In:
Vaccine adjuvants; Preparation methods and research protocols. New York: Springer
Science & Business Media; 2000. p. 105-119.

[121] Mader JT, Calhoun J, Cobos J. In vitro evaluation of antibiotic diffusion from
antibiotic-impregnated biodegradable beads and polymethylmethacrylate beads.
Antimicrob Agents Chemother. 1997;41(2):415-418.

[122] Streubel A, Siepmann J, Bodmeier R. Multiple unit gastroretentive drug delivery
systems: a new preparation method for low density microparticles. J Microencapsul.
2003;20(3):329-347.

[123] Yan X, Gemeinhart RA. Cisplatin delivery from poly(acrylic acid-co-methyl
methacrylate) microparticles. J Control Release. 2005;106(1-2):198-208.

[124] Krizova J, Spanova A, Rittich B, Horak D. Magnetic hydrophilic methacrylate-
based polymer microspheres for genomic DNA isolation. J Chromatogr A.
2005;1064(2):247-253.

[125] Licciardi M, Di Stefano M, Craparo EF, Amato G, Fontana G, Cavallaro G, et al.
PHEA-graft-polybutylmethacrylate  copolymer microparticles for delivery of
hydrophobic drugs. Int J Pharm. 2012;433(1-2):16-24.


http://www.springerprotocols.com/BookToc/doi/10.1385/1592590837?uri=/Abstract/doi/10.1385/1-59259-083-7:105

Figures captions

Fig. 1. Different categories of microparticles [1].

Fig. 2. Global market for microparticles, by industry, in 2010 and estimates for 2015

[23].

Fig. 3. Main steps of the O/W emulsion SEE method (see text, for details).

Fig. 4. Generic chemical structure of (a) PHAs, (b) PHB, (c) PHBV, (d) CAB, (e)

starch, and (f) chitin and chitosan.

Fig. 5. Representative SEM images: of PHBV microparticles prepared using (a)

mechanical stirring, and (b) a homogenizer, during the emulsification steps [44].

Fig. 6. Effect of PHBV concentration and PVA concentration on the EE of the

flurbiprofen-loaded  microparticles prepared by an O/W SEE method. Dots:

experimental points; surface: adjusted model [45].

Fig. 7. SEM images of CAB microparticles (a) with entrapped fluorouracil, and (b)

without fluorouracil [57].

Fig. 8. Microcapsules prepared from modified starch at 100x magnification [64].

Fig. 9. (a) Optical (magnification, 10x) and (b) SEM (magnification, 5,000x) images of

glutaraldehyde cross-linked chitosan-PVA microparticles [75].



Fig. 10. Chemical structure of (a) urethane linkage, (b) PVC, and (c) methacrylate.

Fig. 11. Chemical structure of (a) TDI/PCL and (b) TI/PCL microparticles, with

urethane (filled in red) urea linkages (filled in green) shown [100].

Fig. 12. Representative SEM images of (a, b) TDI/PCL 80/20 and (c, d) TI/PCL 80/20

microparticles [100].

Fig. 13. Representative TEM images of PVC-based particles showing the effect of the
anionic surfactant CA concentration on particle size (a) without CA, (b) CA:AL =1,

and (c) CA:AL =10 [108].

Fig. 14. Microparticles of poly(vinyl trimethoxysilane) observed by optical microscopy

at 1,000x magnification [111].

Fig. 15. Typical SEM image of MMA/SPM-based microparticles. A representative part

of the image was selected to highlight the microparticles [111].



Schemes captions
Scheme 1. Scheme of the chemical modification of starch with 2-vinyl-4,4- dimethyl-2-

oxazolin-5-one using 4-dimethylaminopyridine (DMAP) as catalyst [64].

Scheme 2. Scheme of the cross-linking reaction between the starch derivative and the

bifunctional cross-linker DPGDA.

Scheme 3. Cross-linking of poly(vinyl trimethoxysilane) in-aqueous medium and

formation of silicone [111].

Scheme 4. Copolymerisation reaction between MMA and SPM [111].
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Highlights

e Microparticles applications range from biotechnology to construction materials.

e There are several companies producing exclusively microparticle-based
products.

e Microparticles based on natural polymers aim biomedical applications.

e Microparticles based on synthetic polymers aim biomedical and industrial

applications.



