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Abstract.1This paper presents the main aspects regarding 
the production of biodegradable microspheres, the opti-
mization of parameters in the drug encapsulation process, 
the techniques available for polymeric systems sterilization 
and the effects of γ-irradiation on microparticles. 
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1. Introduction 

In conventional drug delivery system (DDS), the 
drug release kinetics is adjusted, aiming at the rapid 
release of the active species into the bloodstream. The 
therapeutic concentration of the drug must be maintained 
with subsequent administrations. In this context, the use of 
controlled release systems allows the reduction of 
administrations, avoiding fluctuations in the drug 
concentration [1-3]. These systems are often used when 
the drugs present low solubility in water, increasing 
bioavailability and reducing side effects [4-10]. 

Drugs can be carried by polymers through physical 
adsorption, by chemical bonding or by entrapping the 
drug in a polymeric structure in the form of a sphere [11-
16] or capsule [17-22]. Encapsulation hinders the 
modification of the drug or active species, contributing to 
its protection. Furthermore, due to the small particle size 
(up to 500 µm) the encapsulation improves drug 
absorption [23-27]. Therefore, some of these systems are 
used in direct contact with body fluids, such as sublingual 
administration, via the gastrointestinal tract (oral), vagina 
and nasal cavity, and all non-parenteral drug delivery 
routes [28-39]. Thus, they must comply with the 
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requirements of the pharmacopeia for sterility [40-44]. 
However, some proposed sterilization methods, such as 
chemical sterilization with ethylene oxide, are not suitable 
for biodegradable aliphatic polyesters [45-48].  

In turn, sterilization by gamma irradiation is the 
most frequently used technique in thermosensitive 
medical devices and can be successfully applied to 
biodegradable polymers and pharmaceutical substances. 
The advantages of this technique include the high 
penetrating power, low chemical reactivity and low 
measurable residues, necessary due to the safety involved 
in this method of sterilization and the relatively low cost 
[40, 49-54]. In this method, a minimum dose of 25 kGy is 
considered suitable for the sterilization of 
pharmaceuticals, being able to achieve the necessary level 
of sterility with confidence [41, 55-57]. 

2. Controlled Drug Release 

Recent studies on the development of drugs that 
ensure more effective delivery and reduce side effects are 
focused mainly on controlled release systems. The drugs 
are entrapped within a suitable polymeric carrier, which 
allows a sustained delivery over days, weeks, months and 
even years [58-62]. A selection of suitable biocompatible 
and biodegradable carrier allows the drug to reach the 
target of interest, controlling the kinetics of drug release 
with the use of gastro-resistant polymers and achieving 
spatial control through incorporation of magnetic particles 
into the carrier matrix [63-70]. 

The primary objective of spatial controlled release 
systems is to deliver the drug directly to the diseased 
tissues or organs with the following advantages over the 
traditional route of administration: 

(i) a higher drug concentration at the target [71-73]; 
(ii) protection of the drug until it reaches the 

desired destination, thereby increasing the possibility of 
using drugs that have a short half-life in the body [74-77]; 

(iii) improved pharmacokinetics in the drug release, 
maintaining the active concentration within the 
therapeutic window [78, 79]; 
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Fig. 1. Comparison between the conventional multidose  
system and a controlled release system (A) and drug  

release from sustainable release systems (B) 
 
(iv) subsequent reduction of side effects [80-83]; and 
(v) reduction of subsequent administrations. This 

control allows a greater effectiveness of treatment, prolon-
ging the action and increasing the drug bioavailability [84-87]. 

3. Polyesters Useful in Drug Delivery 
Systems 

The use of aliphatic polymers as matrices of DDSs 
is one of the available strategies currently studied [88-90]. 
These polymer systems present a diversity of amphiphilic 
character, degradation rate, and physical characteristics. 
Also, they are easily prepared, allowing achievement of 
the desired requirements for a prolonged therapeutic effect 
of the drug, increasing the effectiveness of the treatment 
[91]. 

Among the polymers used for the preparation of 
these delivery systems, a special group, comprising 
aliphatic biodegradable polyesters, such as poly(ε-capro-
lactone) (PCL) , poly(lactic acid) (PLA), poly(glycolic 
acid) (PGA) and their copolymers, polyhydroxyalkanoates 
and polybutylene succinate have been drawing the 
attention of researchers [78, 92-95]. The bibliometry of 
the use of aliphatic polymers in delivery systems in recent 
years is presented in Fig. 2. 

The use of PGA and PLA in academic studies has 
been widely discussed [96, 97], and their use for medical 
purposes has been approved by the Food and Drug 
Administration (FDA) since 1969 and 1971, respectively. 
Polyesters containing caprolactone have also been 
approved for clinical use by the FDA since 1997 [98-101]. 

Poly(hydroxy alkanoates) (PHAs) belong to the 
class of polyesters produced by bacteria. These bacteria 
produce a variety of PHAs, and, among them, poly 
(3-hydroxybutyrate) (PHB) is one of the best known. 
These polymers are carbon and energy reserves for 
bacteria and are deposited as insoluble inclusions in the 
cytoplasm of cells [102-107]. 

Among the aliphatic polyesters, poly(butylene 
succinate) (PBS) is noteworthy, because, in addition to its 
biodegradability, this material attracts the attention of 
many researchers due to its biomedical applications [108-
112]. Besides, PBS presents good biocompatibility and 
excellent processability, and its degradation products are 
non-toxic, since PBS degrades into 1,4-butanediol and 
succinic acid, an intermediate in the tricarboxylic acid 
cycle, and then to dioxide carbon and water [113]. 

 

 
 

 
Fig. 2. Use of aliphatic biodegradable polyesters  

in delivery systems. Data was retrieved from  
Science Direct, accessed in February, 2017.  

The key used was “delivery systems + specific polymer” 
 

PBS has been commercially available since 1993 
from Showa-Den, under the name of BionolleTM and by 
Mitsubishi Chemical Corporation, known commercially 
as GS PlaTM. The synthesis of PBS consists of two main 
steps. The first is the esterification of succinic acid and 
1,4-butanediol, to eliminate water. The second phase is 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

475 

the polycondensation of oligomers at high temperatures 
[98]. The use of elevated temperatures facilitates the 
removal of butanediol, leading to the formation of a high 
molar mass polymer [114]. The catalyst often used is 
titanium tetra-butoxide [115]. The polymerization scheme 
is shown in Fig. 3.  

 

 
 

Fig. 3. Synthesis of PBS 
 

 
 

Fig. 4. PBS-PEG copolymer 
 
Regarding its properties, PBS has a crystallization 

capacity between 35 and 45 %, melting temperature (Tm) 
in the range of 384–388 K, and glass transition 
temperature (Tg) below room temperature (236–255 K), 
being readily processed [114]. 

The biodegradation rate of a polymer chain is 
dependent on the hydrophilicity, polymer crystallinity, 
resultant porosity in the preparation of materials and on the 
molar mass of the matrix components [113, 116]. Cho et al. 
[116] investigated the effect of hydrolytic degradation of 
crystalline microstructure samples of PBS obtained by 
melting the samples and subsequently submitting some to 
quenching and others to isothermic crystallization at 333 K. 
As suggested by the authors, the first sample showed a 
greater crystallinity and slower degradation rate, indicating 
that hydrolytic degradation occurs preferentially in the 
amorphous region of PBS, while the sample crystallized 
isothermally presented spherulitic structure with less 
bundled fibrils, facilitating the penetration of water and 
increasing the degradation rate [116]. 

Gualandi et al. [117] reported the effects of 
hydrophobicity on the hydrolytic degradation of PBS, 
observing very slow degradation rates at in vitro simulated 
physiological conditions (pH 7.4 and 310 K), where the 
molecular weight remained relatively constant for weeks 
[117]. Because degradation can be controlled by the 
hydrophilic/hydrophobic balance of the material, the 

addition of hydrophilic polymer structures in PBS chain 
can alter the polymer degradation rate. This is what Wang 
et al. [118] proposed when they added poly(ethylene 
glycol) (PEG) into the PBS chain, increasing the 
copolymer degradation rate due to a higher water 
absorption capacity of the hydrophilic segment of PEG. 
The scheme of the diblock copolymer of PBS-PEG is 
shown in Fig. 4. 

Several studies have addressed the evaluation of the 
cytotoxicity of PBS, both in cells and in animals, which is 
key in their application in tissue replacement or as drug 
carriers [119-122]. Some authors have studied the 
cytotoxicity of PBS scaffolds in osteoblasts, fibroblasts and 
femoral bone of white rabbits, demonstrating the potential 
of PBS in tissue engineering applications [123-125]. 

4. Microparticles 

Microparticles are commonly used for the delivery 
of long-term proteins, peptides, and small molecules, and 
are typically administered intramuscularly or subcu-
taneously [126-131]. Suitable DDSs depend on the type of 
carrier, the therapeutic agent used and the characteristics 
of administration [132-134]. The search for improvement 
of these delivery systems is widespread, and for that, the 
carrier matrix should be chosen appropriately. Further-
more, modifications of the material surface, such as 
PEGylation, are useful in making it more invisible to the 
immune system [135-141]. Another strategy is related to 
the binding of appropriate receptors that can be used as 
key-lock systems, such as albumin and folate [142-149]. 

Depending on the hydrophobicity of the polymer 
and its active characteristics, different structures may be 
formed. Hydrophilic components may be encapsulated 
into the aqueous core and hydrophilic drugs entrapped 
into the shell, forming capsules [150-155]. The generic 
diagram of the structure of a carrier with different 
components can be seen in Fig. 5. 

 

 
 

Fig. 5. Structure of a microparticle  
containing different components 
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4.1. Preparation of Polymer 
Microspheres 

The chemical and structural properties of the 
microspheres are closely related to the drug release, 
biocompatibility, and encapsulation [156-160]. 

Mitragotri et al. [161] studied the main parameters 
of microparticles that affect drug release. The evaluated 
parameters are related to the porosity of microspheres, 
particle size and polydispersity, surface modifications and 
shape of materials. The porosity of the polymer matrix 
affects diffusion of the drug, which is facilitated when a 
larger number of pores presents in the matrix structure. 
Furthermore, the increase of porosity allows water 
penetration, facilitating its degradation and subsequent the 
drug release [94, 162-165]. 

The size of the spheres and polydispersity also 
make a significant contribution to drug delivery because 
the larger the particle size, the lower is the surface/volume 
ratio, which prolongs the release of the drug. Furthermore, 
polydispersity can cause variability in release rates, due to 
size distribution of the microspheres produced [166-169]. 

The surface characteristics of microspheres affect 
the interaction with the environment at the tumor site, 
especially the immune cells. Surface modification with 
polymers such as PEG is used to reduce the interactions of 
the microsphere with cells of the immune system [170-
173]. Another important parameter in the microspheres 
project is the shape of the particles, which affects 
interactions with macrophages; since elongated particles, 
unlike the spherical ones, possess the internalization 
dependent on the macrophages guidance [161, 174-177]. 

Mohanraj et al. [78] developed PBS microcapsules 
loaded with Levodopa, a drug used for Parkinson's 
disease. The authors found that the microspheres with a 
smoother surface exhibited a higher encapsulation 
efficiency compared to the ones with the more porous 
surface. Moreover, the drug release was higher using a 
simulated cerebrospinal fluid than in a phosphate buffer, 
which shows that the release medium composition is an 
major factor in affecting drug release [78]. The influence 
of the dissolution parameters was also studied by Tomic et 
al. [178], verifying that a change in the medium may 
affect the rate of release during the erosion phase due to 
the different hydrolysis rates of ester bonds in alkali or 
acid media. 

4.2. Techniques Used to Obtain 
Microparticles 

Microencapsulation technique is a method in which 
the polymer acts as an external component, to form a 
barrier that surrounds and protects the drug [179-184]. 
Among the techniques for microencapsulation, emulsi-

fication followed by a solvent evaporation is frequently 
used [185-190]. Another route is electrospraying. The 
methods used for the preparation of microencapsulated 
systems may be affected by the hydrophilic-hydrophobic 
characteristic of the drug [191-198]. 

4.2.1. Electrospraying 

The electrospraying technique is based on loading 
a syringe with a solution containing the polymer and the 
drug and, with the aid of a syringe pump, the content is 
injected at a constant rate into a collector through a 
capillary output. The voltage applied, typically around 
30 kV, and the distance between the capillary and the 
collector can be controlled [199]. The main advantage of 
this technique is the production of microspheres with a 
small size distribution, facilitating their clinical use [200]. 
The relevant processing parameters, which change the 
shape and structure of the microspheres produced, are the 
solvent type, polymer concentration, applied voltage and 
distance between capillary and collector [108]. 

Some papers have been published evaluating the 
effects of flow rate and conductivity on the size and 
morphology of PLGA microspheres [199, 201]. As the 
polymer of interest, Murase et al. [108] studied the 
electrospraying parameters on the preparation of PBS 
microspheres, with several indole (a natural product) 
derivatives, through PBS pre-solubilization in chloroform 
and formic acid, aiming to increase the ionic conductivity. 
The authors observed that the type of substituent and the 
active position also resulted in changes in the 
hydrophobicity and porosity of the prepared microspheres. 
The particles presented diameters around 10 µm and with 
a smoother surface when 2-phenyl indole was used 
instead of 1-methyl indole. 

4.2.2. Emulsification and solvent evaporation 

The emulsification and solvent evaporation 
technique consists of four main steps. First is the 
dissolution or dispersion of a hydrophobic drug in a suitable 
organic solvent, containing the previously dissolved 
polymer. Then this organic phase, called the dispersed 
phase, is slowly poured into an aqueous phase (continuous 
phase) containing a surfactant, forming micro-droplets. 
Stirring is kept, the solvent is evaporated and the solid 
particles formed are recovered and dried to remove the 
residual solvent and form solid microspheres [202-207]. 
This emulsification method is often used for hydrophobic 
drugs and is not suitable for hydrophilic drugs, since they 
tend to migrate to the polar solvent, decreasing the drug 
encapsulation efficiency [185, 208-212]. 

For hydrophilic drugs, a double emulsion method is 
required, which is similar to the single emulsion 
technique, but with the addition of a second emulsification 
step containing another aqueous phase with the surfactant. 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

477 

The use of a high-pressure homogenizer or a sonicator 
reduces the droplet size [213-216]. Fig. 6 shows the 
difference between two emulsion methods. 

 

 
 

Fig. 6. Preparation of microspheres  
from O/W or W/O/W emulsions 

 
The proper dispersion of nanometric droplets into 

the continuous aqueous medium is a fundamental requisite 
to the formation of particles with good morphological 
features. As a matter of fact, a very stable colloidal 
dispersion is generally obtained through ultrasonication or 
high shear devices that might be combined with a 
surfactant and a hydrophobic agent, which acts as a co-
stabilizer in order to lead to the formation of droplets 
lying in the interval from 50 to 500 nm, exhibiting very 
narrow particle size distributions. Generally, high-
pressure homogenizers or sonicators are necessary when 
the formation of nanometric droplets requires a large 
amount of energy, which results from the application of 
high shear rates on the oil-in-water medium, leading 
efficiently to the breakage of the larger droplets to 
produce small droplets [217-223]. 

Some emulsification conditions also influence the 
size and morphology of the microspheres. The choice of 
suitable parameters increases the drug encapsulation too 
[224]. It is agreed that the drug release rate is strongly 
dependent on variables such as average particle diameter 
and particle size distribution, average molar mass of the 
polymers and its molar mass distribution, system 
crystallinity polymer matrix porosity, pH and temperature 
sensibilities, among others. In this scenario, one should 
keep in mind that the particle size should be regarded as a 
very representative variable for practical reasons. It is well 
known that small particles can be responsible for poor 
incorporation of the drug whereas big particles are not 
easily transported through a syringe needle or a catheter, 
potentially causing its occlusion during the surgical 
procedure. Additionally, the release rate also exhibited 

dependence on the particle size. For this reason, the main 
parameters of the emulsification stage must be optimized 
to guarantee the polymer carriers with suitable morpho-
logical features [217, 219, 225]. 
4.2.3.1. Optimization of the emulsification 
parameters 

Although the process of emulsification and solvent 
evaporation has been widely discussed because of its ease, 
certain factors are important for the morphology of 
microspheres and drug encapsulation efficiency [226, 
227]. For instance, the concentration and polymer 
molecular weight influence the viscosity of the organic 
phase, which modifies the drug diffusion constant [228]. 
A high organic phase viscosity, resulting from the use of 
high molecular weight polymers or polymers in high 
concentrations, results in high encapsulation efficiency 
[229, 230]. The concentration, as reported by Brunner et 
al. [179], changes both the morphology and the size of the 
particles. According to the authors, PBS microspheres 
prepared by double emulsion, with polymer 
concentrations in dichloromethane of 1 %, 3 %, and 5 %, 
generate particles with spherical morphology at lower 
concentrations of PBS. Also, the average diameter of the 
particles increased with the increase in PBS concentration. 
This change in the morphology of the microspheres 
illustrates the influence of porosity on the drug release. 
The drug release was slower from microspheres prepared 
with higher polymer concentration. This behavior was 
attributed to the formation of a dense polymer matrix, 
resulting in smaller pores [179]. 

Porosity can also be dependent on the composition 
of the microspheres. Park et al. [231] synthesized 
PBS/PCL microcapsules containing indomethacin to 
evaluate the effect of PCL on morphology and the drug 
release profile. The authors concluded that the 
indomethacin release rate was lower with the smaller pore 
size of the resultant microcapsules, which occurred when 
the incorporation of PCL was increased from 10 to 20 %. 

In the study of Crucho and Barros [232], polymeric 
nanoparticles were synthesized by nanoprecipitation using 
different experimental parameters (choice of organic 
solvent and evaporation rate) to verify their influence on 
the average size of the particles obtained. In the case of 
the solvent, the miscibility of the organic solvent and 
water can influence the particle size, since the difference 
between the solubility parameters of the solvent and water 
is minimized by increasing the miscibility. According to 
the authors, the smallest particle size values were obtained 
using acetone and the largest size using tetrahydrofuran 
(THF). The polydispersity also exhibited a similar result; 
a narrower particle size distribution for acetone and 
broader distribution for THF. This effect is a consequence 
of the lower miscibility of THF, and higher miscibility of 
acetone, in water. With an increase in miscibility between 
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the organic and aqueous phase, the diffusion of the solvent 
into the water increases, producing a faster dispersion of 
the polymer into the water, resulting in the formation of 
smaller and more homogeneous droplets [232]. The 
second experimental factor studied by the authors was the 
solvent evaporation rate. The average size of the nano-
particles obtained using reduced pressure (300 mm Hg) 
was 96 nm. On the other hand, the largest size, 132 nm, 
was observed when the same particles were evaporated at 
atmospheric pressure. The analysis suggests that as the 
evaporation rate increases, the probability of coalescence 
between the prepared particles reduces [232-234]. 

Several studies have also been performed aiming to 
investigate the efflux of amphiphilic drugs into the 
aqueous phase of an emulsion, reducing the encapsulation 
efficiency [224, 235-237]. The addition of many salts 
(NaCl, NaBr, NaSCN, NaClO4, and Na2SO4) to the outer 
layer has been one of the solutions used by some authors 
to minimize the effects of drug migration. Moreover, the 
appropriate choice of surfactants has also an influence, 
increasing the encapsulation efficiency of hydrophilic 
drugs [202, 238-241]. 

In the double emulsion method, the emulsification 
stability of the first step is essential for achieving high 
efficiency of encapsulation. Stability can be improved by 
the addition of poly(vinyl alcohol) (PVA) as a protective 
colloid (stabilizer) or an ionic surfactant with 
concentration below the critical micelle concentration 
(CMC) to prevent drug migration and/or the formation of 
micellar structures, which leads to a poor encapsulation 
efficiency as previously reported [242]. 

Brunner et al. [179] studied the effect of PVA on 
the morphology of PBS microspheres. The synthesis of 
PBS was by double emulsion technique and the PVA 
variation, in the second aqueous phase, was 0.5, 1, 2, 4 
and 6 %. For PBS microspheres at 0.5 % PVA 
concentration, spherical and rough wall microcapsules 
were observed. At 1 % and higher concentrations of PVA, 
on the other hand, smaller-walled and smooth 
microspheres were obtained [179]. Mohanraj et al. [78] 
also developed PBS microspheres by double emulsion 
technique, using chloroform and dichloromethane as 
organic solvents and ionic surfactants such as sodium 
dodecyl sulfate (SDS, an anionic surfactant), cetyltri-
methylammonium bromide (CTAB, a cationic surfactant) 
and poly(vinyl alcohol) (PVA, a non-ionic stabilizer). 
They observed that the microspheres exhibited an external 
surface with high porosity when dichloromethane was 
used as the solvent, while with chloroform the micro-
spheres were rougher. In addition, the PVA as the surfac-
tant increased the surface irregularity of the particles.  

In other study performed by Zhang et al. [243], 
PLGA microspheres were prepared by the single emulsion 
method, varying the surfactants. The authors showed the 
effects of surfactant on morphology and on in vitro 

release. When hydrophilic surfactants were used, 
microspheres presented some pores on their surfaces, 
which could be attributed to the phase separation of the 
surfactant and PLGA during solvent evaporation. A high 
porosity will allow the release medium to penetrate the 
particles more easily, favoring faster drug release by pore 
diffusion. 

Jagdale and Pawar [244] have evaluated the effect 
of the concentration oils (oleic acid, vegetable oil, light 
liquid paraffin, olive oil, castor oil and linseed oil), 
surfactants (span 80, tween 80, span 20 and tween 20) and 
co-surfactants (propylene glycol, propylene glycol 400) 
on the formation of emulsion based on ofloxacin intended 
for transdermal drug delivery system. According to the 
authors, transdermal emulgel delivery for ofloxacin can 
successfully be developed by adjusting the concentration 
of the emulsion components associated with a gelling 
agent such as HPMC K100M and Carbopol 940. It was 
also observed that the emulgel exhibited good in vitro and 
ex vivo and viscosity, behaving as a reservoir for the drug, 
which is properly released at the targeted site exhibiting 
good antimicrobial property. 

Haider et al. [245] have studied the synthesis of 
salbutamol sulfate loaded poly(vinyl alcohol) 
(PVA)/sodium alginate (Na-Alg) blend microspheres 
through the water-in-oil (W/O) emulsion crosslinked 
technique in order to produce a sustained drug delivery 
system. The influence of different PVA/Na-Alg ratios on 
drug loading and release has been investigated, showing 
that the drug can be properly delivered up to 12 h, which 
indicates that PVA/Na-Alg polymer matrix can be 
regarded as useful support for sustained drug delivery. 

Calderó et al. [246] have evaluated the formation 
of ethylcellulose nanoparticles in oil-in-water (O/W) 
nanoemulsions through low-energy emulsification 
technique. As stated by the authors, ethylcellulose system 
enhanced the self-aggregation of the surfactant due to its 
ability to make it more hydrophilic whereas the release 
time of the encapsulated dexamethasone (DXM) was 
increased. It was also observed the high capacity of 
incorporation of DXM into the nanoparticles above 90 %, 
and comparatively, the drug release from the nanoparticle 
dispersions was slower than the one observed in an 
aqueous solution. 

Marto and coworkers [247] also employed a 
Pickering emulsion technique to stabilize the system by 
employing solid particles instead of surfactants and/or 
protective colloids. They have investigated the formation 
of starch-based Pickering emulsions intended for topical 
drug delivery applications in pharmaceutical and cosmetic 
fields. According to the experimental protocol, the starch-
stabilized emulsions were prepared by employing 
aluminum starch octenyl-succinate (ASt) as the stabilizer 
in oil-in-water emulsions consisting of liquid paraffin and 
caprylic/capric acid triglyceride mixture. Emulsions were 
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formulated based on different operating conditions of time 
and stirring speed, indicating that the emulsion systems 
were non-irritant with self-preserving properties and that 
they can be used as a template for the production of 
pharmaceutical and cosmetics vehicles intended for 
topical administration purposes [247]. 

E. Bulut [248] has also employed an emulsion 
crosslinking technique to obtain microspheres based on 
chitosan-graft-polyacrylamide (CS-g-PAAm) using 
glutaraldehyde (GA) and as a crosslinker to be used as 
drug delivery matrices. Paracetamol loading into the 
microspheres was observed in the range of 32–73 %, and 
the drug release CS-g-PAAm in acidic and phosphate 
buffer solutions (pH 1.2–7.4) was strongly dependent on 
the concentration of CS-g-PAAm and crosslinker, and the 
paracetamol/polymer ratio. 

Recently, Yi et al. [249] have developed a new 
drug nanocrystal self-stabilized Pickering emulsion of 
silybin nanocrystal suspension (SN-NCS) by using a high-
pressure homogenizer at different homogenization 
pressures and drug contents. The system consisting of an 
oil-in-water (O/W) Pickering emulsion of silybin was 
stabilized by silybin nanocrystals in the absence of ionic 
surfactants or protective colloids (polymer stabilizers). 
According to the authors, silybin nanocrystal self-
stabilized Pickering emulsion (SN-SSPE) presented a 
core-shell structure and good physical stability, which 
might enhance the dissolution rate and oral bioavailability 
of silybin, when oral drug delivery system for poorly 
water-soluble drugs are considered [249]. 

5. Sterilization of the Polymer 
Materials 

The material sterilization process is intended to 
remove or destroy all forms of life, macroscopic or 
microscopic, from the product of interest, ensuring that 
the inactivation of cellular enzymes and toxins occurs. 
According to the sterility assurance requirements 
described in pharmacopoeias, a sterility assurance level 
(SAL) of 10-6 (statistical probability of finding one 
contaminated unit is equal to 1:1000000) is accepted for 
sterilization procedures of materials and pharmaceutical 
products [55, 250-252]. 

The sterilization method should be carefully selec-
ted, since it can result in changes in physical and mecha-
nical properties of the materials during the process [253]. 

5.1. Sterilization Techniques 

5.1.1. Chemical methods 

Sterilization using chemical methods can be used 
with a suitable gas, usually ethylene oxide [56, 254]. 

Although this method has disadvantages such as the 
degradation of the polymer chain, it can be applied to 
materials that cannot withstand high temperatures. The 
main disadvantages are the high flammability, mutagenic 
properties, the possibility of forming toxic residues in the 
treated materials and limited penetration capability in the 
polymer [255-258]. 

5.1.2. Physical methods 

5.1.2.1. Heating 

Among physical methods for sterilization, heating 
is very simple. Here, the sterilizing agent is moist or dry 
heat [259-262]. In spite of the sterilization by heat being 
inexpensive and safe, it presents disadvantages regarding 
the degradation of polymeric biomaterials, since the 
technique often uses temperatures that exceed the glass 
transition temperature (Tg) and melting temperature (Tm) 
of the material [263-265]. Sterilization by moist heat is 
performed in an autoclave using saturated steam under 
pressure and is dependent on the time of exposure to heat 
and temperature. As a reference, the temperature used is at 
least 393 K for 15 min [266]. Sterilization by dry heat is 
performed in an oven with forced air circulation, to 
promote homogeneous distribution of heat. The standard 
temperature used is 433 K for 2 h and a sterility assurance 
level of 10-12 can be reached [41, 55, 267, 268]. 
5.1.2.2. Size exclusion 

The other physical method for sterilization is based 
on size exclusion, by filtration on a porous matrix [269]. 
The efficiency of filtration depends on the pore size and the 
sorption of micro-organisms within the filter matrix [270, 
271]. For sterilization purposes, the filtration is performed 
using membranes with pore size of 0.2 µm or lower, under 
a minimum pressure of 30 psi [41, 55, 271, 272]. 
5.1.2.3. Ionizing radiation 

The use of ionizing radiation from various sources, 
such as α, β, γ, and X-rays, fits very well the purpose of 
sterilization. Among these, the electron beam from 
electron guns (not the same of β-rays from radioactive 
decay), X-rays from accelerators, and gamma radiation 
are the most widely used [40, 273-277]. The irradiation 
process consists in subjecting the material to a dose of 
radiation that is sufficient to reduce the level of 
contaminates to an acceptable value. With the interaction 
of radiation with matter, the energy transferred by the 
radiation removes electrons from the molecules producing 
ruptures in the bonds and with that change in the 
properties of the materials. When these alterations occur 
in live organisms, the interaction usually occurs with the 
DNA of the microorganisms causing damages that 
prevent their reproduction, thus reducing the number of 
viable individuals. The irradiation technique is widely 
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used to sterilize medical products such as surgical sutures, 
implants and other metallic materials. In the case of 
polymeric materials, irradiation has the potential to 
penetrate the polymer chain and leave no toxic residues 
[278-280]. However, it can cause undesirable changes in 
the structure of some polymers, such as degradation or 
crosslinking [109, 281]. Irradiation is especially useful for 
sterilizing heat-sensitive materials. In this case, the 
controlling factor is the absorbed radiation dose. Nor-
mally, the reference dose is 25 kGy but this may be 
changed to achieve a certain level of lethality and 
reproducibility depending on material bioburden [282]. 

Effects of γ-irradiation in polymeric systems  
γ-Irradiation is one of the most widely used 

techniques in the biomedical field; however, it induces 
fragmentation of covalent bonds and the production of free 
radicals in the irradiated material. Due to this, many 
researchers have been interested in the influence of γ-rays 
in polymeric systems, which can result in physical changes 
such as stiffening, softening, discoloration, odor generation, 
and changes of average molar mass [106, 116, 266, 267]. 

In this sterilization process, two types of ionizing 
radiation can be used: gamma rays emitted by artificial 
60Co and 137Cs radioactive isotopes, and electron beams, 
obtained from electron accelerators [285]. The interaction 
mechanism, for both radiation sources, involves atomic 
ionization and subsequent ejection of a high energy 
electron. This electron continues to produce numerous 
electronic excitations and ionizations along the path taken 
[286]. The difference between the sources is the energy 
range supplied and degree of penetration in the material. 
The dose rate for a 60Co source is KGy/h while the mean 
dose rate for electron beam is 10,000 times larger. The 
difference between the dose rates is 4–5 orders of 
magnitude. Moreover, the electron beam emissions have a 
moderate degree of penetration, while the gamma rays 
have high penetrating power in the material. At high 
residence times, changes in the properties of the polymers 
due to gamma rays are intensified, due to the greater 
diffusion of oxygen in the material [285-287]. 

If water is present in these materials, as in the 
irradiation of aqueous solutions, a diffusion of oxidant 
(hydroxyl radical OH) and reducer (hydrated electron) 
generated by the radiolysis of water takes place [288]. The 
high-dose irradiation by an electron beam system in a 
polymer matrix produces a high concentration of free 
radicals in the steady state, increasing the probability of 
reactions between the radicals located on the same 
macromolecule (intramolecular crosslinking) compared to 
the effect on the system by gamma radiation, where 
priority is given to intermolecular crosslinking at a low 
irradiation dose [286, 288, 289]. One option that is 
gaining market is the conversion of electrons into X-rays. 
Although the conversion efficiency is low, only about 
7.6 % of the energy is harnessed, the gain with X-ray 

penetration in the material can be an advantage in the 
processes of commercial irradiation [290]. 

Reports in the literature demonstrate that radiation 
treatment for polymers is employed to induce crosslinking 
of polymer chains, improving mechanical properties, or 
for the sterilization of medical devices [291-295]. The 
effects of radiation on polymers depend on the polymer 
chain and the energy absorbed after irradiation. The 
controlled exposure to gammas rays can modify the 
physical properties of polymers, through a chain scission 
and crosslinking (see Fig. 7). Although both processes co-
occur, if cleavage dominates over cross-linking, the 
molecular weight decreases; the process is called degra-
dation. However, if the irradiation increases molecular 
weight, the process involves crosslinking [296-301]. 

In the case of biodegradable aliphatic polyesters, 
the physical changes depend on the presence or absence of 
methyl side group [296]. In polyesters such as PCL and 
PBS, which have no methyl group, the biomaterials are 
cross-linkable by radiation [281, 302-307]. Nugroho et al. 
[109] proposed a blend of PCL and PBS (30/70) by 
melting the polymers in the extruder. The pellets were 
irradiated by γ-rays from a 60Co source, in order to 
improve the stability of the PCL during processing. The 
authors found that an increase in irradiation dosage 
increases the molar mass of the material and the 
polydispersity. As for the polymers with methyl groups, 
the predominant consequence of irradiation is the chain 
scission, such as is observed in PHB, PLLA and PLGA 
[296, 308–315]. 

 

 
 

Fig. 7. Scheme of changes in the polymer chain after irradiation 
 
Effect of γ-irradiation on microparticulates 

systems 
As mentioned earlier, the application of γ-

irradiation to polymers can generate the polymer chain 
scission or crosslink. These effects produce different 
changes in morphology and size distribution of 
microparticles as well as in the drug release rate [40, 309, 
316-318]. Moreover, the results are dependent on the 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

481 

chemical structure of the active species (drug), presenting 
particularities on expected changes and the encapsulation 
efficiency of the drug. The determination of the powerful 
effect depends on the irradiation conditions, the structure 
of the macromolecule and the presence of air or additives 
[213, 319-325]. 

Lee et al. [213] studied the effects of irradiation on 
thermal diffusivity of the drug etanidazole, inserted into 
double-walled microspheres formed of PLLA and PLGA. 
The authors found a slow diffusion of the drug for about 
three weeks from unirradiated microspheres; however, 
when the microparticles were irradiated the slow drug 
release phase decreased to one week. 

Bozdag and Su [319] encapsulated diclofenac, an 
anti-inflammatory drug, in PLGA microspheres and 
submitted these systems to irradiation at different dosages: 
5, 15 and 20 kGy. The authors realized that there was an 
increase in the average diameter of the prepared 
microspheres, suggesting that it is possible to control the 
release characteristics of the drug with the appropriate 
irradiation dosage. In more recent studies, Checa-
Casalengua et al. [326] prepared PLGA microspheres by 
emulsion-solvent evaporation methods and irradiated 
them at 25 kGy using the 60Co equipment. The 
morphology of microspheres was unmodified by the 
sterilization method. However, the molecular weight 
decreased from 35.076.8 ± 292.4 g/mol to 
28.441.0 ± 279.3 g/mol after sterilization. 

Erdemli et al. [327] synthesized PCL microspheres 
with different surfactants, to increase the stability of the 
prepared microparticles. Samples were subjected to 
25 kGy γ-irradiation and the average size measured by 
Scanning electron microscopy (SEM). The size distri-
bution between non-irradiated and irradiated microspheres 
was not statistically significant, indicating stability of the 
systems prepared [327, 328]. 

In another study, the effect of irradiation of PLGA 
microspheres containing ovalbumin (OVA) on the 
immunological properties of mice was tested. The 
microspheres were characterized by Mastersizer and the 
microbial load. None of these properties changed 
significantly after irradiation. However, the irradiation of 
free OVA strongly influenced the antigen presentation, 
while encapsulated OVA was not affected by irradiation. 
This fact demonstrates that encapsulation of antigen into 
PLGA microspheres protects the drug from the potential 
detrimental effect of irradiation, which would lead to 
inactivation or altered immunogenicity [324]. 

Bilensoy and Hincal [266] produced injecting 
particles of β-cyclodextrin for cancer treatment and 
compared the effects of sterilization by γ-irradiation 
(25 kGy) and heat. The authors observed a significant 
change in zeta potential of the irradiated materials, 
suggesting that with the irradiation fragmentation and 
partial break of the covalent bonds in the chain occurred. 

This hypothesis was confirmed by in vitro study of the 
prepared materials. 

Another point of interest in systems submitted to 
sterilization by gamma rays is the encapsulation 
efficiency. This entrapment ability is dependent on the 
chemical structure of the drug, which may be changed 
after the sterilization process, depending on its chemical 
structure [329]. Selmin et al. [330] prepared PLGA 
microspheres grafted with caffeic acid to micro-
encapsulate ovalbumin (OVA). OVA is used in vaccine 
development and is sensitive to γ-radiation. The authors 
reported that 25 kGy irradiation of microspheres caused a 
variation of less than 1 % of the weight average molecular 
weight (Mw) when compared to non-irradiated 
microspheres. Furthermore, the degradation patterns of the 
non-irradiated and irradiated microspheres were 
superimposed, indicating that the irradiation did not affect 
the physical proprieties of PLGA-caffeic acid 
microspheres [330].  

Rajawat et al. [331] produced chitosan micro-
spheres containing acyclovir (ACV) and investigated the 
effect of irradiation on the microparticles. The rate of 
release of ACV from irradiated chitosan microspheres was 
higher than that of non-irradiated microspheres during the 
12 h dissolution study. The effect of γ-irradiation on 
polymer microspheres has been explained by the theory of 
free diffusion volume. After exposure to gamma rays, the 
average molecular weight of the polymer decreases, 
decreasing the extent of entanglement of the polymer 
chain and increasing the mobility of the polymer. 
Consequently, the free volume available for diffusion of 
the drug molecule increases. 

6. Conclusions 

The kinetic control of drug release needs the 
optimization of several parameters, such as the biopolymer 
used and its characteristics, the form of the barrier 
responsible for the encapsulation of the drug, the 
morphology and size of the microparticles obtained, and the 
sterilizing method used on the final product, which can alter 
the physical and morphological properties of the 
macromolecular material. Many biopolymers are used to 
control the release of drugs. As demonstrated here, 
poly(butylene succinate) is increasingly studied, aiming at 
the preparation of drug delivery systems, due to its 
desirable properties, such as biodegradability, 
biocompatibility, melt processability, and both thermal and 
chemical resistance. Whatever the polymer used, 
sterilization is a subject frequently addressed. In particular, 
γ-irradiation sterilization is extremely advantageous since 
this technique can be used for thermosensitive polymers. 
However, γ-irradiation may result in changes in the 
polymer chain, such as degradation or crosslinking, which 
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will impact the kinetics of the drug release. Although 
several publications have presented the use of 
biodegradable polyesters as drug delivery systems, the 
knowledge about these systems based on PBS, mainly after 
irradiation, should be closely studied. 

Acknowledgments 
The authors thank Conselho Nacional de Desen-

volvimento Científico e Tecnológico (CNPq 
577237/2008-0; CNPq 574358/2008-0, CNPq 
472009/2008-7, 474940/2012-8, 550030/2013-1, and 
301461/2015-5), Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES - Finance Code 001), 
Financiadora de Estudos e Projetos (FINEP PRESAL 
Ref.1889/10), Fundação Carlos Chagas Filho de Amparo 
à Pesquisa do Estado do Rio de Janeiro (FAPERJ-
26/150.351/2004, FAPERJ-E-26/112.116/2008, and 
FAPERJ E-26/201.498/2014) for the financial support 
and scholarships. 

References 
[1] Kolesnyk I., Konovalova V., Burban A.: Chem. Chem. Technol., 
2015, 9, 485. https://doi.org/10.23939/chcht09.04.485 
[2] Liu Y., Wang Y., Zhuang D. et al.: J. Colloid Interf. Sci., 2012, 
377, 197. https://doi.org/10.1016/j.jcis.2012.04.004 
[3] Nguyen C., Tran T., Lu X., Kasi R.: Polym. Chem., 2014, 5, 2774. 
https://doi.org/10.1039/C3PY01636F 
[4] Jain K.: Current Status and Future Prospects of Drug Delivery 
Systems. [in:] Jain K. (Ed.), Drug Delivery System. Springer, New 
York 2014, 1-56. https://doi.org/10.1007/978-1-4939-0363-4_1 
[5] Sun D., Zhuang X., Xiang X. et al.: Mol. Ther., 2010, 18, 1606. 
https://doi.org/10.1038/mt.2010.105 
[6] Weiser J., Saltzman W.: J. Control. Release, 2014, 190, 664. 
https://doi.org/10.1016/j.jconrel.2014.04.048 
[7] Ye F., Guo H., Zhang H., He X.: Acta Biomater., 2010, 6, 2212. 
https://doi.org/10.1016/j.actbio.2009.12.014 
[8] Ajazuddin, Saraf S.: Fitoterapia, 2010, 81, 680. 
https://doi.org/10.1016/j.fitote.2010.05.001 
[9] Xin H., Jiang X., Gu J. et al.: Biomaterials, 2011, 32, 4293. 
https://doi.org/10.1016/j.biomaterials.2011.02.044 
[10] Gong J., Chen M., Zheng Y. et al.: J. Control. Release, 2012, 
159, 312. https://doi.org/10.1016/j.jconrel.2011.12.012 
[11] Ford Versypt A., Pack D., Braatz R.: J. Control. Release, 2013, 
165, 29. https://doi.org/10.1016/j.jconrel.2012.10.015 
[12] Lee J., Oh Y., Lee S., Lee K.: J. Control. Release, 2010, 146, 61. 
https://doi.org/10.1016/j.jconrel.2010.05.026 
[13] Bohr A., Kristensen J., Stride E. et al.: Int. J. Pharm., 2011, 412, 
59. https://doi.org/10.1016/j.ijpharm.2011.04.005 
[14] Rodríguez Villanueva J., Bravo-Osuna I., Herrero-Vanrell R. et 
al.: Eur. J. Pharm. Sci., 2016, 92, 287. 
https://doi.org/10.1016/j.ejps.2016.03.012 
[15] Yang X., Chen L., Han B. et al.: Polymer, 2010, 51, 2533. 
https://doi.org/10.1016/j.polymer.2010.04.032 
[16] Hirota K., Hasegawa T., Nakajima T. et al.: J. Control. Release, 
2010, 142, 339. https://doi.org/10.1016/j.jconrel.2009.11.020 
[17] Tasker A., Hitchcock J., He L. et al.: J. Colloid Interf. Sci., 2016, 
484, 10. https://doi.org/10.1016/j.jcis.2016.08.058 
[18] Zelikin A., Price A., Städler B.: Small, 2010, 6, 2201. 
https://doi.org/10.1002/smll.201000765 

[19] Wang Y., Yan Y., Cui J. et al.: Adv. Mater., 2010, 22, 4293. 
https://doi.org/10.1002/adma.201001497 
[20] Koker S., Hoogenboom R., Geest B.: Chem. Soc. Rev., 2012, 41, 
2867. https://doi.org/10.1039/c2cs15296g 
[21] De Cock L., De Koker S., De Geest B., et al.: Angew. Chem. Int. 
Edit., 2010, 49, 6954. https://doi.org/10.1002/anie.200906266 
[22] Delcea M., Möhwald H., Skirtach A.: Adv. Drug Deliv. Rev., 
2011, 63, 730. https://doi.org/10.1016/j.addr.2011.03.010  
[23] Shaikh J., Ankola D., Beniwal V. et al.: Eur. J. Pharm. Sci., 2009, 
37, 223. https://doi.org/10.1016/j.ejps.2009.02.019 
[24] Gao F., Zhang Z., Bu H. et al.: J. Control. Release, 2011, 149, 
168. https://doi.org/10.1016/j.jconrel.2010.10.013 
[25] Cai Z., Wang Y., Zhu L-J., Liu Z-Q.: Curr. Drug Metab., 2010, 
11, 197. https://doi.org/10.2174/138920010791110836 
[26] Xie X., Tao Q., Zou Y. et al.: J. Agric. Food Chem., 2011, 59, 
9280. https://doi.org/10.1021/jf202135j 
[27] Ensign L., Cone R., Hanes J.: Adv. Drug Deliv. Rev., 2012, 64, 
557. https://doi.org/10.1016/j.addr.2011.12.009 
[28] das Neves J., Nunes R., Machado A., Sarmento B.: Vaginal Drug 
Deliv., 2015, 92, 53. https://doi.org/10.1016/j.addr.2014.12.004 
[29] Gaucher G., Satturwar P., Jones M-C. et al.: Eur. J. Pharm. 
Biopharm., 2010, 76, 147. https://doi.org/10.1016/j.ejpb.2010.06.007 
[30] Mahajan H., Tatiya B., Nerkar P.: Powder Technol., 2012, 221, 
168. https://doi.org/10.1016/j.powtec.2011.12.063 
[31] Perioli L., Pagano C.: Colloid. Surface B, 2013, 102, 915. 
https://doi.org/10.1016/j.colsurfb.2012.10.001 
[32] Mahapatro A., Singh D.:  J. Nanobiotechnol., 2011, 9, 55. 
https://doi.org/10.1186/1477-3155-9-55 
[33] Plapied L., Duhem N., des Rieux A., Préat V.: Curr. Opin. 
Colloid. Interf. Sci., 2011, 16, 228. 
https://doi.org/10.1016/j.cocis.2010.12.005 
[34] Wang X-Q., Zhang Q.: Eur. J. Pharm. Biopharm., 2012, 82, 219. 
https://doi.org/10.1016/j.ejpb.2012.07.014 
[35] Djupesland P.: Drug Deliv. Transl. Res., 2013, 3, 42. 
https://doi.org/10.1007/s13346-012-0108-9 
[36] Singh AK., Singh A., Madhv N.: J. Drug Deliv. Ther., 2012, 2, 
22. https://doi.org/10.22270/jddt.v2i3.163 
[37] Gupta S., Gabrani R., Ali J., Dang S.: Recent Pat. Drug Deliv. 
Formul., 2011, 5, 82. https://doi.org/10.2174/187221111795471418 
[38] Abruzzo A., Bigucci F., Cerchiara T. et al.: Carbohydr. Polym., 
2013, 91, 651. https://doi.org/10.1016/j.carbpol.2012.08.074 
[39] Pereira R., Bruschi M.: Drug Dev. Ind. Pharm., 2012, 38, 643. 
https://doi.org/10.3109/03639045.2011.623355 
[40] Fernández-Carballido A., Puebla P., Herrero-Vanrell R., 
Pastoriza P.: Int. J. Pharm., 2006, 313, 129. 
https://doi.org/10.1016/j.ijpharm.2006.01.034 
[41] The United States Pharmacopeial Convention. United Book 
Press, Baltimore 2013, 71-74; 1141-1145.  
[42] Téllez S., Casimiro R., Vela A. et al.: Vaccine, 2006, 24, 1710. 
https://doi.org/10.1016/j.vaccine.2005.12.037 
[43] Parveen S., Kaur S., David S. et al.: Vaccine, 2011, 29, 8012. 
https://doi.org/10.1016/j.vaccine.2011.08.055 
[44] Tan M., Ren Y., Yan D. et al.: J. Therm. Anal. Calorim., 2011, 
109, 1069. https://doi.org/10.1007/s10973-011-1804-2 
[45] Hsiao C-Y., Liu S-J., Wen-Neng Ueng S., Chan E-C.: Polym. 
Degrad. Stab., 2012, 97, 715. 
https://doi.org/10.1016/j.polymdegradstab.2012.02.015 
[46] Savaris M., Santos V., Brandalise R.: Mater. Sci. Eng. C, 2016, 
69, 661. https://doi.org/10.1016/j.msec.2016.07.031 
[47] França R., Mbeh D., Samani T. et al.: J. Biomed. Mater. Res. B, 
2013, 101, 1444. https://doi.org/10.1002/jbm.b.32964 
[48] Rutala W., Weber D.: Am. J. Infect. Control., 2013, 41, S2. 
https://doi.org/10.1016/j.ajic.2012.11.005. 
[49] Asasutjarit R., Theerachayanan T., Kewsuwan P. et al.: 
Carbohydr. Polym., 2017, 157, 603. 
https://doi.org/10.1016/j.carbpol.2016.10.029 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

483 

[50] Nguyen H., Morgan D., Forwood M.: Cell Tissue Bank, 2007, 8, 
81. https://doi.org/10.1007/s10561-006-9019-7 
[51] Zulli G., Lopes P., Velasco M. et al.: Radiat. Phys. Chem., 2010, 
79, 286. https://doi.org/10.1016/j.radphyschem.2009.08.025 
[52] Ilčin M., Holá O., Bakajová B., Kučerík J.: J. Radioanal. Nucl. 
Chem., 2010, 283, 9. https://doi.org/10.1007/s10967-009-0321-2 
[53] Pokorný D., Šlouf M., Fulín P.: Acta Chir. Orthop. Traumatol. 
Cech., 2012, 79, 213. 
[54] Zheng J., Clogston J., Patri A. et al.: J. Nanomedicine 
Nanotechnol., 2011, 5, 001. https://doi.org/10.4172/2157-7439.S5-001 
[55] Farmacopeia Brasileira. Agência Nacional de Vigilância 
Sanitária. Anvisa 2010. 
[56] Lambert B., Mendelson T., Craven M.: AAPS Pharm. Sci. Tech., 
2011, 12, 1116. https://doi.org/10.1208/s12249-011-9644-8 
[57] Silindir M., Ozer Y.:  PDA J. Pharm. Sci. Technol., 2012, 66, 
184. https://doi.org/10.5731/pdajpst.2012.00774 
[58] Kokai L., Ghaznavi A., Marra K.: Biomaterials, 2010, 31, 2313. 
https://doi.org/10.1016/j.biomaterials.2009.11.075 
[59] Liechty W., Kryscio D., Slaughter B., Peppas N.: Annu. Rev. 
Chem. Biomol. Eng., 2010, 1, 149. https://doi.org/10.1146/annurev-
chembioeng-073009-100847 
[60] Sun Q., Silva E., Wang A. et al.: Pharm. Res., 2010, 27, 264. 
https://doi.org/10.1007/s11095-009-0014-0 
[61] Kumari A., Yadav SK., Yadav SC.: Colloid. Surf. B, 2010, 75, 1. 
https://doi.org/10.1016/j.colsurfb.2009.09.001 
[62] Lee S., Hughes P., Ross A., Robinson M.: Pharm. Res., 2010, 27, 
2043. https://doi.org/10.1007/s11095-010-0159-x 
[63] Lyons J., Blackie P., Higginbotham C.: Int. J. Pharm., 2008, 351, 
201. https://doi.org/10.1016/j.ijpharm.2007.09.041 
[64] Uddin A., Bejugam N., Gayakwad S. et al.: J. Drug Target., 
2009, 17, 553. https://doi.org/10.1080/10611860903067301 
[65] Yoo D., Lee J-H., Shin T-H., Cheon J.: Acc. Chem. Res., 2011, 
44, 863. https://doi.org/10.1021/ar200085c 
[66] Behrens S.: Nanoscale, 2011, 3, 877. 
https://doi.org/10.1039/C0NR00634C 
[67] Veiseh O., Gunn J., Zhang M.: Adv. Drug Deliv. Rev., 2010, 62, 
284. https://doi.org/10.1016/j.addr.2009.11.002 
[68] Doherty C., Buso D., Hill A. et al.: Acc. Chem. Res., 2014, 47, 
396. https://doi.org/10.1021/ar400130a 
[69] Severino P., de Oliveira G., Ferraz H. et al.: J. Pharm. Anal., 
2012, 2, 188. https://doi.org/10.1016/j.jpha.2012.02.005 
[70] Pastor M., Esquisabel A., Talavera A. et al.: Int. J. Pharm., 2013, 
448, 247. https://doi.org/10.1016/j.ijpharm.2013.02.057 
[71] Cosco D., Failla P., Costa N. et al.: Carbohydr. Polym., 2016, 
152, 583. https://doi.org/10.1016/j.carbpol.2016.06.039 
[72] Dreve S., Kacso I., Popa A. et al.: J. Mol. Struct., 2011, 997, 78. 
https://doi.org/10.1016/j.molstruc.2011.05.001  
[73] Kazazi-Hyseni F., Zandstra J., Popa E. et al.: Int. J. Pharm., 2015, 
482, 99. https://doi.org/10.1016/j.ijpharm.2014.12.014 
[74] Rogobete A., Dragomirescu M., Bedreag O. et al.: Trends 
Anaesth. Crit. Care., 2016, 9, 27. 
https://doi.org/10.1016/j.tacc.2016.06.004 
[75] Ting C-Y., Fan C-H., Liu H-L. et al: Biomaterials, 2012, 33, 704. 
https://doi.org/10.1016/j.biomaterials.2011.09.096 
[76] Gref R., Domb A., Quellec P. et al.: Adv. Drug Deliv. Rev., 
1995, 16, 215. https://doi.org/10.1016/0169-409X(95)00026-4 
[77] Elsabahy M., Wooley K.: Chem. Soc. Rev., 2012, 41, 2545. 
https://doi.org/10.1039/c2cs15327k 
[78] Mohanraj K., Sethuraman S., Krishnan U.: J. Biomed. Mater. 
Res. B, 2013, 101B, 840. https://doi.org/10.1002/jbm.b.32888 
[79] Wang Q-S., Wang G-F., Zhou J. et al.: Int. J. Pharm., 2016, 515, 
176. https://doi.org/10.1016/j.ijpharm.2016.10.002 
[80] Janssen M., Timur U., Woike N. et al.: J. Control. Release, 2016, 
244A, 30. https://doi.org/10.1016/j.jconrel.2016.11.003 

[81] Makadia H., Siegel S.: Polymers, 2011, 3, 1377. 
https://doi.org/10.3390/polym3031377 
[82] Miyata K., Christie R., Kataoka K.: React. Funct. Polym., 2011, 
71, 227. https://doi.org/10.1016/j.reactfunctpolym.2010.10.009 
[83] Deng C., Jiang Y., Cheng R. et al.: Nano Today, 2012, 7, 467. 
https://doi.org/10.1016/j.nantod.2012.08.005 
[84] Herrero-Vanrell R., Bravo-Osuna I., Andrés-Guerrero V. et al.: 
Prog. Retin. Eye Res., 2014, 42, 27. 
https://doi.org/10.1016/j.preteyeres.2014.04.002 
[85] Sharma P., Garg S.: Adv. Drug Deliv. Rev., 2010, 62, 491. 
https://doi.org/10.1016/j.addr.2009.11.019 
[86] Cheng R., Meng F., Deng C. et al.: Biomaterials, 2013, 34, 3647. 
https://doi.org/10.1016/j.biomaterials.2013.01.084 
[87] Xu W., Ling P., Zhang T.: J. Drug Deliv., 2013, 2013, 340315. 
https://doi.org/10.1155/2013/340315.  
[88] Seyednejad H., Ghassemi A., van Nostrum C. et al.: J. Control. 
Release, 2011, 152, 68. https://doi.org/10.1016/j.jconrel.2010.12.016 
[89] Cameron D., Shaver M.: Chem. Soc. Rev., 2011, 40, 1761. 
https://doi.org/10.1039/C0CS00091D 
[90] Aliabadi H., Landry B., Mahdipoor P. et al.: Eur. J. Pharm. 
Biopharm., 2012, 81, 33. https://doi.org/10.1016/j.ejpb.2012.01.011 
[91] Shen J., Choi S., Qu W. et al.: J. Control. Release, 2015, 218, 2. 
https://doi.org/10.1016/j.jconrel.2015.09.051 
[92] Grumezescu V., Socol G., Grumezescu A. et al.: Appl. Surf. Sci., 
2014, 302, 262. https://doi.org/10.1016/j.apsusc.2013.09.081 
[93] Jain A., Kunduru K., Basu A. et al.: Adv. Drug Deliv. Rev., 
2016, 107, 213. https://doi.org/10.1016/j.addr.2016.07.002 
[94] Park J-H., Han C-M., Lee E-J., Kim H-W.: Mater. Lett., 2016, 
181, 92. https://doi.org/10.1016/j.matlet.2016.06.020 
[95] Pereira E., Cerruti R., Fernandes E. et al.: PolÃ-Meros., 2016, 26, 
137. https://doi.org/10.1590/0104-1428.2323 
[96] Blumenthal P., Manickam S., Espadas C., Rajadas J.: 69th 
American Society for Reproductive Medicine (ASRM) Annual 
Meeting, USA, Boston, Oct. 12-17, 2013, 316.  
[97] Park K.: 30th Anniv. Spec. Issue, 2014, 190, 3. 
https://doi.org/10.1016/j.jconrel.2014.03.054 
[98] Gigli M., Fabbri M., Lotti N. et al.: Eur. Polym. J., 2016, 75, 431. 
https://doi.org/10.1016/j.eurpolymj.2016.01.016 
[99] Cho H., Lai T., Kwon G.: J. Control. Release, 2013, 166, 1. 
https://doi.org/10.1016/j.jconrel.2012.12.005 
[100] Zhu Z., Xie C., Liu Q. et al.: Biomaterials, 2011, 32, 9525. 
https://doi.org/10.1016/j.biomaterials.2011.08.072 
[101] Dash T., Konkimalla V.: J. Control. Release, 2012, 158, 15. 
https://doi.org/10.1016/j.jconrel.2011.09.064 
[102] Grage K., Jahns A., Parlane N. et al.: Biomacromolecules, 2009, 
10, 660. https://doi.org/10.1021/bm801394s 
[103] Shah M., Naseer M., Choi M. et al.: Int. J. Pharm., 2010, 400, 
165. https://doi.org/10.1016/j.ijpharm.2010.08.008 
[104] Xiong Y-C., Yao Y-C., Zhan X-Y., Chen G-Q.: J. Biomater. 
Sci. Polym. Edn., 2010, 21, 127. 
https://doi.org/10.1163/156856209X410283 
[105] Shrivastav A., Kim H-Y., Kim Y-R.: BioMed Res. Int., 2013, 
2013, 581684. https://doi.org/10.1155/2013/581684. 
[106] Akaraonye E., Keshavarz T., Roy I.: J. Chem. Technol. 
Biotechnol., 2010, 85, 732. https://doi.org/10.1002/jctb.2392 
[107] Chanprateep S.: J. Biosci. Bioeng., 2010, 110, 621. 
https://doi.org/10.1016/j.jbiosc.2010.07.014 
[108] Murase S., Aymat M., Calvet A. et. al.: Eur. Polym. J., 2015, 
71, 196. https://doi.org/10.1016/j.eurpolymj.2015.07.047 
[109] Nugroho P., Mitomo H., Yoshii F. et. al.: Macromol. Mater. 
Eng., 2001, 286, 316. https://doi.org/10.1002/1439-
2054(20010501)286:5<316::AID-MAME316>3.0.CO;2-N 
[110] Hwang S., Yoo E., Im S.: Polym. J., 2012, 44, 1179. 
https://doi.org/10.1038/pj.2012.157 



Renata Cerruti da Costa et al. 

 

484 

[111] Zhou X-M.: Mater. Sci. Eng. C, 2012, 32, 2459. 
https://doi.org/10.1016/j.msec.2012.07.025 
[112] Llorens E., Ibañez H., del Valle L., Puiggalí J.: Mater. Sci. Eng. 
C, 2015, 49, 472. https://doi.org/10.1016/j.msec.2015.01.039 
[113] Zhao J., Wang X., Zeng J. et al.: J. Appl. Polym. Sci., 2005, 97, 
2273. https://doi.org/10.1002/app.22009 
[114] Xu J., Guo B.: Biotechnol. J., 2010, 5, 1149. 
https://doi.org/10.1002/biot.201000136 
[115] Ferreira L., Moreira A., Pinto J., de Souza F.: Polym. Eng. Sci., 
2015, 55, 1889. https://doi.org/10.1002/pen.24029 
[116] Cho K., Lee J., Kwon K.: J. Appl. Polym. Sci., 2001, 79, 1025. 
https://doi.org/10.1002/1097-4628(20010207)79:6<1025::AID-
APP50>3.0.CO;2-7 
[117] Gualandi C., Soccio M., Saino E. et al.: Soft Matter., 2012, 8, 
5466. https://doi.org/10.1039/c2sm25308a 
[118] Wang J., Ng C., Win K. et al.: J. Microencapsul., 2003, 20, 317. 
https://doi.org/10.3109/02652040309178072 
[119] Bahari K., Mitomo H., Enjoji T. et al.: Polym. Degrad. Stab., 
1998, 62, 551. https://doi.org/10.1016/S0141-3910(98)00041-X 
[120] Wu S., Zheng L., Li C. et al.: Polym. Chem., 2015, 6, 1495. 
https://doi.org/10.1039/C4PY01305K 
[121] Deepthi S., Viha C., Thitirat C. et al.: Polymers, 2014, 6, 2974. 
https://doi.org/10.3390/polym6122974 
[122] Costa-Pinto A., Correlo V., Sol P. et al.: J. Tissue Eng. Regen. 
Med., 2012, 6, 21. https://doi.org/10.1002/term.391 
[123] Niu Y., Cao L., Wei J. et al.: J. Mater. Chem. B, 2014, 2, 1174. 
https://doi.org/10.1039/c3tb21371d 
[124] Sutthiphong S., Pavasant P., Supaphol P.: Polymer, 2009, 50, 
1548. https://doi.org/10.1016/j.polymer.2009.01.042 
[125] Wang H., Ji J., Zhang W. et al.: Acta Biomater., 2010, 6, 154. 
https://doi.org/10.1016/j.actbio.2009.07.026 
[126] Wang H., Wang S., Liao Z. et al.: Int. J. Pharm., 2012, 430, 342. 
https://doi.org/10.1016/j.ijpharm.2012.04.009 
[127] Wang H., Chang X., Qiu G. et al.: Int. J. Polym. Sci., 2014, 
2014, 153453. https://doi.org/10.1155/2014/153453 
[128] Shishatskaya E., Goreva A., Kalacheva G., Volova T.: J. 
Biomater. Sci. Polym. Edn., 2011, 22, 2185. 
https://doi.org/10.1163/092050610X537138 
[129] Mitra A., Wu Y.: Recent Pat. Drug Deliv. Formul., 2010, 4, 94. 
https://doi.org/10.2174/187221110791185024 
[130] Kim S., Lim C-K., Na J. et al.: Chem. Commun., 2010, 46, 
1617. https://doi.org/10.1039/b923309a 
[131] deYoung M., MacConell L., Sarin V. et al.: Diabetes Technol. 
Ther., 2011, 13, 1145. https://doi.org/10.1089/dia.2011.0050 
[132] Nguyen M., Lee D.: Macromol. Biosci., 2010, 10, 563. 
https://doi.org/10.1002/mabi.200900402 
[133] Markovsky E., Baabur-Cohen H., Eldar-Boock A. et al.: J. 
Control. Release, 2012, 161, 446. 
https://doi.org/10.1016/j.jconrel.2011.12.021 
[134] Sakata N., Aoki T., Yoshimatsu G. et al.: Diabetes Metab. Res. 
Rev., 2014, 30, 1. https://doi.org/10.1002/dmrr.2463 
[135] Tian X., Wei F., Wang T. et al.: Mater. Lett., 2012, 68, 94. 
https://doi.org/10.1016/j.matlet.2011.10.042 
[136] Zhao X., Yao Y., Tian K. et al.: Eur. J. Pharm. Biopharm., 
2016, 108, 91. https://doi.org/10.1016/j.ejpb.2016.08.018 
[137] Jevševar S., Kunstelj M., Porekar V.: Biotechnol. J., 2010, 5, 
113. https://doi.org/10.1002/biot.200900218 
[138] Gautier J., Munnier E., Paillard A. et al.: Int. J. Pharm., 2012, 
423, 16. https://doi.org/10.1016/j.ijpharm.2011.06.010 
[139] Pasut G., Veronese F.: J. Control. Release, 2012, 161, 461. 
https://doi.org/10.1016/j.jconrel.2011.10.037 
[140] Milla P., Dosio F., Cattel L.: Curr. Drug Metab., 2012, 13, 105. 
https://doi.org/10.2174/138920012798356934 
[141] Valente I., Celasco E., Marchisio D., Barresi A.: Chem. Eng. 
Sci., 2012, 77, 217. https://doi.org/10.1016/j.ces.2012.02.050 

[142] Zhao P., Wang H., Yu M. et al.: Eur. J. Pharm. Biopharm., 
2012, 81, 248. https://doi.org/10.1016/j.ejpb.2012.03.004 
[143] Ogawara K., Furumoto K., Nagayama S. et al.: J. Control. 
Release, 2004, 100, 451. https://doi.org/10.1016/j.jconrel.2004.07.028 
[144] Lu Y., Low P.: Adv. Drug Deliv. Rev., 2002, 54, 675.. 
[145] Kost J., Langer R.: Adv. Drug Deliv. Rev., 2012, 64, 327. 
[146] Elzoghby A., Samy W., Elgindy N.: J. Control. Release, 2012, 
157, 168. https://doi.org/10.1016/j.jconrel.2011.07.031 
[147] Gormley A., Larson N., Sadekar S. et al.: Nano Today, 2012, 7, 
158. https://doi.org/10.1016/j.nantod.2012.04.002 
[148] Liu Y., Li K., Pan J. et al.: Biomaterials, 2010, 31, 330. 
https://doi.org/10.1016/j.biomaterials.2009.09.036 
[149] Fredholm B.: Exp. Cell Res., 2010, 316, 1284. 
https://doi.org/10.1016/j.yexcr.2010.02.004 
[150] Kataoka K., Harada A., Nagasaki Y.: Nanopart. Syst. Improv. 
Drug Deliv., 2001, 47, 113. https://doi.org/10.1016/S0169-
409X(00)00124-1 
[151] Nishiyama N., Cabral H., Kataoka K.: Micellar Structures as 
Drug Delivery Systems. [in:] Kratz F., Senter P., Steinhagen H. (Eds.) 
Drug Delivery in Oncology: From Basic Research to Cancer Therapy. 
Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim 2011, 1051–69. 
https://doi.org/10.1002/9783527634057.ch32 
[152] Na X-M., Gao F., Zhang L-Y. et al.: ACS Macro Lett., 2012, 1, 
697. https://doi.org/10.1021/mz200222d 
[153] Singh M., Hemant K., Ram M., Shivakumar H.: Res. Pharm. 
Sci., 2011, 5, 65. 
[154] Szabó T., Molnár-Nagy L., Bognár J. et al.: Prog. Org. Coat., 
2011, 72, 52. https://doi.org/10.1016/j.porgcoat.2011.03.014 
[155] Nordstierna L., Abdalla A., Nordin M., Nydén M.: Prog. Org. 
Coat., 2010, 69, 49. https://doi.org/10.1016/j.porgcoat.2010.05.003 
[156] Torchilin V.: J. Control. Release, 2001, 73, 137. 
https://doi.org/10.1016/S0168-3659(01)00299-1 
[157] Zhang Y., Wei W., Lv P. et al.: Eur. J. Pharm. Biopharm., 2011, 
77, 11. https://doi.org/10.1016/j.ejpb.2010.09.016 
[158] Jyothi N., Prasanna P., Sakarkar S. et al.: J. Microencapsul., 
2010, 27, 187. https://doi.org/10.3109/02652040903131301 
[159] Chang M-W., Stride E., Edirisinghe M.: Langmuir, 2010, 26, 
5115. https://doi.org/10.1021/la903592s 
[160] Ma Y., Zhang Y., Zhao M. et al.: Chem. Commun., 2012, 48, 
6217. https://doi.org/10.1039/c2cc31932b 
[161] Mitragotri S., Burke P., Langer R.: Nat. Rev. Drug Discov., 
2014, 13, 655. https://doi.org/10.1038/nrd4363 
[162] Patel B., Gupta V., Ahsan F.: J. Control. Release, 2012, 162, 
310. https://doi.org/10.1016/j.jconrel.2012.07.003 
[163] Natu M., de Sousa H., Gil M.: Int. J. Pharm., 2010, 397, 50. 
https://doi.org/10.1016/j.ijpharm.2010.06.045 
[164] Nguyen T., Ghosh C., Hwang S-G. et al.: Int. J. Pharm., 2012, 
439, 296. https://doi.org/10.1016/j.ijpharm.2012.09.019 
[165] Kang X., Cheng Z., Yang D. et al.: Adv. Funct. Mater., 2012, 
22, 1470. https://doi.org/10.1002/adfm.201102746 
[166] Berchane N., Carson K., Rice-Ficht A., Andrews M.: Int. J. 
Pharm., 2007, 337, 118. https://doi.org/10.1016/j.ijpharm.2006.12.037 
[167] Kobiasi M., Chua B., Tonkin D. et al.: J. Biomed. Mater. Res. 
A, 2012, 100A, 1859. https://doi.org/10.1002/jbm.a.34153 
[168] Arnida, Janát-Amsbury M., Ray A. et al.: Eur. J. Pharm. 
Biopharm., 2011, 77, 417. https://doi.org/10.1016/j.ejpb.2010.11.010 
[169] Silva M., Winkler Hechenleitner A., de Oliveira D. et al.: Eur. J. 
Pharm. Sci., 2013, 49, 343. https://doi.org/10.1016/j.ejps.2013.04.006 
[170] Mout R., Moyano D., Rana S., Rotello V.: Chem. Soc. Rev. 
2012, 41, 2539. https://doi.org/10.1039/c2cs15294k 
[171] Du J-Z., Du X-J., Mao C-Q., Wang J.: J. Am. Chem. Soc., 
2011, 133, 17560. https://doi.org/10.1021/ja207150n 
[172] Tabatabaei Rezaei S., Nabid M., Niknejad H., Entezami A.: 
Polymer, 2012, 53, 3485. 
https://doi.org/10.1016/j.polymer.2012.05.056 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

485 

[173] Choi K., Chung H., Min K. et al.: Biomaterials, 2010, 31, 106. 
https://doi.org/10.1016/j.biomaterials.2009.09.030 
[174] Yoo J-W., Doshi N., Mitragotri S.: Adv. Drug Deliv. Rev., 
2011, 63, 1247. https://doi.org/10.1016/j.addr.2011.05.004 
[175] Sharma G., Valenta D., Altman Y. et al.: J. Control. Release, 
2010, 147, 408. https://doi.org/10.1016/j.jconrel.2010.07.116 
[176] Venkataraman S., Hedrick J., Ong Z. et al.: Adv. Drug Deliv. 
Rev., 2011, 63, 1228. https://doi.org/10.1016/j.addr.2011.06.016 
[177] Champion J., Katare Y., Mitragotri S.: J. Control. Release, 
2007, 121, 3. https://doi.org/10.1016/j.jconrel.2007.03.022 
[178] Tomic I., Vidis-Millward A., Mueller-Zsigmondy M., Cardot J-
M.: Int. J. Pharm., 2016, 505, 42. 
https://doi.org/10.1016/j.ijpharm.2016.03.048 
[179] Brunner C., Baran E., Pinho E. et al.: Colloids Surf. B, 2011, 84, 
498. https://doi.org/10.1016/j.colsurfb.2011.02.005 
[180] Dalmoro A., Lamberti G., Titomanlio G. et al.: AAPS Pharm. Sci. 
Tech., 2010, 11, 1500. https://doi.org/10.1208/s12249-010-9528-3 
[181] Ma G.: J. Control. Release, 2014, 193, 324. 
https://doi.org/10.1016/j.jconrel.2014.09.003 
[182] Tonon R., Grosso C., Hubinger M.: Food Res. Int., 2011, 44, 
282. https://doi.org/10.1016/j.foodres.2010.10.018 
[183] Rokka S., Rantamäki P.: Eur. Food Res. Technol., 2010, 231, 1. 
https://doi.org/10.1007/s00217-010-1246-2 
[184] Bosnea L., Moschakis T., Biliaderis C.: Food Bioprocess. 
Technol., 2014, 7, 2767. https://doi.org/10.1007/s11947-014-1317-7 
[185] Li M., Rouaud O., Poncelet D.: Int. J. Pharm., 2008, 363, 26. 
https://doi.org/10.1016/j.ijpharm.2008.07.018 
[186] Delgado M., Lázaro A., Mazo J., Zalba B.: Renew Sustain 
Energy Rev., 2012, 16, 253. https://doi.org/10.1016/j.rser.2011.07.152 
[187] Zhu M., Shi J., He Q. et al.: J. Mater. Sci., 2012, 47, 2256. 
https://doi.org/10.1007/s10853-011-6037-z 
[188] Lee S., McClements D.: Food Hydrocoll., 2010, 24, 560. 
https://doi.org/10.1016/j.foodhyd.2010.02.002 
[189] Hung L-H., Teh S-Y., Jester J., Lee A.: Lab. Chip., 2010, 10, 
1820. https://doi.org/10.1039/c002866e 
[190] Staff R., Schaeffel D., Turshatov A. et al.: Small, 2013, 9, 3514. 
https://doi.org/10.1002/smll.201300372 
[191] Webster D., Sundaram P., Byrne M.: Eur. J. Pharm. Biopharm., 
2013, 84, 1. https://doi.org/10.1016/j.ejpb.2012.12.009 
[192] Nath S., Son S., Sadiasa A. et al.: Int. J. Pharm., 2013, 443, 87. 
https://doi.org/10.1016/j.ijpharm.2012.12.037 
[193] Hao S., Wang Y., Wang B. et al.: Mater. Sci. Eng. C, 2013, 33, 
4562. https://doi.org/10.1016/j.msec.2013.07.009 
[194] Lee Y-H., Mei F., Bai M-Y. et al.: J. Control. Release, 2010, 
145, 58. https://doi.org/10.1016/j.jconrel.2010.03.014 
[195] Patil Y., Swaminathan S., Sadhukha T. et al.: Biomaterials, 
2010, 31, 358. https://doi.org/10.1016/j.biomaterials.2009.09.048 
[196] Sridhar R., Ramakrishna S.: Biomatter., 2013, 3, e24281. 
https://doi.org/10.4161/biom.24281. 
[197] Almería B., Fahmy T., Gomez A.: J. Control. Release, 2011, 
154, 203. https://doi.org/10.1016/j.jconrel.2011.05.018 
[198] Almería B., Deng W., Fahmy T., Gomez A.: J. Colloid Interf. 
Sci., 2010, 343, 125. https://doi.org/10.1016/j.jcis.2009.10.002 
[199] Almería B., Gomez A.: J. Colloid Interf. Sci., 2014, 417, 121. 
https://doi.org/10.1016/j.jcis.2013.11.037 
[200] Bock N., Woodruff M., Hutmacher D., Dargaville T.: Polymers, 
2011, 3, 131. https://doi.org/10.3390/polym3010131 
[201] Malik S., Ng W., Bowen J. et al.: J. Colloid Interf. Sci., 2016, 
467, 220. https://doi.org/10.1016/j.jcis.2016.01.021 
[202] Gert N., Fabian S., Twan K. ET AL.: Int. J. Pharm., 2016, 499, 
358. https://doi.org/10.1016/j.ijpharm.2016.01.020 
[203] Zhang K., Wu W., Guo K. et al.: Colloid. Surface Physicochem. 
Eng. Asp., 2009 349, 110. 
https://doi.org/10.1016/j.colsurfa.2009.08.005 

[204] Javadzadeh Y., Ahadi F., Davaran S. et al.: Colloid. Surface B, 
2010, 81, 498. https://doi.org/10.1016/j.colsurfb.2010.07.047 
[205] Paillard-Giteau A., Tran V., Thomas O. et al.: Eur. J. Pharm. 
Biopharm., 2010, 75, 128. https://doi.org/10.1016/j.ejpb.2010.03.005 
[206] Luciani A., Coccoli V., Orsi S. et al.: Biomaterials, 2008, 29, 
4800. https://doi.org/10.1016/j.biomaterials.2008.09.007 
[207] Liu X., Kaminski M., Riffle J. et al.: J. Magn. Magn. Mater., 
2007, 311, 84. https://doi.org/10.1016/j.jmmm.2006.10.1170 
[208] Rosca I., Watari F., Uo M.: J. Control. Release, 2004, 99, 271. 
https://doi.org/10.1016/j.jconrel.2004.07.007 
[209] Barichello J., Morishita M., Takayama K., Nagai T.: Drug Dev. 
Ind. Pharm., 1999, 25, 471. https://doi.org/10.1081/DDC-100102197 
[210] Giunchedi P., Conte U., Alpar H.: J. Microencapsul., 1998, 15, 
185. https://doi.org/10.3109/02652049809006848 
[211] Kim C., Ghosh P., Pagliuca C. et al.: J. Am. Chem. Soc., 2009, 
131, 1360. https://doi.org/10.1021/ja808137c 
[212] Wischke C., Schwendeman S.: Int. J. Pharm., 2008, 364, 298. 
https://doi.org/10.1016/j.ijpharm.2008.04.042 
[213] Lee T., Wang J., Wang C.: J. Control. Release, 2002, 83, 437. 
https://doi.org/10.1016/S0168-3659(02)00235-3 
[214] Pinon-Segundo E., Nava-Arzaluz M., Lechuga-Ballesteros D.: 
Recent Pat. Drug Deliv. Formul., 2012 6, 224. 
https://doi.org/10.2174/187221112802652606 
[215] Lee S., McClements D.: Food Hydrocoll., 2010, 24, 560. 
https://doi.org/10.1016/j.foodhyd.2010.02.002 
[216] Ayoub M., Ahmed N., Kalaji N. et al.: J. Biomed. 
Nanotechnol., 2011, 7, 255. https://doi.org/10.1166/jbn.2011.1279 
[217] Medeiros A., Machado F., Rubim J., McKenna T.: J. Polym. 
Sci. A, 2017, 55, 1422. https://doi.org/10.1002/pola.28511 
[218] Machado F., Lima E., Pinto J.: Polym. Eng. Sci., 2010, 50, 697. 
https://doi.org/10.1002/pen.21572 
[219] Araujo R., Ferreira G., Segura T. et al.: Eur. Polym. J., 2015, 68, 
441. https://doi.org/10.1016/j.eurpolymj.2015.05.015 
[220] Jensen A., Sayer C., Araújo P., Machado F.: Eur. J. Lipid Sci. 
Technol., 2014, 116, 37. https://doi.org/10.1002/ejlt.201300212 
[221] Jensen A., de Oliveira A., Gonçalves S. et al.: J Appl Polym Sci. 
2016, 133. https://doi.org/10.1002/app.44129 
[222] Neves J., Valadares L., Machado F.: Curr. Appl. Polym. Sci., 
2017, 1, 79. https://doi.org/10.2174/2452271601666170221124329 
[223] Soares M., Machado F., Guimarães A. et al.: Polym. Eng. Sci., 
2011, 51, 1919. https://doi.org/10.1002/pen.22002 
[224] Freitas S., Merkle H., Gander B.: J. Control. Release, 2005, 102, 
313. https://doi.org/10.1016/j.jconrel.2004.10.015 
[225] Machado F., Lima E., Pinto J.: Polímeros, 2007, 17, 166. 
https://doi.org/10.1590/S0104-14282007000200016 
[226] Peng Z., Li S., Han X. et al.: Anal. Chim. Acta, 2016, 937, 113. 
https://doi.org/10.1016/j.aca.2016.08.014 
[227] Ramazani F., Chen W., van Nostrum C. et al.: Int. J. Pharm., 
2016, 499, 358. https://doi.org/10.1016/j.ijpharm.2016.01.020 
[228] Katou H., Wandrey A., Gander B.: Int. J. Pharm., 2008, 364, 45. 
https://doi.org/10.1016/j.ijpharm.2008.08.015 
[229] Qi F., Wu J., Fan Q. et al.: Colloid. Surface B, 2013, 112, 492. 
https://doi.org/10.1016/j.colsurfb.2013.08.048 
[230] Yunoki A., Tsuchiya E., Fukui Y. et al.: ACS Appl. Mater. 
Interfaces, 2014, 6, 11973. https://doi.org/10.1021/am503030c 
[231] Park S., Lee Y., Hong S.: Colloid. Surface B, 2006, 47, 211. 
https://doi.org/10.1016/j.colsurfb.2005.12.001 
[232] Crucho C., Barros M.: Polymer, 2015, 68, 41. 
https://doi.org/10.1016/j.polymer.2015.04.083 
[233] Ruger M., Hohmann S., Sommerfeld M., Kohnen G.: At. 
Sprays, 2000, 10, 30. https://doi.org/10.1615/AtomizSpr.v10.i1.30 
[234] Faure A., York P., Rowe R.: Eur. J. Pharm. Biopharm., 2001, 
52, 269. https://doi.org/10.1016/S0939-6411(01)00184-9 
[235] Zastre J., Jackson J., Burt H.: Pharm. Res., 2004, 21, 1489. 
https://doi.org/10.1023/B:PHAM.0000036925.45002.a2 



Renata Cerruti da Costa et al. 

 

486 

[236] Huang P., Wang D., Su Y. et al.: J. Am. Chem. Soc., 2014, 136, 
11748. https://doi.org/10.1021/ja505212y 
[237] Djordjevic L., Primorac M., Stupar M., Krajisnik D.: Int. J. 
Pharm., 2004, 271, 11. https://doi.org/10.1016/j.ijpharm.2003.10.037 
[238] Mayya K., Bhattacharyya A., Argillier J-F.: Polym. Int., 2003, 
52, 644. https://doi.org/10.1002/pi.1125 
[239] Wang X., Danoff E., Sinkov N. et al.: Langmuir, 2006, 22, 
6461. https://doi.org/10.1021/la0605135 
[240] Uchegbu I., Vyas S.: Int. J. Pharm., 1998, 172, 33. 
https://doi.org/10.1016/S0378-5173(98)00169-0 
[241] Rosa G., Iommelli R., La Rotonda M. et al.: J. Control. Release, 
2000, 69, 283. https://doi.org/10.1016/S0168-3659(00)00315-1 
[242] Yeo Y., Park K.: Arch. Pharm. Res., 2004, 27, 1. 
https://doi.org/10.1007/BF02980037 
[243] Zhang Y., Wischke C., Mittal S. et al.: Mol. Pharm., 2016, 13, 
2622. https://doi.org/10.1021/acs.molpharmaceut.5b00961 
[244] Jagdale S., Pawar S.: Adv. Pharm. Bull., 2017, 7, 229. 
https://doi.org/10.15171/apb.2017.028 
[245] Haider M., Ranjha N., Bakht M. et al.: Lat. Am. J. Pharm., 
2017, 36, 281. 
[246] Calderó G., Montes R., Llinàs M. et al.: Colloid. Surface B, 
2016, 145, 922. https://doi.org/10.1016/j.colsurfb.2016.06.013 
[247] Marto J., Gouveia L., Jorge I. et al.: Colloid Surface B, 2015, 
135, 183. https://doi.org/10.1016/j.colsurfb.2015.07.024 
[248] Bulut E.: Artif. Cells Nanomed. Biotechnol., 2016, 44, 1482. 
https://doi.org/10.3109/21691401.2015.1042109 
[249] Yi T., Liu C., Zhang J. et al.: Eur. J. Pharm. Sci., 2017, 96, 420. 
https://doi.org/10.1016/j.ejps.2016.08.047 
[250] Monaco G., Cholas R., Salvatore L. et al.: Mater. Sci. Eng. C., 
2017, 71, 335. https://doi.org/10.1016/j.msec.2016.10.030 
[251] Lyons D., Mendenhall S., Neumeister M. et al.: Plast. Reconstr. 
Surg. Glob. Open, 2016, 4, e823. 
https://doi.org/10.1097/GOX.0000000000000819 
[252] Sakar F., Özer A., Erdogan S. et al.: Pharm. Dev. Technol., 
2017, 22, 775. https://doi.org/10.3109/10837450.2016.1163393 
[253] Yaman A.: Curr. Opin. Drug Discov. Devel., 2001, 4, 760. 
[254] Sommerfeld P., Schroeder U., Sabel B.: Int. J. Pharm., 1998, 
164, 113. https://doi.org/10.1016/S0378-5173(97)00394-3 
[255] Kroeze R., Helder M., Roos W. et al.: Acta Biomater., 2010, 6, 
2060. https://doi.org/10.1016/j.actbio.2009.11.022 
[256] Mendes G., Brandão T., Silva C.: Am. J. Infect. Control., 2007, 
35, 574. https://doi.org/10.1016/j.ajic.2006.10.014 
[257] Zajko Š., Klimant I.: Sensor. Actuat. B-Chem., 2013, 177, 86. 
https://doi.org/10.1016/j.snb.2012.10.040 
[258] Savaris M., Carvalho G., Falavigna A. et al.: Mater. Res., 2016, 
19, 807. https://doi.org/10.1590/1980-5373-MR-2015-0200 
[259] Wilson A., Nayak S.: Anesth. Intense. Care Medicine, 2016, 17, 
475. http://dx.doi.org/10.1016/j.mpaic.2016.07.002 
[260] Rediguieri C., Sassonia R., Dua K. et al.: Eur. Polym. J., 2016, 
82, 181. https://doi.org/10.1016/j.eurpolymj.2016.07.016 
[261] Uguz I., Ganji M., Hama A. et al.: Adv. Healthc. Mater., 2016, 
5, 3094. https://doi.org/10.1002/adhm.201600870 
[262] Yilmaz B., L’Homme-Langlois E., Beck F.M, McGlumphy E.: 
J. Prosthet. Dent., 2016, 115, 718. 
https://doi.org/10.1016/j.prosdent.2015.11.001 
[263] Rogers W.: Steam and Dry Heat Sterilization of Biomaterials 
and Medical Devices. [in:] Lerouge S., Simmons A. (Eds.), 
Sterilisation of Biomaterials and Medical Devices. Woodhead 
Publishing, Cambridge 2012, 20-55. 
[264] Rogers W.: Sterilisation Techniques for Polymers. [in:] Lerouge 
S., Simmons A. (Eds.), Sterilisation of Biomaterials and Medical 
Devices. Woodhead Publishing, Cambridge 2012, 151-211.  
[265] Sandle T.: Sterility, Sterilisation and Sterility Assurance for Phar-
maceuticals. Woodhead Publishing, Cambridge 2013, ch. 7, 93-99. 

[266] Bilensoy E., Hincal A.: Cyclodextrin-Based Nanomaterials in 
Pharmaceutical Field. [in:] Gad S. (Ed.), Pharmaceutical Sciences 
Encyclopedia. John Wiley & Sons Inc., Hoboken 2010, 1-23. 
https://doi.org/10.1002/9780470571224.pse370 
[267] Kotha S., Ramakrishnaiah R., Devang Divakar D. et al. J. 
Investig. Clin. Dent., 2016. https://doi.oeg/10.1111/jicd.12244. 
[268] Godefroid S., Vyver A., Stoffelen P., Vanderborght T.: Plant 
Biosystems, 2017, 151, 1054. 
https://doi.org/10.1080/11263504.2016.1231140 
[269] Sandle T.: Sterility, Sterilisation and Sterility Assurance for Phar-
maceuticals. Woodhead Publishing, Cambridge 2013, ch.10, 143-55. 
[270] Konan Y., Gurny R., Allémann E.: Int. J. Pharm., 2002, 233, 
239. https://doi.org/10.1016/S0378-5173(01)00944-9 
[271] Li L., Mak K., Shi J. et al.: Microelectron. Eng., 2013, 111, 310. 
https://doi.org/10.1016/j.mee.2013.02.021 
[272] Dobrovolskaia M., McNeil S. (Eds.): Handbook of 
Immunological Properties of Engineered Nanomaterials World 
Scientific Publishing Co, New Jersey 2016. 
[273] Rai R., Tallawi M., Roether J. et al.: Mater. Lett., 2013, 105, 32. 
https://doi.org/10.1016/j.matlet.2013.04.024 
[274] Dearth C., Keane T., Carruthers C. et al.: Acta Biomater., 2016, 
33, 78. https://doi.org/10.1016/j.actbio.2016.01.038 
[275] Fan X., Sokorai K., Weidauer A. et al.: Radiat. Phys. Chem., 
2017, 130, 306. https://doi.org/10.1016/j.radphyschem.2016.09.015 
[276] Mrázová H., Koller J., Kubišová K. et al.: Cell Tissue Bank., 
2016, 17, 255. https://doi.org/10.1007/s10561-015-9536-3 
[277] Bhatnagar D., Dube K., Damodaran V. et al.: Macromol. Mater. 
Eng., 2016, 301, 1211. https://doi.org/10.1002/mame.201600133 
[278] Sefat F., McKean R., Deshpande P. et al.: Procedia Eng., 2013, 
59, 101. https://doi.org/10.1016/j.proeng.2013.05.099 
[279] Wang J., Chu L.: Radiat. Phys. Chem., 2016, 125, 56. 
https://doi.org/10.1016/j.radphyschem.2016.03.012 
[280] Zembouai I., Kaci M., Bruzaud S. et al.: Polym. Degrad. Stab., 
2016, 132, 117. 
https://doi.org/10.1016/j.polymdegradstab.2016.03.019 
[281] Suhartini M., Mitomo H., Nagasawa N. et al.: J. Appl. Polym. 
Sci., 2003, 88, 2238. https://doi.org/10.1002/app.11944 
[282] Croonenborghs B., Smith M., Strain P.: Radiat. Phys. Chem., 
2007, 76, 1676. https://doi.org/10.1016/j.radphyschem.2007.01.014 
[283] Memisoglu-Bilensoy E., Hincal A.: Int. J. Pharm., 2006, 311, 
203. https://doi.org/10.1016/j.ijpharm.2005.12.013 
[284] Valente T., Silva D., Gomes P. et al.: ACS Appl. Mater. 
Interfaces, 2016, 8, 3241. https://doi.org/10.1021/acsami.5b10869 
[285] Chmielewski A., Haji-Saeid M., Ahmed S.: Nucl. Instrum. 
Meth B, 2005, 236, 44. https://doi.org/10.1016/j.nimb.2005.03.247 
[286] Ražem D., Katušin-Ražem B.: Radiat. Phys. Chem., 2008, 77, 
288. https://doi.org/10.1016/j.radphyschem.2007.06.006 
[287] Ito H., Islam M.: Radiat. Phys. Chem., 1994, 43, 545. 
https://doi.org/10.1016/0969-806X(94)90165-1 
[288] Loo SCJ, Tan HT, Ooi CP, Boey YCF. Hydrolytic degradation 
of electron beam irradiated high molecular weight and non-irradiated 
moderate molecular weight PLLA. Acta Biomater. 2006;2:287–96. 
https://doi.org/10.1016/j.actbio.2005.10.003 
[289] Cairns M-L., Dickson G., Orr J. et al.: Polym. Degrad. Stab., 
2011, 96, 76. https://doi.org/10.1016/j.polymdegradstab.2010.10.016 
[290] IAEA. Trends in Radiation Sterilization of Health Care 
Products. 2008. http://www-
pub.iaea.org/books/IAEABooks/7691/Trends-in-Radiation-
Sterilization-of-Health-Care-Products. Accessed 4 Sep 2017. 
[291] Mazor E., Zilberman M.: Polym. Adv. Technol., 2017, 28, 565. 
https://doi.org/10.1002/pat.4054  
[292] Ghafoor B., Mehmood M., Shahid U. et al.: Radiat. Phys. 
Chem., 2016, 125, 145. 
https://doi.org/10.1016/j.radphyschem.2016.04.004 



Drug Micro-Carriers Based on Polymers and Their Sterilization 

 

487 

[293] Gaston F., Dupuy N., Marque S. et al.: Radiat. Phys. Chem., 
2016, 125, 115. https://doi.org/10.1016/j.radphyschem.2016.03.010 
[294] Zhao W., Lu Y., Zhou L. et al.: J. Mater. Sci., 2016, 51, 7073. 
https://doi.org/10.1007/s10853-016-9875-x 
[295] Šarac T., Quiévy N., Gusarov A., Konstantinović M.: Radiat. 
Phys. Chem., 2016, 125, 151. 
https://doi.org/10.1016/j.radphyschem.2016.03.024 
[296] Jo S-Y., Park J-S., Gwon H-J. et al.: Radiat. Phys. Chem., 2012, 
81, 846. https://doi.org/10.1016/j.radphyschem.2012.03.013 
[297] Urbanek O., Pierini F., Choińska E. et al.: Polym. Compos., 
2016, https://doi.org/10.1002/pc.24028 
[298] Dai Y., Xia Y., Chen H-B. et al.: J. Bioact. Compat. Polym. 
Biomed. Appl., 2016, 31, 152. 
https://doi.org/10.1177/0883911515598795 
[299] Zembouai I., Kaci M., Bruzaud S. et al.: Polym. Test., 2016, 49, 
29. https://doi.org/10.1016/j.polymertesting.2015.11.003 
[300] Escudero-Castellanos A., Ocampo-García B., Domínguez-
García M. et al.: J. Mater. Sci. Mater. Med., 2016, 27, 176. 
https://doi.org/10.1007/s10856-016-5793-3 
[301] Dai Z., Ronholm J., Tian Y. et al.: J. Tissue Eng., 2016, 7, 
2041731416648810. https://doi.org/10.1177/2041731416648810 
[302] Song C., Yoshii F., Kume T.: J. Macromol. Sci. A, 2001, 38, 
961. https://doi.org/10.1081/MA-100104947 
[303] Song J., Ren M., Song C. et al.: Polym. Int., 2004, 53, 1773. 
https://doi.org/10.1002/pi.1579 
[304] Khan R., Dussault D., Salmieri S. et al.: J. Appl. Polym. Sci., 
2013, 127, 3962. https://doi.org/10.1002/app.37715 
[305] Augustine R., Saha A., Jayachandran V. et al.: Int. J. Polym. 
Mater. Polym. Biomater., 2015, 4, 526. 
https://doi.org/10.1080/00914037.2014.977900 
[306] Luk J., Cooper-White J., Rintoul L. et al.: J. Mater. Chem. B, 
2013, 1, 4171. https://doi.org/10.1039/c3tb20267d 
[307] Jeong J-O., Jeong S., Shin Y. et al.: Polym. Korea, 2015, 39, 
418. https://doi.org/10.7317/pk.2015.39.3.418 
[308] Keles H., Naylor A., Clegg F., Sammon C.: Polym. Degrad. 
Stab., 2015, 119, 228. 
https://doi.org/10.1016/j.polymdegradstab.2015.04.025 
[309] Martı́nez-Sancho C., Herrero-Vanrell R., Negro S.: J. Control. 
Release, 2004, 99, 41. https://doi.org/10.1016/j.jconrel.2004.06.004 
[310] Simpson M., Gilmore B., Miller A. et al.: Rad. Phys. Chem., 
2014, 94, 211. https://doi.org/10.1016/j.radphyschem.2013.09.002 
[311] Chakoli A., He J., Chayjan M. et al.: RSC Adv., 2015, 5, 55544. 
https://doi.org/10.1039/C5RA08319B 
[312] Shahabi S., Najafi F., Majdabadi A. et al.: Sci. World J., 2014, 
2014, e420616. https://doi.org/10.1155/2014/420616 
[313] Oliveira L., Araujo P., Araujo E.: Mater. Res., 2013, 16, 195. 
https://doi.org/10.1590/S1516-14392012005000173 
[314] Khalil A., Albachir M., Odeh A.: Polycycl. Aromat. Compd., 
2016, 36, 873. https://doi.org/10.1080/10406638.2015.1042551 
[315] Liu Y., Zhai Y., Cao W. et al.: MATEC Web Conf., 2016, 67, 
01004. https://doi.org/10.1051/matecconf/20166701004 

[316] Igartua M., Hernández R., Rosas J. et al.: Eur. J. Pharm. 
Biopharm., 2008, 69, 519. https://doi.org/10.1016/j.ejpb.2007.12.014 
[317] Desai K-GH., Kadous S., Schwendeman S.: Pharm. Res., 2013, 
30, 1768. https://doi.org/10.1007/s11095-013-1019-2 
[318] Fernandes-Cunha G., Rezende C., Mussel W. et al: J. Mater. 
Sci. Mater. Med., 2016, 27, 10. https://doi.org/10.1007/s10856-015-
5621-1 
[319] Bozdag S., Su H.: Il. Farm., 2002, 57, 55. 
https://doi.org/10.1016/S0014-827X(01)01171-5 
[320] Ninaya Z., Hamid Z., Ahmad Z. et al.: Procedia Chem., 2016, 
19, 373. https://doi.org/10.1016/j.proche.2016.03.026 
[321] Erdemli Ö., Usanmaz A., Keskin D., Tezcaner A.: Colloid. 
Surface B, 2014, 117, 487. 
https://doi.org/10.1016/j.colsurfb.2014.01.037 
[322] Keles H., Naylor A., Clegg F., Sammon C.: Vib. Spectrosc., 
2014, 71, 76. https://doi.org/10.1016/j.vibspec.2014.01.012 
[323] Thomarayil Mathew S., Devi Subbiah G., Viswanadhan 
Vasantha P., Balan V.: Curr. Drug Deliv., 2013, 10, 158. 
https://doi.org/10.2174/1567201811310020002 
[324] Mohanan D., Gander B., Kündig T., Johansen P.: Eur. J. Pharm. 
Biopharm., 2012, 80, 274. https://doi.org/10.1016/j.ejpb.2011.10.007 
[325] Sarigöl E., Pehlivan S., Ekizoğlu M. et al.: Pharm. Dev. 
Technol., 2017, 22, 706. 
https://doi.org/10.3109/10837450.2015.1102280 
[326] Checa-Casalengua P., Jiang C., Bravo-Osuna I. et al.: Int. J. 
Pharm., 2012, 436, 545. https://doi.org/10.1016/j.ijpharm.2012.07.019 
[327] Erdemli Ö., Keskin D., Tezcaner A.: Mater. Sci. Eng. C, 2015, 
48, 391. https://doi.org/10.1016/j.msec.2014.12.044 
[328] Dorati R., Genta I., Montanari L. et al.: J. Control. Release, 
2005, 107, 78. https://doi.org/10.1016/j.jconrel.2005.05.029 
[329] Igartua M., Hernández R., Rosas J. et al.: Eur. J. Pharm. 
Biopharm., 2008, 69, 519. https://doi.org/10.1016/j.ejpb.2007.12.014 
[330] Selmin F., Puoci F., Parisi O. et al.: J. Funct. Biomater., 2015, 6, 
1. https://doi.org/10.3390/jfb6010001 
[331] Rajawat G., Shinde U., Nair H.: J. Drug Deliv. Sci. Technol., 
2016, 35, 333. https://doi.org/10.1016/j.jddst.2016.08.006 

 
Received: September 11, 2017 / Revised: September 22, 2017 / 

Accepted: October 29, 2017 
 
МІКРО-НОСІЇ ЛІКАРСЬКИХ ЗАСОБІВ  

НА ОСНОВІ ПОЛІМЕРІВ ТА ЇХ СТЕРІЛІЗАЦІЯ 
 
Анотація. Розглянуто основні аспекти виробництва 

біодеградуючих мікросфер, оптимізація параметрів процесу 
інкапсуляції лікарських засобів, методи стерилізації полімерних 
систем та вплив γ-опромінення на мікрочастинки. 
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доставки лікарських засобів, мікрочастинки, стерилізація, 
хімічне модифікування. 

 


