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Introduction 
Nowadays the attention of the scientists of all over the world is concentrated 

on obtaining the materials with given properties which can be achieved by 
designing the objects in nano-level. Construction of the materials in nano-level 
allows to improve their properties significantly and/or to change them 
dramatically. It gives opportunity to take control over the object’s or system’s 
behavior changing its property by alteration of one of the parameters of the system.  

Nanotechnologies or so called nanostructured materials with desired 
properties are involved in all branches of science and technology. They are of great 
significance in medicine and pharmacy. At present one of the top-priority tasks of 
modern pharmaceutical industry is the creation of drug with nearly “ideal” 
properties, i.e. the drug which can selectively affect on assigned place causing no 
damage on healthy organs and tissues and avoiding toxic effects of drug on 
organism in general. At present time about one forth of world sales volume of 
drugs occupy preparations with improved delivery properties. Among the widely 
used controlled drug release systems colloidal drug delivery systems such as 
polymeric nanoparticles and nanocapsules have gained special attention [1]. The 
number of investigations devoted to the preparation and use of colloidal drug 
delivery systems on the basis of polymers has grown tremendously within the past 
three decades [1,2]. When using polymeric nanoparticles and/or nanocapsules the 
efficiency of active substances was proved to increase considerably in comparison 
with free drugs [1-14].  

The main idea of using colloidal drug delivery systems is based on three 
tasks: a) efficient encapsulation of the drug, b) targeted delivery of the drug to the 
organ or tissue of the body, and c) controlled release of the drug there. While 
circulating of polymeric nanocarriers in the organism biologically active substance 
contained in it is protected from inactivation, and the effect of drug is prolonged. 
Besides drug delivery systems on polymer basis offer following benefits: the 
possibility of incorporation of poorly-water soluble compounds, control of 
accumulation of the drug in different organs and tissues depending on particle size, 
considerable decrease of the amount of drug needed for treatment. Therefore the 
work out of drug forms with sustained or controlled drug release on polymer basis 
is of current interest.  

The task of creation of polymeric nanoparticles and nanocapsules is 
especially important in a treatment of diseases which require intensive and long-
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term therapy with high dosage of drugs. The problems of chemotherapy of tumor 
diseases and tuberculosis nowadays have taken global scale. The use of potent 
drugs for a long period of time often leads to expressed side reactions (toxic and 
allergic effects) thus considerably decreasing the treatment efficacy. Polymeric 
nanoparticles and nanocapsules are used in targeted drug delivery into the site of 
inflammation such as tumors and tuberculosis [1-28], therefore developing of 
novel forms of drugs for the delivery of antituberculosis and antitumor 
preparations on the basis of well-known biocompatible polymers would help to 
increase essentially the efficacy of chemotherapy of such diseases.     
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Chapter 1. Overview on controlled drug release systems 
Abstract  
Controlled release of drugs at the locus of the targeted disease is one of the 

most challenging research areas in the pharmaceutical field. Nowadays novel drug 
delivery systems on the basis of polymers are attracting great attention since they 
can improve therapeutic efficiency of potent drug preparations decreasing the risk 
of side effects. By developing colloidal drug delivery systems such as 
liposomes/vesicles and polymeric nanoparticles and nanocapsules the 
pharmacokinetics of the drug can be changed and thus the therapeutic efficiency of 
the drug can be increased. Nanoparticles with their special characteristics such as 
small particle size, large surface area and high capacity of carrying biologically 
active substances offer a number of advantages compared to other colloidal drug 
delivery systems [1,2].  

Controlled drug release systems are constructed on the basis of natural and 
biocompatible synthetic polymers. In this regard, polymers to be used for the 
creation of drug delivery systems are briefly considered in this chapter. Among the 
most promising biocompatible synthetic polymers polyalkyl cyanoacrylates 
(PACA) are of great importance. PACA nanoparticles have been proven to be 
efficient in treatment of serious and long-termed diseases such as tumors, 
tuberculosis and bacterial infections [3-7]. A brief review on the synthesis and 
characterization of polymeric nanoparticles and nanocapsules based on PACA will 
be given in this chapter.    

One of the other perspective drug carriers used in developing controlled 
release systems is human serum albumin (HSA). HSA is known to be transporting 
agent for different kinds of substances including drugs. Nanoparticles of HSA can 
be obtained by the desolvation method based on crosslinking of the polymeric 
chains. Therefore some examples of the creation of controlled release systems 
based on HSA nanoparticles will be reviewed in this chapter as well.   

General regularities of drug release profiles from polymeric nanoparticles 
and nanocapsules depending on their structure are considered; the emphasis is put 
on the release of drugs from PACA and HSA nanosystems. In polymer-drug 
complexes based on biodegradable polymers, drug release is mainly governed by 
the degradation rate and the degradation mechanism of the polymer-carrier. 
Therefore degradation mechanisms of crosslinked HSA and nanostructures of 
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PACA will be briefly discussed since they are used as the two main polymeric 
carriers in this work.   

The most suitable method when obtaining drug-loaded nanoparticles is 
confining the drug in the closed structures such as vesicles. Then by covering these 
vesicles with polymer layer stable capsules loaded with drugs can be synthesized. 
Polymerization on vesicles’ surface can be performed using Reversible Addition 
Fragmentation Chain Transfer (RAFT) agent as it allows to control the process. In 
this regard, in the end of this chapter some attention is paid to RAFT-based vesicle 
templating approach as a way of synthesizing nanocapsules with controlled 
characteristics.   
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1. Overview on controlled drug release systems 
Introduction 
One of the major goals of pharmaceutical research is the development of 

drug formulations which are able to perform targeted delivery of drugs into 
specific organs or tissues [1,2]. The drug taken systematically provides high 
efficacy, but at same time side reactions related to high dosage of the drugs appear 
as well. The concept of the “Magic Bullet” suggested by Paul Ehrlich at the end of 
19th century [2,8] was the start of breakthrough research in medicine aiming at the 
development of systems with improved properties for transporting the drugs at the 
right parts of the human body. However the attempts on synthesizing the systems 
which are able to carry out targeted drug delivery started in the end of 60s of 20th 
century by the group of prof. Peter Speiser and within about 40 years there were 
numerous works on the creation of “ideal drug delivery system” by combining 
varieties of biocompatible polymers with the drugs used in treatment of diabetes, 
tumors, tuberculosis and so on [3-79]. There are mainly two ways of performing 
the drug loading: 1) incorporation of the drug to the polymeric particles by 
dissolving it in the system (encapsulation); 2) adsorption of the drug on the 
nanoparticles. However when loading the drug by encapsulation method there us 
also possibility that some part of the drug can be adsorbed on the walls of the 
capsules as well. Nowadays both ways are used for obtaining drug-loaded 
polymeric nanoparticles.    

Numerous publications of the last three decades show the potential of using 
drug formulations of prolonged action which are created on the basis of polymeric 
micro- or nanoparticles and nanocapsules [3-129]. Prolongation of drug efficacy is 
accomplished by sustaining constant concentration of the drug in the targeted 
organs by increasing the stability and improving bioavailability of the drug. This 
gives the opportunity to decrease considerably the dose of the drug for the 
treatment of the disease [3-100]. One more benefit of using prolonged drug 
formulations in comparison with traditional drug dosing formulations is the 
possibility of decreasing or avoiding side effects (toxic and/or allergic reactions) 
which often take place when the drug is administered frequently. The examples of 
traditional drug dosing and controlled drug delivery dosing are shown in Fig.1.1 
[100,101]. 



Overview on controlled drug release systems 

 

6 

     

 
 
 
 
 
 
 

 
 
 
 

Figure1.1. Drug levels in the blood with (a) traditional drug dosing and controlled-
delivery dosing: (b) – sustained release, (c) – Ultrasound (US) induced release 

 
One of the important challenges of modern medicine is the treatment of 

tumor and tuberculosis diseases, as it requires intensive therapy and long-term 
usage of potent drugs. Showing strong therapeutic effect at the same time most of 
the antitumor and antituberculosis (antiTB) drugs express undesirable toxic side 
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reactions. Nowadays incorporation of such drug preparations in polymeric 
nanoparticles or nanocapsules with the aim of increasing their efficiency is thought 
to be a promising approach [99]. In this case biological activity of the “polymer-
drug” system is determined by the active substance; whereas the polymer, being a 
carrier, is responsible for the physicochemical parameters of the system.  

Generally, nanostructures can be divided into 2 groups. These are solid 
particles (matrix-type particles or monolithic devices) and hollow capsules – 
reservoirs as it’s shown in Fig.1.2. Monolithic (matrix) devices are possibly the 
most common of the devices for controlling the release of drugs. This is possibly 
because they are relatively easy to fabricate, compared to reservoir devices. 

 
                                                                            w/o                                  o/w 
 
 
 

   
 

 
Figure 1.2. Nanosystems: solid micro- and nanoparticles and hollow capsules  

 
The development of controlled drug delivery systems based on polymeric 

nanoparticles and nanocapsules will be briefly reviewed. The main focus will be on 
polymeric nanosystems of polyalkyl cyanoacrylates (PACA) and human serum 
albumin (HSA).  

The historical perspective of nanoparticles, i.e. the development of the 
concept of nanoparticulate systems can be found in a paper of Kreuter J. [8].  
 

1.1. Nanoparticles and nanocapsules as colloidal drug delivery systems  
Nanoparticles for drug delivery were developed about 35 years ago. They 

were initially worked out as carriers for vaccines and drug preparations used in 
tumor chemotherapy. Nanoparticles by a definition given by Kreuter J. (which was 
later adopted by the Encyclopedia of Pharmaceutical Technology and the 
Encyclopedia of Nanotechnology) “are solid colloidal particles ranging in size 
from 10 to 1000 nm (1 μm). They consist of macromolecular material in which the 
active principle (drug or biologically active material) is dissolved, entrapped, 
encapsulated and/or to which the active principle is adsorbed or “attached” [1].  
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A number of pharmaceutical investigations in the direction of the creation of 
systems for the controlled delivery of drug preparations using nanoparticles have 
been done in oncology [2]. Nowadays colloidal drug delivery systems such as 
micro- and nanoparticles, nanocapsules, liposomes and/or vesicles are created for 
controlled drug delivery [1]. Sub-micron size of the nanoparticles offers some 
specific advantages over microparticles and liposomes such as high colloidal 
stability in the organism and during storage [1,13]. Nanocarriers were found to be 
accumulated in tumor tissues and in the inflamed tissues [11]; the particles of 
certain size are able to find the infected cells or tissues and act selectively without 
causing damage to the healthy tissues. Also small size of nanoparticles and 
nanocapsules allows them to penetrate through narrow blood capillaries [1]. High 
carrier capacity and ability to incorporate both hydrophilic and hydrophobic 
compounds make them attractive systems to be used in controlled drug delivery. 
Moreover, as it was reported by Desai et al., nanoparticles have relatively higher 
intracellular uptake compared to microparticles [16]. They have demonstrated that 
100 nm size nanoparticles showed 2.5 fold greater uptake compared to 1 μm 
microparticles and 6 fold higher uptake compared to 10 μm microparticles in the 
Caco-2 cell line [16]. Similar results were obtained when these formulations of 
nano- and microparticles were tested in a rat in a in situ intestinal loop model [17]. 
The efficiency of uptake of 100 nm size particles was 15–250 folds greater than 
larger size (1 and 10 μm) microparticles [17]. Besides, a variety of routes of 
administration (intravenous, intramuscular, oral, inhalation, others) can be 
performed with sub-micron sized particles [13]. 

Apart from the size, the surface properties of the particles also play an 
important role when administering them into the body, as the size, particle size 
distribution and surface charge are responsible for the biodistribution of polymeric 
nanoparticles [11, 13, 54]. Therefore together with particle size and size 
distribution such parameter as the surface charge of the particles needs to be 
evaluated. In addition, better targeting can be accomplished by obtaining 
monodisperse systems (since the particles of determined sizes are accumulated in 
specific inflamated tissues) and/or by attaching antibodies or ligands on the surface 
of nanoparticles [41,42]. In some cases the obtained polymeric nanoparticles are 
covered with surface modifiers such as polyethylene glycol (PEG) or polyethylene 
oxide (PEO) and other surfactants or high molecular weight polysaccharides 
(chitosan, dextran) to achieve specific surface properties [31]. The mechanism of 
biodistribution of the drug incorporated into the nanoparticles in the actual 
organism is a complex process. Its peculiarity consists in prolonged presence of the 
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drug in blood plasma and further accumulation in different parts of tissues, as a 
rule, in liver and spleen [39-42].          
                       

1.1.1. Synthesis of nanoparticles and nanocapsules 
The method of preparation of polymeric nanoparticles and nanocapsules can 

be chosen depending on the goals, technological advantages, the properties of the 
substances entrapped and the polymeric materials to be used [1,6,13,23,27]. There 
are a number of methods for synthesizing nanoparticles: emulsion polymerization, 
emulsification-diffusion, interfacial deposition, desolvation, nanoprecipitation, 
solvent evaporation/extraction and solvent displacement methods [1,6,13,23,27].  

One challenge is the production of these nanoparticles in the presence of the 
drugs, which in some cases requiring harsh synthesis conditions that are not 
suitable for sensitive compounds such as the drugs. Therefore for this kind of 
substances encapsulation with preformed polymer can be employed [128,129]. 
Nowadays there are various methods for the preparation of hollow structures for 
different purposes [81-97], such as layer-by-layer deposition using vesicles 
templating [82-86], the sacrificial core process in which the core is removed after 
formation of a thick and stable shell [82], interfacial polymerization or 
polycondensation in miniemulsions [82,88-95].  

In general there are some common rules in the different technological 
approaches for the preparation of nanoparticles and nanocapsules, however 
technological parameters have to be chosen for each system taking into 
consideration the nature of the biologically active substances in combination with 
the polymeric matrix [1,6,13,23,27,82]. 

Nanoparticles and nanocapsules that are synthesized with this purpose, based 
on natural and synthetic polymers, will be considered below. 
 
 1.1.2. Polymers in drug delivery. Requirements for polymeric carriers  

Polymeric materials have wide application in medicine and pharmacy as 
implants, hydrogels, osmotic pumps, contact lenses, films filled with drugs, 
coatings of tablets, etc. If used in biomedical applications, polymers need to meet 
several requirements:   

- Biocompatibility;  
- Rather high molecular weight to be able to circulate in blood stream for 

certain time; 
- To be able to degrade in a biological medium to non-toxic products;  
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- Contain functional groups (-OH, -NH2, -CHO, -COOH) needed for the 
creation of polymer-drug conjugates (pendant-chain systems) and for 
surface modifications;  

- Commercially available or the method of manufacture of the polymer is 
rather simple and cheap; 

- Could be easily administered; 
- Could be easily sterilized. 

Nanosystems are constructed based on polymers which have a wide 
application in medicine. Specific requirements for the polymeric micro- and 
nanoparticles and nanocapsules restricted the number of polymers which can be 
used in drug delivery. In the early stages of drug delivery research only polymers 
on the basis of natural organic acids such as glycolic, lactic and malic acids were 
used. These polymers degrade in the organism to non-hazardous compounds. Also 
the biopolymers collagen, gelatin, bovine serum and human serum albumin, poly-
lactic acid, poly-glycolic acid and their copolymers (polylactide-co-glycolides) 
have found application in medicine as drug carriers [1,54]. More recently 
nanoparticles and nanocapsules for biomedical purposes are synthesized based on 
polyvinylpyrrolidone, polylactic- and polyglycolic acids, poly-ε-caprolactone and 
polyalkyl cyanoacrylates (PACA) [1].  

The binding of polymer with drug can be performed by attaching the drug to 
the polymer chain by covalent linkage or by weak bonds (Van der Waals, hydrogen 
bonds, dipole-dipole bonds, etc.). For the first time the model of a polymer bound 
drug system was suggested by H.Ringsdorf in 1975 (Fig.1.3.) [9, 100, 101].  
 

 
Figure 1.3. Ringsdorf model of synthetic polymer-drug conjugate 

 
According to the Ringsdorf model the polymeric carrier combines the 

elements of the system i.e. the solubilizing part (1) responsible for solubility of the 
drug bound to the polymer in the organism, the polymer-drug part (2) where drug 
is bound to the polymer chain by covalent linkage and the transporting part (3) 
which consists of the targeting molecules attached to the polymer chain 
[9,100,101]. In general, physicochemical properties of the polymer-drug complex 

SOLUBILIZER  DRUG   TRANSPORT SYSTEM                                                                               

1 2 3 
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contain the sum of the characteristics of these three parts. The main function of the 
polymer is to deliver the system into the targeted organ or tissue and release the 
drug there. The release mechanisms of biologically active substance from 
polymeric nanoparticles and nanocapsules will be considered further in 1.2.      

 
1.1.3. Polymeric nanoparticles for the delivery of antitumor and 

antituberculosis drugs   
The results of numerous investigations have shown obvious potentials of the 

use of polymeric nanosystems for the treatment of such chronic diseases as 
tuberculosis, tumors, arterial hypertension and other diseases which demand long-
term therapy with multiple doses of potent drugs [3-126]. 

Nowadays there are several research groups working basically on 
synthesizing polymeric nanoparticulate systems for controlled drug release. One of 
the founders in the field of creation of nanoparticles for controlled release purposes 
was prof. Peter Speiser (Eidgenössische Technische Hochschule Zürich) [8]. The 
most important ideas of prof. Speiser were the development of nanoparticles for 
targeted drug delivery and the idea of using nanoparticles for the delivery of drugs 
which have to pass through the blood–brain barrier and to be delivered directly to 
the brain [8]. Despite the doubts about the possibility of obtaining such systems for 
drug delivery, due to the efforts of the research group of prof. Speiser the idea was 
realized within less than 15 years [8]!   

This direction was continued by the successor of prof. Speiser P. – prof. 
Kreuter J. (Institute of Pharmaceutical Technology, Goethe University, Frankfurt 
am Main, Germany). The research group under the supervision of prof. Kreuter for 
a long time has been working on developing polymeric systems for controlled 
release of antitumor drug doxorubicin, apoliprotein, DNA, RNA, etc. on the basis 
of different natural and synthetic polymers including human serum albumin and 
polyalkyl cyanoacrylates [1,3,4,8,35-37,39-44,50,51,59,122,123,130]. 

Numerous investigations in the field of creation of nanoparticulate systems 
for antitumor drugs have been done by the research group of prof. Alyautdin R. 
(I.M. Sechenov Moscow Medical Academy, Center of Bionanotechnologies and 
Nanotoxicology, Russia) [45,59]. In cooperation with prof. Kreuter J. , prof. 
Gelperina S. (Moscow State University of Fine Chemical Technologies named 
after M.V. Lomonosov, Russia) is conducting research work in the direction of 
obtaining PACA nanoparticles for controlled release of antitumor and antiTB drugs 
[3,4,13,14,24-26,43].   
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The group of prof. Couvreur P. (Université de Paris-Sud, France) are 
carrying out investigations on the synthesis of PACA nanoparticles loaded with 
drugs and studying their release profile [46-48,52,53,56,57,62,66,74,78,79,81,99, 
105,106].   

There is a startup company in France (Bioalliance, Pharma) which produces 
PACA nanoparticles for clinical uses in phase III trials [47,62,79]. 

A number of antitumor drugs have been successfully 
encapsulated/incorporated into PLGA nanoparticles [111]. These are some specific 
examples: 9-Nitrocamptothecin was encapsulated in PLGA through the 
nanoprecipitation method, as a result the encapsulation efficiency was more than 
30 % [111]. Paclitaxel-loaded nanoparticles were prepared by the solvent 
evaporation/extraction method; in this case the loading efficiency reached 100 % 
with full antitumor activity [112]. Cisplastin was encapsulated in PLGA-
methoxyPEG [113], the poorly water-soluble Xanthones was incorporated into 
PLGA nanoparticles [114]. Triptorelin-loaded PLGA nanoparticles have been 
synthesized by the double-emulsion solvent evaporation method; loading 
efficiency was found to vary between 4 % to 83 % [115]. Dexamethazone was 
incorporated into PLGA nanoparticles by the solvent evaporation method. The 
drug released completely after 4 h of incubation at 370C in vitro.  

The antitumor drug Tamoxifen was incorporated into PCL nanoparticles 
surface modified with PEO by the solvent displacement method [116]. The authors 
claim that nearly up to 26% of the total activity of the drug could be applied in the 
tumor [116].  

AntiTB drugs, being potent drugs, have various side effects which cause 
considerable toxic reactions of the organism when applied for prolonged time. 
Besides, most of the antiTB drugs have protein or peptide structures which are tend 
to degrade rapidly in biological fluids. Therefore the development of controlled 
release systems for these drugs is one of the important tasks of modern medicine. 
Numerous investigations have been done in this field with the aim of improving 
the therapeutic efficacy of antiTB drugs. The possibility of the creation of 
nanosomal formulations for rifampicin, isoniasid and pirazynamide in the form of 
an aerosol was studied by Gelperina S.E. [13,14,24]. In all three cases the content 
of drug loaded in the nanoparticles was more than 40 % of the applied amount 
during loading. The chemotherapeutic potential of these preparations when using 
them in aerosol formulations was investigated and rather high effectiveness of 
using such formulations in the treatment of tuberculosis mycobacterium was 
observed [24]. These authors also investigated the character of delivery into the 



Chapter 1 

 

13 

brain of rifampicin, isoniasid, pirazynamide and ethambutol by nanoparticles 
obtained on the basis of copolymers of lactic and glycolic acid [24]. Considerable 
potential of using polymeric nanoparticles in comparison with standard 
preparations was claimed [24]. Johnson C.M. et al. studied the effectiveness of 
using antiTB drug preparations encapsulated in polylactic acid nanoparticles in 
tuberculosis therapy [30].  
 Tsapis N. et al. [102] have synthesized large porous particles containing 95 % 
of what of antiTB drug p-aminosalicylic acid for direct delivery of the drug into the 
lungs via inhalation. It was observed that higher lung exposure to p-aminosalicylic 
acid can be reached at much lower drug levels in comparison with those necessary 
in oral dosage formulations when treating rats [102].   

 
1.2. Drug release and degradation of polymers  
Drug release has to be considered in conjuction with the degradation of 

polymers as the release of drug from polymeric nanoparticles is mainly governed 
by the degradation rate and degradation mechanism of the polymer. In this regard, 
biodegradability of polymeric carriers after performing the targeting function is a 
primary requirement for the chosen polymers [100, 101]. The rate of polymer 
degradation should be optimal for the biomedical application. In general the drug-
loaded polymer is first supposed to enter the cells and there it should undergo 
degradation [100, 101].  

In many cases the drug is not chemically bound to the polymer carrier and 
drug release occurs as a physical process: desorption of surface-bound drug and/or 
diffusion of the drug through the polymer. This diffusion process can be 
accelerated by the degradation of the polymer which in itself is enhanced by the 
presence of enzymes. Chemical degradation of polymer takes place if polymer has 
hydrolysable bonds and degrades to lower molecular weight compounds, finally 
forming CO2 and H2O. In many cases hydrolytic degradation goes together with 
enzymatic degradation in the organism. Therefore biodegradability of polymers is 
determined by the chemical structure of the polymers and their sensitivity to 
different enzymes [100,101]. Polymers administered in the body can behave 
differently depending on their structure. Some polymers degrades to shorter chains 
within a day and eliminate through the kidney without any change, whereas others 
may circulate in the body longer and excrete from the organism gradually within 
weeks, months, sometimes years. In general,  for safety reasons any xenobiotic has 
to leave the body within a certain period and it’s not desirable that polymer 
remains in the organism several month or years as in many cases it may lead to 
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pathologic processes [100,101]. Some polymers undergo rather fast biodegradation 
and the formed fractions of lower molecular weight are easily eliminated from the 
body via kidney filtration.    

Controlled biodegradation of polymers in some cases, allows to control the 
place and duration of the presence of biologically active substances [101]. For 
instance, synthesizing the polymer with known molecular weight and knowing the 
type of binding between “polymer-drug” one can judge about the duration within 
the drug is released [101]. The authors have shown that changing the structure of 
oligopeptides’ sequences in the copolymers of N-(2-oxypropyl) methacrylamide it 
was possible to control the rate of cleavage of model drug from polymeric chain 
taking catepsin as an example [101]. Also studying the relation between molecular 
weight of polymer and the rate of permeation of poly-N-(2-oxypropyl) 
methacrylamide through the tissues of yolk bag it was found that the rate of 
accumulation of polymer in these tissues decreases considerably with increasing of 
molecular weight of the polymer [101].   

Depending on the method of performing the loading, the drug release profile 
will be different: release of the drug adsorbed on the surface of nanoparticles will 
occur mainly as a result of desorption; the drug incorporated inside the polymeric 
matrix will most probably be released through diffusion, accelerated as a result of 
chemical degradation of the polymer.  

Release kinetics of drugs from polymeric nanoparticles is determined by the 
type of the system. Below examples of typical drug release profiles from polymeric 
nanoparticles and nanocapsules are described.  

 
 1) Drug release from polymeric nanoparticles: 
- diffusion-controlled systems: matrix (monolithic) systems (solid micro- and 

nanoparticles) where the drug release occurs as a result of desorption of the 
surface-bound drug and/or diffusion of the drug from inner part of the particles; 

- chemically controlled systems: 1) biodegradable (bioerodable) systems. In 
this system drug releases as the polymer degrades; 2) pendant chain systems (drug-
polymer conjugates) are also considered as chemically-controlled systems since in 
this system the drug is covalently attached to polymeric chain and its release starts 
when the polymer-drug bond breaks down.   

- solvent activated systems: Swelling controlled systems (nanoparticles) 
swell in a biological medium. 
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2) Drug release from micro- and nanocapsules:  
Drug release profile from nanocapsules differs from the nanoparticles and 

depends on the properties of polymeric shell [11,81-95]. Different types of 
polymeric shells can be used to perform controlled release:  

- diffusion-controlled devices (with permeable shell) in which the release 
rate of drug from the system depends on the wall thickness and swellability, 
porosity, the pore size of polymeric shell, the concentration gradient of the drug, 
etc.;  

- responsive drug delivery systems. These systems are sometimes called 
membrane-controlled reservoir devices. Drug release occurs by diffusion of the 
drug through a responsive shell (pH-, thermo-, ionic strength, magnetically- or 
ultrasonically-controlled). In these systems drug releases when an external trigger 
is applied and the diffusion rate through the shell is enhanced. They can be used in 
a treatment of diseases like diabetes where the dosage of drug is regulated and the 
drug is given when it’s needed;    

- chemically-controlled devices - the capsules with biodegradable shells, 
where the active substance’ release is a consequence of polymer degradation in a 
biological medium;  

- osmotically-controlled delivery devices which mainly have a semi-
permeable shell that allows to move water into the capsule and the drug will only 
come out when there is an osmotic pressure. The two-compartment osmotic pump 
is one of the varieties of this type of capsules.  
 

1.3. Polyalkyl cyanoacrylate based controlled drug delivery systems 
Among synthetic polymers which have found wide application in the 

biomedical field PACAs are of special interest. Due to the high reactivity and 
ability to create strong bonds alkyl cyanoacrylates have been successfully used for 
about 60 years in medicine as surgical sutures, stitches and adhesives for wound 
closure [1,4,15,18-21,26,46-57,59,60,62-72,74-76,78-81,99, 105,106]. The ability 
of alkyl cyanoacrylates to firmly stick two pieces together is based on their high 
sensibility to OH-ions starting the polymerization rapidly. Nowadays mainly 2 
types of surgical sutures: n-butyl cyanoacrylate (Indermil, liquiband) and 
octylcyanoacrylate (Dermabond) are used clinically in European countries, in 
Canada and in the USA [79,99].  

 Polymers on the basis of alkyl cyanoacrylates are known to be 
biocompatible and biodegradable. Owing to these properties PACA are unique 
materials for the creation of polymeric carriers of drug preparations in the 
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formulations of nanoparticles and nanocapsules [46-
48,52,53,56,57,62,66,74,78,79,81,99]. PACA were first introduced as drug 
delivery systems in the formulations of colloidal nanoparticles in early 80s of 20th 
century [78,79,81]. Later PACA nanoparticles were used for the transport of 
rapidly-degrading substances such as proteins and nucleic acids [79]. Since that 
time PACA continue to attract attention of researchers in the pharmaceutical field 
as drug delivery systems. The potential of PACA as carriers for different drugs has 
been shown by numerous investigations [1,8,11,47,48,62]. 

Mainly two kinds of techniques are used for the manufacture of PACA 
nanoparticles and nanocapsules; these are conventional emulsion polymerization 
(leading to nanoparticles) and interfacial polymerization (leading to nanocapsules) 
respectively. The main difference between the nanostructures obtained by these 
methods is the release profile of drug, which is first-order when using 
nanoparticles and zero-order for nanocapsules [11, 47, 48, 54]. These methods will 
be discussed further and a brief review on the synthesis and characterization of the 
obtained products will be given in the following part of this chapter.    

More detailed reviews on the synthesis, characterization, methods of 
investigations and in vitro and in vivo toxicity of PACA nanoparticles and 
nanocapsules can be found in [1,8,11,47,48,62]. 

 
1.3.1. Polyalkyl cyanoacrylate nanoparticles for the transport of drugs 
Synthesis of PACA nanoparticles by emulsion polymerization. The emulsion 

polymerization method for alkyl cyanoacrylates was first introduced by Couvreur 
P. in 1979 with the aim of obtaining polymeric nanoparticles for targeted drug 
delivery [81]. The first studies of Couvreur P. et al were devoted to the 
investigation of the toxicity of PACA nanoparticles and developing nanosomal 
formulations for antitumor drugs [78,79,81].  

One of the main advantages of PACA in comparison to other synthetic 
carriers is the simplicity of carrying out the polymerization process. There are three 
routes of polymerization for alkyl cyanoacrylates - radicalic, anionic and 
zwitterionic mechanisms [46-48,52,53,56,57,62,66,74,78,79,81,99]. 
Polymerization of alkyl cyanoacrylate by a free radical mechanism requires higher 
temperature and conditions which suppress polymerization of monomer by the two 
other routes, for instance, absence of the traces of weak bases including water 
which may catalyze ionic polymerizations. By carrying out the process by the free 
radical mechanism one can obtain product with higher molecular weight (higher 
than 3000 Da) and a higher glass transition temperature (Tg) [79,99]. However, due 
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to less harsh polymerization conditions and simplicity of carrying out the process, 
polymerization of alkyl cyanoacrylates by anionic routes is in many cases more 
preferable [47,79,99]. In contrast to other polymerization systems the 
polymerization of alkyl cyanoacrylates in water by this route doesn’t require 
special conditions to start the reaction [47,79,99]. Polymerization of alkyl 
cyanoacrylates by anionic route is rapidly initiated in the presence of weak bases 
(Lewis bases), including water at room temperature. The reaction is terminated by 
protons. The rate of polymerization of alkyl cyanoacrylates by the anionic route 
strongly depends on the pH of the medium: the higher the pH the faster the 
reaction, so in a basic medium polymerization finishes within a few seconds, the 
reaction is not controllable and leads to coagulation, whereas sustaining acidic pH 
gives opportunity to synthesize stable particles of nanometer size. As a 
consequence of the high termination rate the molecular weights of the formed 
polymers in many cases are in the range of 600-3000 Da [1]. 

Factors affecting physicochemical characteristics of the nanoparticles. 
System parameters such as type and concentration of surfactant, temperature, 
monomer content, pH of the medium and stirring rate have a considerable 
influence on the characteristics of the produced PACA nanoparticles [1,47,79,99]. 
The most important factors are the pH of the medium and the concentration of 
monomer and surfactant [1]. It was shown that stable PACA nanoparticles of 
different sizes can be obtained at a monomer concentration varying from 0.05 to 7 
% and the pH of the medium not exceeding 3.5 [1].   

Loading efficiency. There are mainly two ways of performing drug loading: 
1) incorporation of the drug into the system before the reaction has started; 2) 
introduction of the drug after termination of the reaction or after some time when 
initiation took place (partly adsorption) [1,47,79,99]. Obviously the loading 
efficiency of the drug into the polymeric matrix is determined by the time of 
introduction of the drug into the reaction medium. A high binding degree can be 
achieved by dissolving the drug in the aqueous medium before adding the 
monomer into the system [15,18-24, 72].  

Harivardhan L. Reddy et al. synthesized nanoparticles of polybutyl 
cyanoacrylate (PBCA) loaded with methotrexate by emulsion polymerization and 
dispersion polymerization techniques by anionic polymerization [69]. The drug 
was dissolved in the polymerization medium prior to addition of butyl 
cyanoacrylate (BCA) [69]. Properties of the obtained polymeric particles and 
release kinetics of the drug were compared [69].  
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The influence of monomer concentration on entrapment efficacy and particle 
size of PBCA nanoparticles loaded with drug obtained by the two methods was 
considered [69]. The entrapment efficiency is found to increase with increasing the 
monomer concentration in the system [69]. No appreciable change in particle size 
of the nanoparticles synthesized by emulsion polymerization has been noticed 
when using monomer concentrations in the range of 1-3 % [69].    

Daunorubicin was successfully incorporated into PBCA nanoparticles by 
carrying out polymerization in the presence of the drug with entrapment efficiency 
up to 100 % [15]. However, the use of daunorubicin-loaded PBCA nanoparticles 
didn’t improve to a great extends the effectiveness of the drug toward the resistant 
cells compared to free daunorubicin [15].   

Polyethylbutyl cyanoacrylate nanoparticles loaded with ciprofloxacin were 
synthesized by Page-Clisson M.-E. et al by adding the drug prior to polymerization 
[22]. However the authors reported that prevention of aggregation of the drug-
loaded nanoparticles was only possible when acetone was present in the initial 
reaction mixture for emulsion polymerization [22]. Drug release from synthesized 
nanoparticles was investigated in the presence of esterase and found to be very 
slow: about 50 % of ciprofloxacin released within two days [22].  

Drugs of basic nature can initiate the polymerization reaction of alkyl 
cyanoacrylate, leading to covalent binding of the drug with the polymer, which of 
course can influence the biological activity of the drug. It has been reported that 
after addition of insulin (which has numerous amino-groups in its structure) in 
acidified aqueous solution prior to the start of the polymerization, PBCA particles 
of nanometer size were not formed, but when introducing the drug into dispersion 
right after the initiation stage, monodisperse polymeric nanoparticles have been 
obtained [18].  

Phenyl butazone, which has nucleophilic nature, could act as an initiator and 
reacted with the monomer – isobutyl cyanoacrylate [67]. In case of the introduction 
of vidarabine and somatorelin (GRF) in a PACA matrix the initiation of the 
reaction by these drugs was observed as well [67].  

There are some examples of addition of drugs at different times during the 
reaction [4,5,17,19]. So this way the drugs can successfully be incorporated into 
polymeric matrix and/or adsorbed on its surface. 

Generally, emulsion polymerization of alkyl cyanoacrylates by the anionic 
mechanism is known to be more suitable for the loading of water-soluble drugs, 
although it was reported that the incorporation of hydrophobic drugs into a PACA 
matrix was also possible by addition of cyclodextrin into the polymerization 
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medium as it helps to increase the drug’s solubility in the reaction medium 
[47,79,99].    

When creating polymeric carriers for targeted drug delivery alkyl 
cyanoacrylates (ethyl-, butyl-, isobutyl-, hexyl-, isohexyl- and octyl 
cyanoacrylates) are the most effective ones as the resulting polymers have good 
characteristics and show a good biodistribution [15,18-24,72,79,99]. Also 
copolymers of ethyl- and butyl cyanoacrylates and butyl- and octyl cyanoacrylates 
are used (including core-shell structures) for the transport of drugs [61,63]. 

It is shown that the surface modification of PACA nanoparticles using 
surfactants like polyethylene glycol, polysorbates, poloxamers and others improves 
physicochemical parameters and biodistribution of nanoparticles [1,4,59]. 
Alyautdin R. et al. have investigated the possibility of using PBCA nanoparticles 
for targeted delivery of tubocurarine into the brain [59]. They have reported that 
PBCA covered with polysorbate-80 allows the quaternary amine of tubocurarine to 
penetrate through the blood brain barrier, which is not possible when using the 
standard form of the preparation [59].   

Successful association of the antisense oligonucleotides with polyisobutyl- 
and polyisohexyl nanoparticles by adsorption using different surfactants was 
reported [46]. The protection of the oligonucleotides from hydrolysis by enzymes 
was possible when they were complexed with cetyltrimethyl ammonium bromide 
(CTAB) [46].   

In some cases short co- and terpolymers of alkyl cyanoacrylates are obtained 
using the polymers which serve as surfactants (e.g. PEG, PEO, etc.) [31,33].  

PACA nanoparticles in treatment of tumors. Nanoparticles of determined 
sizes are known to be able to reach tumor cells and to act selectively without 
causing damage to healthy tissue, as they only attach to the inflamed tissues. Also 
PACA was found to enhance in vivo activity of some antitumor drugs and 
antibiotics [46].   

Over the last three decades investigations on the synthesis of nanocarriers 
based on natural and synthetic polymers are carried out in the laboratory of prof. J. 
Kreuter (Institute of pharmaceutical Technology of Goethe University, Germany). 
Most attention at the Goethe University is given to medicines effective against 
brain tumors [1,3,4]. Under the supervision of prof. Kreuter, jointly with the  
research group of Gelperina S.E. (Moscow State University of Fine Chemical 
Technologies named after M.V. Lomonosov, Russia) it was found that PBCA 
nanoparticles covered with Polysorbate 80 can cross the  blood-brain barrier [3,4], 
whereas the active substance itself was not able to penetrate to the brain.  
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There are a number of examples of incorporation of different cytostatic drugs 
(doxorubicin hydrochloride, actinomycin D, daunorubicin and others) and 
antibiotics (amikacin, ampicillin, ciprofloxacin, etc.) into a PACA nanoparticles’ 
matrix with the aim of increasing the therapeutic effect of the drug [5,12,14,15,18-
26]. Loading of hydrophilic formulations of drugs (ampicillin, doxorubicin 
hydrochloride, actinomycin D) to the polymeric matrices gives opportunity to 
achieve rather high binding degree [3-5,72]. The antitumor drug ftorarur was 
successfully loaded into polyethyl cyanoacrylate (PECA) and PBCA nanoparticles 
by adsorption of the drug onto pre-prepared particles or incorporation of ftorarur 
during the polymerization process [63]. The route via adsorption afterwards led to 
rapid in vitro release of the drug from the nanoparticles [63], however loading of 
the drug by incorporating it during the process of the particle formation achieved 
higher loadings and a slower release [63]. Drug formulations of the combinations 
of PACA nanoparticles with ampicillin, amikacin and gentamicin were described 
[21,72,131].  

PACA nanoparticles in treatment of tuberculosis. The treatment of such a 
disease as tuberculosis requires extensive chemotherapy using huge amounts of 
drugs for a long period which is first of all very toxic for human, inconvenient and 
extremely expensive. In this regard, Gelperina S.E. with coworkers investigated the 
possibility of incorporation of first-line antiTB drugs – isoniasid, rifampicin and 
streptomycin into polybutyl- and polyisobutylcyanoacrylate nanoparticles [24]. 
They developed nanosomal formulations for the antiTB drug rifampicin on the 
basis of PBCA and have studied the influence of its composition on the 
biodistribution of the drug [24]. These authors also have synthesized PBCA 
nanoparticles loaded with the antiTB drugs streptomycin and moxifloxacin and 
they have investigated the release kinetics of the drug [24,26]. It was shown that 
after 2 days about 26 % of the moksifloxacin still remained in the particles [26]. 
Increase of therapeutic efficiency was observed when using nanosomal 
formulations of these drugs in treatment of acute bacterial infections in comparison 
with standard drug formulations [7,24-26].  

 
1.3.2. Nanocapsules prepared from polyalkyl cyanoacrylates for targeted 

drug delivery 
The importance and potential of the use of PACA in drug delivery research 

as polymeric nanocapsules have already been proven by the results of numerous 
investigations [81-97,132,133]. Drugs or other substances (dyes, inks, cosmetics, 
and so on) can easily be encapsulated in PACA nanocapsules as they can form 
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reservoirs with a good morphology (stable and hard wall). Water-containing 
nanocapsules were found to be very suitable systems for the encapsulation of 
proteins, peptides and short fragments of nucleic acids [83,88,91,95]. PACA 
nanocapsules can be obtained by polymerization of alkyl cyanoacrylate in water in 
oil interfacial miniemulsion polymerization. The method of interfacial 
polymerization in microemulsion was for the first time introduced by Gasco and 
Trotta and used for preparation of PACA nanocapsules more than 20 years ago 
[89]. Hollow polyisohexyl cyanoacrylate nanocapsules containing an oil core have 
been synthesized by Chouinard F. et al. using this method [132]. The effect of the 
components of the system and process parameters on the nanocapsules’ size has 
been explored [132]. The monomer concentration was found to play a major role in 
controlling the particle size, whereas pH of the medium led to slight change of the 
size of nanocapsules [81-88]. Further these authors have synthesized similar 
system using polyisobutyl cyanoacrylate [133].  

The influence of the time of addition of the model compound to the 
polymerization medium on efficacy of incorporation of the substance into the 
capsules was studied by Grangier et al. [104]. These authors have found that for a 
hormone-releasing factor its addition into the reaction medium 15-30 minutes after 
the start of the polymerization is the optimal time, however when using isobutyl 
cyanoacrylate as a monomer this time has to be increased up to 5 hours [104]. Also 
it was shown that by addition of the substance shortly after the start of the 
polymerization a high degree of encapsulation can be achieved (90 %) [104], 
although in this case part of the drug can be lost at the beginning of the reaction 
acting as initiator.  

Interesting results were obtained by M. Fresta et al. [92] when encapsulating 
antiepileptic drugs in oil-core suspensions using the method of Khoury Fallouh et 
al. with some modifications [97]. The mixture of Miglyol 812 with different 
organic solvents (ethanol, acetone, acetonitrile) was used as an organic phase [92]. 
Three antiepileptic drugs (Ethosuximide, 5.5-diphenyl hydantoin and 
carbamazepine) were encapsulated with loading efficiency 1-11 % [92]. The 
authors have revealed that the presence of ethanol leads to the formation of solid 
nanoparticles with diameters in the range of 100-400 nm as well as nanocapsules 
[92]. It was shown that encapsulation of these drugs in PECA nanocapsules 
enabled decrease of the in vitro release rate of carbamazepine [92]. It’s worth 
noting that in all drug-nanocapsule systems an initial burst release to the medium 
was observed [92]. This behavior is explained by authors by the release of small 
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amount of the drugs which were attached to the outer surface of the capsules [92].   
Later antisense oligonucleotides have been encapsulated in polyisobutyl 

cyanoacrylate nanocapsules with the aim of protection them from enzymatic 
degradation [106]. The protection from degradation by nucleases of 
oligonucleotides was achieved by incorporation into nanospheres or by 
encapsulation inside nanocapsules. It was concluded that efficient protection was 
obtained when oligonucleotides are encapsulated rather than adsorbed on 
nanospheres [106]. Miyzaki Sh. et al. succeeded in obtaining PBCA nanocapsules 
loaded with indometacin and incorporating them into a gel composition thus 
improving transdermal delivery of the drug [91]. Similar to Lambert G. et. al these 
authors claimed that nanoencapsulation was more effective to protect 
oligonucleotides from degradation in biological fluids rather than entrapping or 
adsorbing them on solid nanoparticles [91]. A few years later Hillaireau H. et al. 
has found that encapsulation of mono- and oligo-nucleotides is only possible in the 
presence of water-soluble polymers [106]. The authors reported that the presence 
of cationic polymers (poly(ethyleneimine), chitozan) in nanocapsules made of 
polyisobutyl cyanoacrylate enabled successful encapsulation. Using PACA without 
water-soluble polymers caused leakage of mono- and oligonucleotides from the 
nanocapsules [106]. The results of an in vitro study of drug release from these 
systems have shown that only a limited initial burst-effect was noticed and zero-
order release for 12 h was observed [106].  

Another method of encapsulation by polymerization in a w/o interface has 
been proposed by Watnasirinchaikul et. Al. This method consists of dissolving the 
monomer in an organic phase followed by dispersing it in a water phase containing 
the drug [90]. Nanocapsules of PECA filled with insulin with loading efficiency of 
up to 80 % were obtained in this way [90]. Liang M. et al. have investigated the 
possibility of increasing the entrapment of peptides by functionalizing them and 
copolymerizing with alkyl cyacnoacrylates in w/o microemulsions using the 
method proposed by Hillery et. al (1996) and Watnasirichaikul et al. (2000) [107]. 
Encapsulation efficiency of functionalized peptides was found to increase with 
increasing the amount of monomer used for the polymerization [107]. Release 
profile of peptides from PACA nanoparticles and PACA nanocapsules has been 
compared [107]. It was observed that 50 % of the peptide releases within 10 min 
when using nanoparticles, confirming the burst release and 90 % of total drug was 
detected in solution after 6 h (measured at pH 8). From the nanocapsules only 10 % 
of total amount of the peptide was observed in the medium after 10 min, but the 
concentration of peptide didn’t change in the medium within the whole period of 
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observation [107]. This is the confirmation that copolymerization reaction between 
functionalized peptide and alkyl cyanoacrylate monomer took place; therefore the 
rest of the peptide was covalently bound to the polymer chain and was not released 
[107].  

The efficacy of encapsulation of different water-soluble substances into 
PACA nanocapsules depends on molecular weight of the substance which is 
captured inside of the shell [95]. It was revealed by Pitaksuteepong T. et al. that 
with the increasing the molecular weight of the substance which is being 
encapsulated the efficacy of incorporation increases: when obtaining nanocapsules 
loaded with model compound fluorescein isothiocyanate conjugated dextran 10 the 
efficacy of encapsulation was 55 %, whereas using fluorescein isothiocyanate 
conjugated dextran 70 resulted in an increase of extent of encapsulation up to 90 % 
[95].  

The functionalization of the surface of PBCA with amines and amino acids 
was done by Clemens K. et al. with the aim of obtaining stable nanocapsules with 
desired surface properties which could further be used to attach antibodies for 
targeting purposes [108]. The authors considered the influence of surfactant 
concentration, sonication time, pH, concentration and amount of initiator on 
particle size and size distribution of polymeric nanocapsules [108].  

Hollow nanoreactors of polyurea, polythiourea and polyurethane have been 
obtained by interfacial polycondensation in inverse miniemulsion by Crespy D. et 
al. [94]. In that case the formation of either solid nanoparticles or nanocapsules 
depending on process conditions was observed. It is claimed that in this case 
formation of nanocapsules with a rather thick wall is preferable since otherwise 
solid nanoparticles as a result of collapse during exposure to US can be formed 
[94]. The possibility of using synthesized nanoreactors as reservoirs for different 
substances including drugs is shown [94].    

Recently Musyanovich A. et. al [88] have shown that by using 
polymerization of alkylcyanoacrylates in the water-in-oil interface it is possible to 
obtain stable and compact nanocapsules. So using a modified technique, the 
authors [88] have synthesized PBCA nanocapsules containing DNA molecules and 
they have investigated the effect of pH, monomer concentration, the nature of 
surfactant and medium on physicochemical characteristics (thickness of shell, size 
of capsules, morphology, molecular weight and efficiency of encapsulation).  

Li G. et al. have demonstrated that microcapsules which consist of a 
diacrylate monomer of tripropylen glycol and dye can be obtained by interfacial 
polymerization [93]. They have investigated the character of the release of dye 
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from the polymeric shell and it was found that the release rate of the dye can be 
regulated with the help of UV-light [93].    

Characterization and analysis of PACA nanoparticles and nanocapsules. 
Unlike other commonly used monomer’s polymerization kinetics the observation 
of the polymerization kinetics of alkyl cyanoacrylates is difficult due to the 
extremely fast polymerization rate [99]. For polymerization of alkyl cyanoacrylates 
in solvents micro-RAMAN-spectroscopy and dilatometry for in situ determination 
of reaction rate were suggested by Vauthier et al. [47,79,99].  

When synthesizing polymeric nanoparticles the main physicochemical 
characteristics of the system: average particle diameter and particle size 
distribution have to be determined [79]. For that purpose commonly used methods 
such as dynamic light scattering (DLS) can be used. This method can also give 
information about surface charge of the particles which is quantitatively 
characterized as zeta potential (the Zetasizer): in acidic pH it has a positive charge, 
in basic pH – a negative charge. The zeta potential is an indicator of the stability of 
the colloidal system and the absence of excess counter ions is important because it 
may lead to aggregation; the latter is not acceptable when using polymeric 
nanoparticles in drug delivery purposes. Transmission and scanning electron 
microscopes can be applied to evaluate the shape and surface of nanoparticles [79].   

Molecular weight of the formed polymer can be analyzed by size exclusion 
chromatography (SEC) and matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI TOF MS) [47,79,99]. 

Techniques as FTIR- and 1H NMR-spectroscopy and thermal gravimetric 
analysis are usually used for the confirmation of the incorporation of drugs inside 
the polymeric matrix [15,47,79,99].    

For the determination of the binding degree of drug it’s important to separate 
the nanoparticles from the serum. For this purpose ultracentrifugation can be 
successfully used. The concentration of unbound drug in supernatant can be 
measured using UV-Vis-spectroscopy or HPLC.  

Estimation of the loading efficiency of the drug or loading capacity of the 
polymer can be performed using UV-Vis-spectroscopy as well as HPLC. These 
methods are also suitable to measure drug release rates from polymeric 
nanoparticles and nanocapsules. Drug release kinetics can be studied using 
ultracentrifugation or dialysis. 

The amount of alcohol eliminated to the medium as a result of chemical 
degradation of PACA can be detected by UV-Vis-spectroscopy, HPLC or gas 
chromatography [99]. 
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1.3.3. Drug release and degradation of polyalkyl cyanoacrylate 

nanosystems 
The main difference between the nanostructures obtained by conventional 

emulsion polymerization and interfacial polymerization of alkyl cyanoacrylates is 
the drug release profile, which is first-order when using nanoparticles and zeroth-
order for the nanocapsules [134]. However, as it was shown above, in some cases 
burst release of the drug from PACA nanocapsules can be observed as well, which 
is the result of the release of drug bound to the walls of the nanocapsules [107].  

Drug release from PACA nanoparticles and nanocapsules has been shown to 
be a consequence of polymer degradation and it is strongly dependent on the 
monomer and drug to be used and the preparation method applied to synthesize 
drug-loaded polymeric nanoparticles and nanocapsules [1,79,99]. Drug release 
usually will take place in parallel with chemical degradation of the polymer. The 
release of the human growth hormone from poly(isobutylcyanoacrylate) 
nanospheres was found to occur in parallel with the degradation of the nanospheres 
[104].  

In general, the degradation rate of PACA is in linear dependence on the side 
chain length: the longer the chain the longer the degradation time [46-48,78,79,99]. 
PACA has two routes of chemical degradation in biological media: 1) degradation 
of polymer with the formation of formaldehyde; 2) hydrolysis of ester group with 
the formation of alcohol and polyalkyl cyanoacrylic acid. Degradation of PACA is 
believed to go mainly by the second pathway [1,78,79,99]. It was shown by several 
authors [99] that in strong basic medium (at pH 12) 85% of the total expected 
amount of iso-butanol was found in a solution after degradation of 
poly(isobutylcyanoacrylate) nanoparticles, whereas the concentration of 
formaldehyde was only 7% [99,135]. Besides, this degradation pathway is 
catalyzed by various esterases which are present in organism [136] and is 
considered to occur as the major degradation pathway in vivo [79,99].  

There is one more mechanism suggested by Ryan and McCann [137], 
according to which the degradation starts by base and consists of an unzipping 
depolymerization of the parent polymer with immediate repolymerization to 
produce a new polymer with a lower molecular weight. However due to very fast 
degradation rate (within few seconds) it was not possible to detect it so far 
[99,137].  
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1.4. Human serum albumin as a polymer carrier for controlled drug 

delivery 
Human serum albumin (HSA) is one of the most frequently used 

biopolymers in medicine. HSA is known to be used for treating shock, burns, 
hypoalbuminemia, after surgery trauma, cardiopulmonary bypass, acute respiratory 
distress and hemodialysis [110]. Albumin-conjugates are also used in treatment of 
arthritic diseases, for liver targeting, and others [110]. Albumin is known to be 
accumulated in malignant and inflamed tissues [110]. Nanoparticles made of HSA 
were found to be non-toxic and well-tolerated by human organism [39-41,111-
113]. Owing to its capability to transport low molecular weight compounds it is a 
unique carrier for drugs. Binding drugs with albumin provided prolonged effect of 
such proteins and peptides as Albuferon and Levemir [110]. Functional groups 
(carboxylic and amine groups) which are present in the structure of albumin allow 
to modify the surface of the particles by attaching the molecules for targeting 
purposes [113-119]. For these reasons HSA is a potential drug carrier.  

Nanoparticulate systems on the basis of albumin obtained by the desolvation 
method were first developed by R. Oppenheim and J. Marty in the 1970s 
[120,121]. Since that time various active agents (methotrexate [110,112], 
doxorubicin [1,110], paclitaxel [110], antisense oligonucleotides [40], 
apolipoprotein AI and apolipoprotein B-100 [43], obidoxime [122,123], noscapine 
[124]) have been successfully coupled to HSA nanoparticles. Some of these 
albumin-drug conjugates (methotrexate-albumin conjugate, albumin-based prodrug 
of doxorubicin, paclitaxel loaded HSA nanoparticles (Abraxane)) have passed 
clinical trials [110]. Abraxane was approved for treating metastatic breast cancer 
[110].   

A detailed review on albumin-based prodrugs and the state-of-the-art of 
drug-loaded HSA nanoparticles can be found in [1, 110]. 

Some examples of drugs bound to HSA nanoparticles and their 
characteristics will be briefly reviewed below.  

 
1.4.1. Human serum albumin nanoparticles for the transport of drugs 
Over the last 20 years the research group under the supervision of prof. 

Kreuter J. is working on the synthesis of HSA nanoparticles loaded with drugs and 
the investigation of their efficiency applied to animals. Numerous studies have 
been performed to obtain HSA nanoparticles bound with a variety of cytostatics 
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and to explore their in vitro and in vivo toxicity as well as their biodistribution and 
therapeutic efficacy in treating diseases [1, 35-37, 39-44].   

Synthesis of HSA nanoparticles. Generally nanoparticles of HSA can be 
synthesized by protein denaturation in an water-in-oil emulsion and applying 
desolvation (coacervation) methods as shown in [1, 35-37, 39-44, 110]. When 
obtaining albumin nanoparticles by desolvation, HSA is dissolved in water and 
then desolvated with ethanol and stabilized by addition of a cross-linker [1, 35-37, 
39-44]. Particle size of the obtained nanoparticles usually varies between 80-300 
nm. 

Sebak S. et al have synthesized HSA nanoparticles for the transport of 
noscapine with a size range of 150-300 nm and a loading efficiency of at least 85 
% [124]. In vitro release studies have shown slow release profiles for different 
concentrations of the drug: at minimum concentration (5 mg/ml) of noscapine only 
15 % of the whole amount of drug released after 24 hours and when using the 
highest concentration (15 mg/ml) around 20 % of loaded drug released within the 
same period of time [124].     

HSA nanoparticles conjugated with cytostatic methotrexate have been 
obtained by Taheri A. et al. [125]. When testing the effectiveness of these 
nanoparticles, increased cytotoxicity of drug-conjugated nanoparticles on T47D 
cells compared to the free drug has been observed [125].   

Factors affecting physicochemical characteristics of HSA nanoparticles. The 
most crucial factors influencing the stability of the system are the pH of the 
medium and the rate of addition of the desolvating agent [36,122,123]. The pH 
value influences the surface charge of the particles, in an acidic medium the zeta 
potential is positive and changes to negative in a basic solution. The HSA 
desolvation system becomes unstable at the isoelectric point [pI] of the HSA 
nanoparticles, i. e. 5.05. Therefore an alkaline pH combined with ethanol addition 
rates between 0.5 and 2.0 ml/min were recommended for desolvation [123]. The 
stability of HSA nanoparticles is also affected by the amount of the crosslinking 
agent added to the system [35,36].  

Kufleitner J. et al. performed [122] the binding of obidoxime to HSA 
nanoparticles, both by adsorption of the drug on the surface of the synthesized 
particles and by incorporation in the interior of the particles. It is shown that when 
adsorbing the drug on HSA nanoparticles, the particles with a mean size of 268 nm 
have been obtained and around 60 % of drug was loaded by this method [122].  

Loading efficiency. Similar to other polymeric systems, the loading of the 
drug can be performed by adsorption of the drug onto preliminary prepared 
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empty HSA nanoparticles or incorporation of the drug by dissolving it in the 
system during the crosslinking process [1]. Doxorubicin-loaded HSA nanoparticles 
have been successfully synthesized by the same research group [37] using the 
desolvation method. Loading of the drug has been carried out by adsorption of 
doxorubicin onto nanoparticles and incorporation of the drug by dissolving it in the 
solution followed by crosslinking of the particles with glutaraldehyde [37]. Both 
processes resulted in a high binding degree of the drug with HSA as well as high 
stability of nanoparticles over more than 6 months [37]. It is important to note that 
an increase of the antitumor effect of the drug was noticed in comparison with the 
pure drug solution [37].        

Characterization and analysis of HSA nanoparticles. HSA nanoparticles 
loaded with drug can be characterized using commonly applied physicochemical 
methods: particle size, size distribution and zeta potential can be measured by 
DLS. And for characterization of the morphology again TEM or SEM can be used. 

For the determination of molecular weight and the molecular weight 
distribution, size exclusion chromatography (SEC) can be applied.  

For the estimation of binding degree of drug with albumin it’s important to 
separate the nanoparticles from the solution. For this purpose gel filtration can be 
successfully used. The amount of drug in the supernatant can be measured using 
UV-Vis-spectroscopy or HPLC. These methods are also feasible for evaluation of 
the quantity of drug released from nanoparticles. The most suitable method for the 
study of drug release from HSA nanoparticles obtained by adsorption of drug on 
preliminary prepared empty particles seems to be dialysis, as the separation of 
nanoparticles from solution may lead to the loss of some part of the drug by 
desorption [1].  

 
1.4.2. Drug release from HSA nanoparticles  
Biodegradability of HSA nanoparticles and the accompanied drug release are 

mainly governed by the degree of crosslinking [35-37]. Drug release profiles from 
HSA nanoparticles are dependent on the amount of drug attached to the surface as 
well as incorporated in the inner part of the nanoparticles [1,35-37]. For instance, 
the study of the drug release profile of obidoxime from HSA nanoparticles has 
shown that only the portion of the drug which was bound at or near the surface of 
nanoparticles has been released [122,123]. Less than 25 % of obidoxime 
incorporated into the HSA nanoparticles released from polymeric nanoparticles 
within the time observed (2 hours), whereas the same amount of drug adsorbed on 
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the particle surface released within the first 10 min [122,123]. However both 
systems are shown to be suitable nanoparticulate carriers for obidoxime [122,123].  

El-Samalagy M. and Rohdewald P. have synthesized HSA nanoparticles 
loaded with triamcinolone, dactinomycin and doxorubicin [126]. The drug uptake 
was found to be similar for the particles obtained by both adsorption and 
incorporation methods. The drug release occurred mainly as a result of desorption, 
although 20 % slower release profile has been observed in case of incorporation 
than when using particles obtained by adsorption [126].      

 
1.5. Nanocapsules obtained by the vesicle templating approach 

When synthesizing polymeric nanocapsules for drug delivery purposes it is 
desirable to avoid the contact of the drug with the reactive species in the 
polymerization medium as some drugs can be sensitive for radicals, heating, the 
change of pH and so on. Therefore it’s preferable to load the polymeric 
nanoparticles with drug afterwards. However this is mainly accomplished by 
adsorption of the drug on the surface of polymer particles which is less effective in 
comparison with entrapping the drug inside polymeric capsules. In some cases it is 
possible to minimize the drug degradation by having the polymerization take place 
in another phase than the location of the drug. Therefore the synthesis of 
nanocapsules in the presence of the drug could be the best option. This can be 
realized by using “soft templates” such as emulsion droplets, liposomes or vesicles. 
Drug release can be controlled by creation of the system where drug release occurs 
as a result of polymer degradation or by encapsulation of the drug in a stimulus-
responsive shell where the drug releases to the medium depending on external 
triggers (pH, temperature, ionic strength, magnetism, UV-light, ultrasound, etc.) as 
was shown above. The main feature of pH and temperature responsive polymers is 
that their volume, conformation and solubility can be altered (reversibly) by 
change in the pH and temperature. 

Loading the vesicles with drug can be accomplished by obtaining the 
vesicles in the presence of drug. Covering the vesicles with polymeric shell can be 
performed by carrying out Reversible Addition Fragmentation Chain Transfer 
(RAFT) polymerization. Contrary to conventional free radical polymerization, 
RAFT offers an inherent advantage of control over molecular weight and the 
structure/composition of the polymer. The application of RAFT for the synthesis of 
controlled morphologies such as nanocapsules already resulted in a few very 
promising approaches [127-128]. Recently, Ali et al. reported a simple RAFT-
based templating approach for the synthesis of water filled polymeric 
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nanocapsules using vesicles [128-129]. The approach requires the adsorption of 
short-chain anionic polyelectrolytes comprising randomly distributed butyl acrylate 
and acrylic acid units on cationic vesicles of dimethyldioctadecyl ammonium 
bromide (DODAB) [128-129]. The successful preparation of anionic pH-
responsive nanocapsules was reported earlier [9]. 

 
Conclusion 
Nanoparticles seem to be very promising drug delivery systems for a variety 

of drugs, especially for those to which oral and/or inhalable administration cannot 
be applied. Development of such systems for potent drugs offers a number of 
benefits over conventional drug formulations such as decrease of toxic reactions 
caused by a high dose of drugs, maintenance of therapeutic concentrations of the 
drug within a certain period of time (prolonged drug release). Nanoparticles can 
help in targeted delivery; the submicron size of the nanoparticles gives them the 
ability to cross narrow junctions and blood capillaries which can not be done when 
using microparticles. It is shown that targeting specific organs is very sensitive for 
the submicron particle size and narrow particle size distributions are advised [130]. 

Despite the enormous amount of work described in literature still new 
developments are required. Using the vesicle templating method to obtain 
nanocapsules, a method developed at the group of Van Herk in the Eindhoven 
University of Technology, could offer advantages over the layer by layer approach 
used before [82]. In this thesis as the model drugs for the incorporation in 
nanoparticles/-capsules the new anti-tumor drug Arglabin (developed by 
Kazakhstani scientists [138]) and the commonly used antiTB drugs p-
aminosalycilyc acid and capreomycin sulfate are selected. For both classes of drugs 
hardly any studies on the incorporation in nanoparticles and nanocapsules have 
been done.  
 
Aim and outline of the thesis 

The goal of the present work is to synthesize colloidal drug delivery systems 
consisting of polymeric nanoparticles and nanocapsules in combination with the 
antitumor drug “Arglabin” and antituberculosis (antiTB) drugs. The novelty of the 
work lies partly in the use of new drugs, not incorporated in colloidal drug delivery 
systems before and partly in using new methods to synthesize nanoparticles and 
nanocapsules for drug delivery.  

The main challenges addressed in this thesis are: 
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- To study the stability of the selected drugs under the polymerization 
conditions for alkyl cyanoacrylates by radical and anionic mechanisms; 

- Synthesis and investigation of nanoparticles and nanocapsules for delivery 
of the antitumor drug “Arglabin” and antiTB drugs on the basis of biocompatible 
polymers (human serum albumin and polyalkyl cyanoacrylates); 

- The study of drug release from these polymeric nanoparticles and 
nanocapsules. 

- Exploration of a new class of nanocapsules based on the vesicle templating 
approach, including a preliminary drug release study 

 
Chapter 1 contains a historical background and overview of controlled 

release systems and synthesis of polymeric nanoparticles and nanocapsules for 
drug delivery purposes.   

 
All experimental procedures, materials, equipment and methods used for the 

synthesis, characterization and investigation of the particles are described in 
Chapter 2.  

 
When synthesizing polymeric nanoparticles in the presence of the drugs it is 

important to know that the drug is stable under reaction conditions and also that it 
does not interfere with the polymerization system. The results of the study of the 
influence of drugs on a radical polymerization system and vice versa using styrene 
as a model monomer is reported in the first part of Chapter 3.  

Furthermore Chapter 3 demonstrates some aspects of the synthesis of 
polyethyl- and polybutyl- cyanoacrylate nanoparticles loaded with antiTB drug 
capreomycin sulfate or the antitumor drug “Arglabin”. The results of the study of 
in vitro drug release together with the degradation of polyethyl cyanoacrylate are 
shown.  

 
Chapter 4 represents the results of the work on synthesizing polymeric 

nanoparticles loaded with drugs by the desolvation method on the basis of human 
serum albumin. Drug-loaded human serum albumin nanoparticles have been 
synthesized using adsorption of the drug onto preliminarily prepared nanoparticles 
and alternatively by incorporation of the drug during crosslinking of the particles. 
The characterization of drug-loaded nanoparticles by photon correlation 
spectroscopy and transmission electron microscopy is given.   
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Polymeric particles of core-shell structure are attracting great attention since 
they can serve as containers for various substances including drugs. Encapsulation 
makes it possible to incorporate almost 100 % of the substance. Interfacial 
polymerization in inverse miniemulsion is known to be an effective method of 
encapsulation. Due to the fast polymerization rate, alkyl cyanoacrylates can be 
promising monomers to use them for synthesizing drug-loaded nanocapsules. 
Chapter 5 contains the results on the encapsulation of drugs by interfacial 
polymerization of ethyl cyanoacrylate in inverse miniemulsion polymerization.  
 

The new vesicle templating approach in theory could offer separation of the 
drug and the polymerization reaction. As a first step the results of encapsulation of 
capreomycin sulfate in pH-responsive polymeric nanocapsules obtained using the 
RAFT-based vesicle templating approach are reported in Chapter 6. The first 
release experiments are also reported. 
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Chapter 2. Experimental Part 
2.1. Materials  

Monomers:  
Ethyl cyanoacrylate (ECA) was purchased from Sigma Aldrich (Germany) 

and was used as received. 
Human serum albumin (HSA, fraction V, purity 96-99 %, 65.000 Da) and 

glutaraldehyde 8 % and 50 % solutions were obtained from Sigma (Steinheim, 
Germany). A 10 % solution of human serum albumin was purchased from the 
Blood Center (Karaganda, Kazakhstan).  

Styrene (Merck, >99 %) was distilled under reduced pressure prior to use.   
Methyl methacrylate (MMA, Aldrich, 99%) was distilled under reduced 

pressure prior to use.  
N,N-(dimethylamino)ethyl methacrylate (DMAEMA, Aldrich, 99%) was 

purified by passing it over a basic aluminum oxide inhibitor remover column 
(Sigma). 

Surfactants:  
Sodium dodecyl sulfate (SDS), hexadecyltrimethyl ammonium bromide 

(CTAB), Tween 80, Tween 85 and Span 80 were purchased from Sigma Aldrich 
(Germany) and were used as received.  

Dimethyldioctadecyl ammonium bromide (DODAB, Acros, >99%) was used 
as received. 

Initiators: 
The water-soluble azo-initiator 4,4’-azobis(4-cyanovaleric acid) (V-501, 

Fluka, 98%), 2,2’-azobis(2-methylpropionamidine) dihydrochloride (V-50, Sigma 
Aldrich, 98%), 2-hydroxy-4’-(hydroxyethoxy)-2-methylpropiophenone 
(photoinitiator, Sigma Aldrich, 98 %), potassium persulfate (KPS, Sigma Aldrich), 
triphenyl phosphine (Fluka, 98%) were of analytical grade and used without further 
purification.  

Solvents: 
Ethanol (Biosolve), methanol (absolute) (Biosolve), tetrahydrofuran (THF, 

Biosolve), cyclohexane (Biosolve), hexane (Sigma Aldrich), ethyl acetate (Sigma 
Aldrich, 99 %), 1,4-dioxane (Biosolve) and chloroform-d (Campro scientific)  were 
all used as received.  

Benzene was purified by drying in the presence of calcium chloride followed 
by distillation in the presence of sodium (n 20

d
= 1.50112, d 20

4 = 0.8790). 
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1-butanol was purified by distillation at atmospheric pressure (n 20
d  =1.3993, 

d 20
4 = 0.8098).   

Phosphate-buffered saline (PBS) pH 7.4 was purchased from Sigma Aldrich 
(Germany). 

Organic solvents and reagents were purified according to techniques given in 
the references [139,140]. 

Other reagents:  
Phosphoric acid (Merck), sulfuric acid (Sigma Aldrich) and a 0.01 M 

solution hydrochloric acid (Karagandareactivsbyt, Karaganda, Kazakhstan) were 
used without any treatment.  

Piperidine was purified by distillation at atmospheric pressure (n 20
d  =1.4530, 

d 20
4 = 0.8606).    

Malonic ester was distilled under reduced pressure prior to use (n 20
d

= 1.4143, 

d 20
4 = 1.0553). 

Butyl cyanoacytate was purchased from Sigma Aldrich (95%) (Germany) 
and was used as received. 

Ammonium hydroxide, phosphorus anhydride, tricresyl phosphate, 
paraformaldehyde powder and hydroquinone were purchased from 
Karagandareactivsbyt, Karaganda (Kazakhstan) and were used as received. 

Formaldehyde (Merck) and p-toluenesulfonic acid monohydrate (Acros, 99 
%) were used without any treatment. 

Ethylene glycol dimethacrylate (EGDMA, Aldrich, 99%) was columned 
(Inhibitor remover, Aldrich) to remove inhibitor before use.  

“Arglabin” (substance or lipophilic form) and dimethylaminoarglabin 
hydrochloride were a gift of AS ISEH “Phytochemistry” (Karaganda, Kazakhstan). 
 

2.2. Experimental procedures  
 
 2.2.1. Synthesis of butyl cyanoacrylate 
Synthesis of monomer was carried out using the improved method of V.V. 

Korshak et al. (Institute of elementorganic compounds named after A.N. 
Nesmeyanov) [141]. The method consists of several stages; of which the final one 
is the formation of oligomers of butyl cyanoacrylate followed by depolymerization 
of the product.    
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Method 1:  
0.1 mol of malonic ester was dissolved in 0.5 l of ethanol (96 %). The 

obtained product was saturated with ammonium hydroxide at room temperature 
and this solution was left for 1 week.  

 
                CH2 (COOEt)2                                   CH2 (CONH2)2  
 

The obtained precipitate of diamide of malonic ester was separated from the 
solution and the calculated amount of butanol and a drop of hydrochloric acid were 
added and this mixture was kept at 1000C until the amide was dissolved 
completely.    
 
               CH2 (CONH2)2                                  BuOOC CH2 CONH2   

 
0.1 mol of phosphorus anhydride was added and butyl cyanoacetate was 

distilled under reduced pressure. Then 0.06 mol paraform, 200 ml of benzene and 
1.5 g of piperidine acetate were added, and this mixture was boiled in a flask 
equipped with Dean-Stark adapter until the calculated amount of water was 
liberated. Benzene was distilled from the obtained mixture.   

 
        BuOOC CH2 CONH2                                       BuOOC CH2 CN      
                                                                                               

BuOOC CH2 CN                                                                (BuOOC C – CH2 -)n 

                                                                                          
                                                                                                 CN  
Depolymerization: 
 0.5 g of SnCl2H2O, 3 g of phosphorus anhydride and 2.13 ml of tricresyl 

phosphate were added to the polymer. Depolymerization was carried out in an inert 
medium (argon) in an oil bath at 150-1700C, according to [141]. The product was 
fractionated under reduced pressure in inert atmosphere. Butyl cyanoacrylate (98,5 
%), nd

20=1,4424 was obtained.   
   
(BuOOC C – CH2 -)n                                nBuOOC C = CH2  
                          
               CN                                                                   CN 
 
 

NH3, EtOH 

BuOH, H+ 

P2O5, t0 

(CH2O)2, C5H10NH2 
+CH3COO- 
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Method 2: 
The synthesis of butyl cyanoacrylate has been performed according to the 

procedure given in paper of Jhillu S. Yadav et al. [142] and the patent of Z. Z. 
Denchev et al [143]. These are the most commonly used methods to obtain 
alkylcyanoacrylates. According to this technique alkyl cyanoacrylates can be 
synthesized on the base of Knoevenagel condensation which is nowadays well-
known. This reaction allows to obtain the monomer with high purity and yield. The 
reaction consists of 2 steps: formation of oligomers of alkyl cyanoacrylate from the 
reaction of alkyl cyanoacetate and formaldehyde (in the presence of a catalyst – 
triphenyl phosphine), followed by depolymerization of the product.      

The mixture of paraformaldehyde (5 mmol), butyl cyanoacetate (6.5 mmol) 
and triphenyl-phosphine (20 mol %) was stirred at 75-800C for 4-5 hours in a 
round bottom flask equipped with a reflux condenser. After that the reaction 
mixture was diluted with water and extracted with ethyl acetate. The organic phase 
was concentrated in a Rotavap and the resulting product was charged onto a silica 
gel column and eluted with hexane/ethyl acetate [142].   

Depolymerization: 
The product was put into a flask with 3 parts of P2O5, 2 parts of 

hydroquinone, 1 part of p-toluenesulfonic acid and then 10 parts of phosphoric acid 
was added under good stirring. Depolymerization at 1900C (180-2200C) under a 
vacuum of 10 Torr (0.01332 bar) was performed. The distillate was collected in a 
cold flask containing 0.1 part of sulfuric acid and 0.05 part of hydroquinone. 

The obtained product was purified by additional vacuum distillation 
[142,143]. 

 
2.2.2. Synthesis of polybutyl cyanoacrylate nanoparticles 
Polybutyl cyanoacrylate (PBCA) nanoparticles were prepared by anionic 

polymerization similar to that described in several papers [1,46,79,99]. Briefly, the 
monomer was added into preliminarily acidified* water at pH 2.5-3.0 and 
surfactant (Tween 85) with constant stirring. The process was carried out for 2 
hours.  

After finishing the reaction the solution was titrated with calcium hydroxide 
till neutral pH was reached.  

For the preparation of the polymer particles containing the drug the same 
procedure as for the preparation of the unloaded nanoparticles has been used, with 
the difference that the drug was dissolved in acidified water before addition of the 
monomer. 
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*  Two acids were used to maintain the pH: in a 1st experiment 0.01 M HCl; 
in a 2nd experiment - 0.01 M H2C2O4*2H2O 

 
2.2.3. Synthesis of human serum albumin nanoparticles 
Preparation of empty HSA nanoparticles 
Empty HSA nanoparticles were prepared using a previously described 

desolvation method [35-37]. 200 mg of HSA were dissolved in 2 ml of purified 
water and the pH was adjusted to 8.2-8.5 with 0.01 M NaOH. Then under constant 
stirring (600 rpm) at room temperature 8 ml of ethanol (96 %) was added (1 
ml/min) using a tubing pump. After the desolvation process the particles were 
stabilized by the addition of an aqueous 8 % glutaraldehyde solution (1.175 μl per 
ml HSA). In order for the process to be finished, the suspension was stirred for 24 
h. The obtained nanoparticles were separated from low molecular components by 
repeated centrifugation (16.100•g, 12 min, Centrifuge 5415 D, Eppendorf, 
Hamburg, Germany) and by washing with water.    

Empty HSA nanoparticles for loading with PASA were obtained from the 
described procedure using a solution of albumin (2 %). The nanoparticles were 
separated from low molecular components by repeated centrifugation with the 
Centrifuge MiniSpin Plus 14500 (Eppendorf, Hamburg, Germany) at 14500 rpm 
and by washing them with water.    

   
a) Adsorption of the drugs to HSA nanoparticles 
1.3 ml of HSA nanoparticles dispersion was taken (10 mg/ml) and combined 

with 50 to 800 μl of the previously prepared solutions of arglabin (5 mg/ml) 
(substance). The volume of each sample was adjusted with ethanol to 2.21 ml. The 
mixture was stirred for 2 h (650 rpm) at room temperature. After that the particles 
were centrifuged and washed with water. The supernatants of the washing steps 
were collected and separated by size exclusion chromatography (SEC) (Sephadex, 
Sigma Chemical Co. DE-52) and the concentration of free arglabin in solution was 
analyzed by UV-spectrophotometry.  

The yield of nanoparticles was determined by a microgravimetric method 
(2.4.5.). 
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b) Incorporation of arglabin and dimethylaminoarglabin hydrochloride 
into albumin nanoparticles 

Incorporation of arglabin and of dimethylaminoarglabin hydrochloride into 
the nanoparticles was carried out according to earlier described methods [35-37].  

1.0 to 4.0 mg of arglabin or dimethylaminoarglabin hydrochloride were 
added to 20 mg of HSA in 4 vials, 1 ml of purified water was added to each vial, 
followed by adjustment of the рН to 8.5 and 1 ml of ethanol was additionally 
added to each sample.  These solutions were left for 2 hours under constant 
stirring.  Then, for the formation of the nanoparticles, 2 and 3 ml of ethanol and 8 
% glutaraldehyde solution were drop-wise added using a mini-pump while 
constantly stirring the solutions of arglabin or dimethylaminoarglabin 
hydrochloride, respectively, and then left for 24 hours. After that the suspensions 
were centrifuged and the nanoparticles in the pellet were washed. The 
concentrations of unbound arglabin and dimethylaminoarglabin hydrochloride 
were determined in the supernatants using UV-spectrophotometry (λ=204 nm). 

The yield of nanoparticles was determined by microgravimetric method 
(2.4.5.). 
 

2.2.4. Synthesis of polystyrene nanoparticles 
Drug-loaded nanoparticles were obtained by emulsion polymerization of 

styrene in the presence of drug using the following ratio: styrene (2 %), surfactant 
(5 % on monomer base), monomer:drug = 1:1. The solution of drug (in water) was 
added to the emulsions containing surfactant and monomer while mixing. Then an 
initiator was added into the medium and the system was heated to 600С. Duration 
of the reaction is 8 hours.  

The nanoparticles were precipitated by ultracentrifugation on the Kontron 
Instruments, Centrikon T-2060 and were then dried in air, followed by drying in a 
vacuum oven at 450C.   

 
2.2.5. Synthesis of polyethyl cyanoacrylate nanoparticles 
Polyethyl cyanoacrylate (PECA) nanoparticles  were obtained by the 

emulsion polymerization technique similar to those shown in papers [1,46,79,99]. 
The method consists in that the monomer (2 %) is added into preliminarily 
acidified (pH 2-2.5 with 0.1 M HCl) water containing surfactant (Tween 80). The 
polymerization process was carried out during 2 hours at room temperature (250C) 
under constant stirring (800 rpm). The nanoparticles were separated by 
ultracentrifugation (20000 rpm) (ultracentrifuge, Centrikon T-2060, max. rpm 



Chapter 2 

 

41 

60000, Switzerland), and then they were washed with PBS and dried until constant 
weight.    

PECA nanoparticles loaded with drug were obtained by 2 ways:  
The drug was dissolved in preliminarily acidified water before addition of 

the monomer. 
The drug was added into the polymerization medium after the start of the 

reaction (after the addition of monomer) in the form of a drug solution in acidified 
water.  

The nanoparticles were precipitated by ultracentrifugation on Kontron 
Instruments, Centrikon T-2060 and were dried first in an air, then in a vacuum 
oven at 450C.   
 

In vitro drug release study 
The release rate of CS from PECA nanoparticles was determined in a 

phosphate-buffered saline (PBS) medium (pH 7.4). Capreomycin sulfate-loaded 
PECA nanoparticles were centrifuged, dried and dispersed in PBS (1 mg/ml) by 
sonicating them for 0.5 hour in a sonicator bath (Sonicor Instruments Corporation, 
Model number SC-50-22, New-York). Then the dispersion was enclosed in a 
dialysis tube (MWCO 1000), sealed and placed in a beaker containing PBS and 
maintained under constant mild stirring (200 rpm) at 370C. At different times 
samples were taken from the inside of the dialysis tube and from the beaker. 

The quantity of degraded polymer and released drug were determined using 
UV-Vis-spectoscopy (Hewlett Packard, 8453 UV-Vis-spectrometer) at λmax = 248 
nm for the polymer and λmax = 268 nm for capreomycin sulfate.  

Blank experiment with drug only inside of dialysis tube has been performed.  
Also blank experiment with drug solution without dialysis tube was done to 

check the adsoption on the wall of the beaker.  
*In all experiments the same concentration of CS was taken.  

 
2.2.6. Synthesis of polyethyl cyanoacrylate nanocapsules 
Inverse miniemulsion polymerization of ECA was performed according to a 

procedure similar to that given in [88]. In brief, the organic phase consisting of 76 
g of cyclohexane and a mixture of surfactants (Tween 80 : Span 80 = 1:1) (in total 
10 % of the oil phase) was added to 20 g of water and this mixture was vigorously 
stirred for 30 min at room temperature. Then the macroemulsion was put to 
ultrasonication (Sonics, Vibra CellTM) for 20 minutes (2 minutes with intervals and 
10 minutes continuously) at 50 % amplitude in a pulse regime (5 s sonication, 
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10 s pause). The system was cooled with ice during sonication. 10 ml was taken 
from the obtained miniemulsion and ECA (5 and 10 % of aqueous phase) was 
drop-wise added to the miniemulsion under constant stirring (600 rpm). After 4 h 
of polymerization the PECA capsules were separated from the organic phase by 
centrifugation at 14000 rpm for 1 h (MSE, Mistral 3000E, Serial No. S692/03/095, 
UK), washed and redispersed in water. This step was repeated 3 times. 

 
2.2.7. Synthesis of pH-responsive nanocapsules through the vesicle 

templating approach 
Vesicle preparation 
Large unilamellar vesicles (LUVs) were prepared by a membrane extrusion 

method [128,129]. The preparation procedure of DODAB vesicles and their 
characterization by DLS and cryo-TEM have previously been described in detail 
[128,129]. 

 
Synthesis of RAFT Copolymers 
RAFT copolymers containing different combinations of randomly distributed 

acrylic acid (AA) and butyl acrylate (BA) units were synthesized in dioxane using 
dibenzyl trithiocarbonate (DBTTC) as a chain transfer agent. Table 2.1 summarizes 
the structural compositions and recipes used for their synthesis. Briefly, RAFT 
copolymer containing average 10 BA units and 20 AA units abbreviated as BA10-
co-AA20, was synthesized as follows: 10,57 g (83 mmol) of BA, 11.9 g (166.3 
mmol) of AA, 2.55 g (8.29mmol) of  DBTTC and 0.12 g (0.75 mmol) of AIBN 
were mixed in 25 g of dioxane in a Schlenk flask. The mixture was degassed by 
three freeze-pump-thaw cycles and then heated and stirred at 70°C for 5 hours. 
After synthesis, RAFT copolymers were characterized by GPC and 1H NMR. 

 
Таble 2.1. Recipes for the RAFT copolymer synthesis 

RAFT 
copolymer 

[DBTTC], 
mM 

[AIBN], 
mM 

[Acrylic acid], 
mM 

[Butyl acrylate], 
mM 

BA5-co-AA10 15.2 1.3 151.3 75.5 
BA7.5-co-AA10 12.7 1.2 126.3 95.2 
BA10-co-AA20 8.29 0.75 166.3 82.57 
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Synthesis of nanocapsules 
Nanocapsules were synthesized by starved feed emulsion polymerization 

performed in a 50 ml three-neck flask equipped with a magnetic stirrer bar and a 
heating bath as described in detail previously [129]. The recipes and the reaction 
conditions used for the encapsulations are listed in table 2.2.  

For all experiments: [RAFT copolymer] / [DODAB] = 3; 0.23 g of monomer 
(fed at a rate of 0.01 g/min, reaction temperature 70°C). In all recipes 3% of 
crosslinker EGDMA was added. 

 
Таble 2.2. Recipes for encapsulation 

Monomer Feed composition Latex 
MMA, (mol) DMAEMA, 

(mol) 
EGDMA, (mol) 

E-1 0.12 0.12 0.0074 (3 mol %) 
E-2 0.12 0.24 0.0111 (3 mol %) 
E-3 0.24 0.12 0.0111 (3 mol %) 

VCap - 1 0.12 0.12 0.0074 (3 mol %) 
 
Responsive behavior of nanocapsules 
The synthesized vesicle-templated DMAEMA:MMA crosslinked 

nanocapsules were washed by centrifugation followed by freeze drying to obtained 
powders which were redispersed in buffer solutions of various pH values (ranging 
from 1 to 8) in separate vials. To achieve complete redispersion at a certain pH, 
mild bath sonication was applied. After the equilibration time of around 12 hours, 
the pH induced dimensional changes were recorded using DLS measurements. 

 
Encapsulation of capreomycin sulfate in the nanocapsules and drug 

release experiments 
In order to encapsulate the drug into vesicles, 50 ml of 1 mM capreomycin 

sulfate solution was mixed with 50 mL of 10 mM DODAB aqueous pre extrusion 
solution. The resulting dispersion was extruded to obtain drug-loaded DODAB 
vesicles, following the same extrusion procedure as described above. The resulting 
drug loaded vesicles were separated from the drug in the serum by 
ultracentrifugation (60000 rpm 10°C) and redispersed in water. The concentration 
of the drug in the supernatant was analyzed by quantitative UV-Vis-spectroscopy 
using a calibration curve of capreomycin sulfate at λmax = 268 nm. After the 
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completion of the extrusion run, the resulting vesicle dispersion was maintained at 
65°C for more than 12 hours before cooling down to room temperature. The 
influence of temperature on stability of the drug has already been studied and the 
drug has proven to be stable when heated.  

Drug-loaded vesicles were then used for the synthesis of crosslinked 
nanocapsules using a DMAEMA and MMA monomer feed (with 3% EGDMA). 
The latex was freeze-dried and redispersed in dioxane.  

 The resulting crosslinked nanocapsules were freeze dried and redispersed in 
a buffer solution of pH = 6.5. The recipe for the reaction is given in table 2.2.  

 
2.3. Characterization  
 
2.3.1. Measurement of particle size, zeta potential (ζ) and particle size 

distribution 
Average particle diameter and the particle size distribution of PECA 

nanoparticles and nanocapsules with and without drug were determined at 250C by 
dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS instrument at a 
scattering angle of 1730. 

The average particle size of HSA nanoparticles with and without Arglabin 
was measured using a Malvern Zetasizer 3000HSA (Malvern Instruments Ltd., 
Malvern, UK) at a temperature of 250C and a scattering angle of 900. The samples 
were diluted 1:400 with water. The zeta potential was also measured on this 
device. HSA nanoparticles were previously diluted 1:200 with a 50mM phosphate-
buffer (pH 7.4) and the zeta potential was determined by Laser Doppler micro 
electrophoresis. 

 
2.3.2. Characterization of nanoparticles by transmission electron 

microscopy and scanning electron microscopy 
Transmission electron microscopy (TEM) measurements of PECA 

nanoparticles and nanocapsules were performed on a FEI Tecnai 20, type Sphera 
TEM instrument equipped with a LaB6 filament operating at 200 kV. Images were 
recorded with a bottom-mounted Gatan CCD camera. A 3 μL sample was applied 
on a Quantifoil grid (R 2/2, Quantifoil Micro Tools GmbH; freshly glow-
discharged just prior to use), excess liquid was blotted away.  

Pictures of empty HSA nanoparticles and nanoparticles loaded with drug 
were made on transmission electron microscope CM 12 (Philips). 
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The particles are imaged with a desktop scanning electron microscopy 
(SEM) (Phenom, FEI company). The sample holder is covered with double-sided 
conducting carbon tape and a droplet of obtained emulsion is cast on the sticker. 
The sample is dried under air and sputter-coated with a thin layer of gold before 
imaging with SEM.  

 
2.3.3. Determination of molecular weight of polymers by gel permeation 

chromatography (GPC) and mass-spectrometry (MALDI-TOF MS) 
Polymer was separated from the dispersion through freeze-drying with a 

Freeze-drier Christ. Alpha 1-4 LD plus Salmenkipp. The polymer was dried in air 
and then in the oven without heating (at 300C). The samples were dissolved in 
THF. Molecular weight of synthesized polymer was determined using gel 
permeation chromatography using Waters GPC (“Alliance”) equipped with a 
Waters model 510 pump and a model 410 differential refractometer r and a Waters 
486 UV-detector (λ=254 nm); injection volume is 0.05 ml. A set of two mixed bed 
columns (Mixed-C, Polymer Laboratories, 30 cm, 40 °C) were used. 
Tetrahydrofuran was used as the eluent, and the system was calibrated using 
narrow molecular weight polystyrene standards (range = 580-7.5∙106 g/mol).   

Molecular mass and molecular mass distributions of the polymers were 
determined by mass-spectrometry using PerSeptive Biosystems, Voyager-DETM 
STR, BiospectrometryTM Workstation. 

 
2.3.4. Characterization of polymers by FTIR- and 1H NMR-spectroscopy   
1H NMR spectra were recorded on a Varian 400 MHz spectrometer using 

deuterated chloroform as a solvent.  
FTIR spectra were recorded on a Bio-Rad Infrared Excalibur 6000 FTIR 

spectrometer. Samples were prepared in KBr pellets.  
 

2.4. Instruments and Analysis 
 

2.4.1. Determination of the binding degree of the drug by a conductometric 
method 

The measurements of electrical conductivity of solutions were performed on 
a Conductivity meter Type OK-102 (Hungary) №1182 ООО «Econics-Expert» and 
INN/KPP 7728209000/772801001 (Моscow) using platinum electrodes and a 
thermostat UTU-2/77 (Polanol) with thermostatic electrical cell with a volume of 
25 ml.  
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0.1, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005 mg/ml drug solutions in water were 
prepared for a calibration curve. For the concentrations of Arglabin of 0.005-0.06 
mg/ml the change of the values of the specific electrical conductivity can be 
described by the following equation: у=86.353х+1.4692 (with x the concentration 
and y the conductivity). The correlation coefficient was equal to 0.997. Data for the 
calibration curve are given in table 2.3.  

 
Table 2.3. Data for calibration curve for dimethyl aminoarglabin 

hydrochloride 
№ conc., mg/ml χdetermined, ·10-4, 

Sm/cm 

χtheor, ·10-4, 

Sm/cm 

1 0.005 2.343 2.014 
2 0.01 2.67 2.333 
3 0.02 3.51 3.088 
4 0.04 4.59 4.707 
5 0.06 7.461 7.946 
6 0.08 13.16 12.953 
7 0.10 28.1 27.375 

 
2.4.2. Determination of the binding degree of the drug by UV-Vis-

spectrophotometry  
The binding of Arglabin (substantive) to nanoparticles was determined from 

the concentration of drug in solution before and after adsorption. The analysis of 
Arglabin was made on a U3000 Spectrophotometer (λ=204 нм) (Hitachi). UV-
measurements have been carried out using UV-Vis-photodiode array spectrometer 
with quartz cuvette of 1 cm pathlength. The solutions of Arglabin (substantive) and 
albumin were separated by size exclusion chromatography (Sephadex, Sigma 
Chemical Co. DE-52). The calibration curve for Arglabin was made based on data 
given in table 2.4. The correlation coefficient was equal to 0.997.  

The binding degree of capreomycin sulfate with PECA nanoparticles was 
determined using a Hewlett Packard 8453 UV-Vis-spectrometer (UV-Vis-
photodiode) at λmax = 268 nm after centrifugation of particles at 13500 rpm for 1 
hour at 250C. Quartz cuvettes with cell path length 1 cm No. 100-QS (Quartz 
Suprasil) and 0.2 cm No. 110-QX (Quartzglas Suprasil 300) (Hellma) were used 
for the study of drug release and polymer degradation. Equation of calibration 
curve for CS was y = 26.516х-0.0048 and for PECA y = 0.6666-0.0142. 
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Тable 2.4. Data for calibration curve for dimethyl aminoarglabin 
hydrochloride 

№ conc. (Argl), mg/ml Absorbance 
1 0 0 
2 0.125 0.136 
3 0.25 0.250 
4 0.5 0.450 
5 1.0 0.841 

 
Correlation coefficients were equal to 0.9998 and 0.9977 correspondingly. 

Data for calibration curves for CS and PECA are given in table 2.5 and 2.6 
respectively.  

 
Таble 2.5. Data for calibration curve for capreomycin sulfate 
№ conc. (CS), mg/ml Absorbance  
1 0.0078125 0.134457 
2 0.015625 0.33742 
3 0.025 0.57807 
4 0.03125 0.75708 
5 0.0625 1.5626 

 
Таble 2.6. Data for calibration curve for polyethyl cyanoacrylate 

№ conc. (PECA), mg/ml Absorbance  
1 0.05625 0.023310 
2 0.1125 0.051793 
3 0.225 0.121050 
4 0.45 0.295470 
5 0.9 0.585740 

 
2.4.3. Determination of the ethanol content by gas chromatography (GC)  
The amount of ethanol in the medium was determined on a Varian 450-GC 

Gas Chromatograph (Malasia), Model: CP-8400. S/N: GC0811B360  (Varian CP – 
Autosampler). Run time: 15 min; injection volume: 0.5 μl. The calibration curve 
was made based on data in table 2.7. The following equation was used to calculate 
the concentration of ethanol y = 781.52-23.255. Correlation coefficient was equal 
to 0.9994.  
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Table 2.7. Data for calibration curve for ethanol 
№ conc.(ethanol), mg/ml Аrea 
1 0.156 120.8 
2 0.313 248.0 
3 0.625 449.2 
4 1.25 888.2 
5 2.5 1917.0 
6 5 3907.1 

 
2.4.4. The study of the stability of drugs by high performance liquid 

chromatography (HPLC)   
Measurements were performed on Waters HPLC equipment with a Zorbax 

RX C-18 reversed phase column Hewlett-Packard (Series 1100), equipped with а 
UV-photodiode array detector (Waters 990). The mixture of methanol/water in the 
ratio 80:20 is used as the eluent (rate 1 ml/min). Injection volume is 0.005 ml.   
 

2.4.5. Determination of the yield of nanoparticles by microgravimetry   
An aliquot of 0.05 ml of the sample was filled into an aluminium micro 

weighing dish (VWR, Darmstadt, Germany) which has been weighed before with a 
microbalance (1*10-4 mg) (Sartorius, Gottingen, Germany). Samples were dried in 
the oven for 2 hours at 800С and then the filled dishes were put into an desiccator 
for 30 min to cool down. For the determination of the nanoparticle content, each 
sample dish was weighed again and the weight difference of empty and filled dish 
was calculated. 

 
2.4.6. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 6 

instrument under nitrogen (flow rate = 25 cm3/min) with heating rate 100C/min. 
Samples were purged with nitrogen before analysis. The mass of the sample was 4-
5 mg. The sample was heated in temperature range 250-6000С. 
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Chapter 3. Synthesis and investigation of 

polyalkylcyanoacrylates loaded with drugs 
Abstract 

Polymeric nanoparticles and nanocapsules have shown great potential in the 
biomedical field. Extensive research is done on the synthesis of such systems for 
drug delivery purposes. It is known that one of the ways of increasing the 
effectiveness of the therapy of diseases like cancer and tuberculosis is prolongation 
of the effect of the drug. This can be achieved by creation of drug-loaded 
polymeric micro- and nanosystems (micro-, nanoparticles and/or nanocapsules). In 
this chapter aspects of the preparation and characterization of polyethyl- (PECA) 
and polybutyl cyanoacrylate (PBCA) nanoparticles loaded with the antituberculosis 
drug capreomycin sulfate and the antitumor drug Arglabin are described. 

When synthesizing polymeric nanoparticles loaded with drugs it is important 
to know that the drug is inert towards the reaction components and doesn’t 
interfere with the polymerization system. The influence of the drug on a radical 
polymerization system and vice versa was studied using styrene as a model 
monomer. The stability of some antiTB drugs against free radical and anionic 
polymerization conditions was investigated as well.  

Drug loaded-polyalkyl cyanoacrylate nanoparticles have been synthesized by 
anionic polymerization in emulsion. Optimal conditions for the loading of the 
drugs were obtained.  

UV-Vis spectroscopy was applied to study the binding of the drug to PECA 
nanoparticles and the drug release profiles, whereas a conductometric method was 
used for the determination of the binding of Arglabin to PBCA. 

The approach for the preparation of polyethyl cyanoacrylate nanoparticles 
loaded with the antiTB drug – capreomycin sulfate has been established. It was 
shown that incorporation of capreomycin sulfate in a PECA matrix considerably 
increases the half-life time of the drug.  
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3. Synthesis and investigation of polyalkylcyanoacrylates loaded with 
drugs 

Introduction 
One of the challenging problems of modern medicine is a treatment for 

tuberculosis. Today tuberculosis is a pandemia which spread out on our planet with 
a catastrophic speed. One third of world population is infected with mycobacterium 
tuberculosis [13]. One major improvement to the existing therapies would be the 
creation of a therapeutic system which allows to carry out targeted drug delivery 
combined with desired release profiles of the drugs. In spite of wide range of 
existing antiTB drugs, the use of combinations of such strong preparations (which 
differ both in their structure and action mechanism) can lead to considerable toxic 
effects on the organism in general and can lead to multidrug resistance (MDR). As 
most of the antiTB drugs have a protein structure, their half-lives (under in vivo 
conditions) are usually very short (e.g. p-aminosalicylic acid – 45-60 min, 
amikacin – 2-3 h, streptomycin – from 5 to 6 h and capreomycin sulfate (CS) – 
from 3 to 6 h) and hence rapid elimination of drug from the body occurs. Also due 
to poor oral bioavailability and rather fast metabolism in the organism the modern 
antiTB preparations are not so effective. Therefore these kinds of drugs need to be 
injected at least 2 times a day. Nowadays emphasis is put on increasing the 
efficacy of existing antiTB drugs by developing drug delivery systems on the basis 
of polymers (liposomes and/or vesicles filled with drugs [38], aerosol particles for 
direct administration into lungs [13, 102], and drug formulations in the forms of 
granules [13, 103]). The use of polymeric nanoparticles will help to provide 
prolonged and controlled drug release, therefore decreasing side effects and 
increasing the therapeutic effectiveness [1,2,9,11]. In this chapter the synthesis of 
nanoparticles loaded with antiTB drugs on the basis of biocompatible polymers 
will be described.  

 
3.1. The study of the compatibility of some antiTB drugs with a radical 

polymerization system   
Nanoparticles for medical purposes can consist of natural (albumin, gelatin, 

dextran, collagen, lactic acid, so on) or biocompatible synthetic polymers 
(polyglutaraldehyde, polyalkyl cyanoacrylate and others) [1]. Amongst the 
biodegradable synthetic polymers used for obtaining nanoparticles, polyalkyl 
cyanoacrylates (PACA) are of special interest.  
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Due to their high reactivity, ability to create strong bonds and good resolving 
property they have been used for about 60 years in medicine as surgical sutures, 
stitches and adhesives for wound closure [78,81].  

Owing to their biocompatibility, biodegradability, mild polymerization 
conditions and ability to entrap some drugs, PACA are also unique materials for 
the development of polymeric carriers of bioactive compounds in the form of 
nanoparticles [60]. The use of PACA nanoparticles in the biomedical field, in 
particular as drug delivery systems, opened new frontiers in pharmaceutical 
research. There are a number of examples of incorporation of different cytostatic 
drugs (doxorubicin hydrochloride, actinomycin D, daunorubicin and others) and 
antibiotics (amikacin, ampicillin, ciprofloxacin, etc.) in PACA nanoparticles with 
the aim of increasing the therapeutic effect of the drug [4,15, 19-22,25,26,72,77].  

In this chapter the drugs (PASA, amikacin, streptomycin and capreomycin 
sulfate) have been used as bioactive substances. Chemical structures of the drugs 
are shown in Fig.3.1. 

The first antibiotic from the aminoglycoside class and the first drug 
preparation against tuberculosis mycobacterium was streptomycin, which is still 
used in tuberculosis treatment. Together with this, amikacin, another 
aminoglycosides-class drug used when healing different types of bacterial 
infections including mycobacterium tuberculosis is not effective. Cycloserine, 
ethionamide, kanamycin, viomycin, PASA and water-soluble capreomycin sulfate 
are usually applied alone or in combination when first-line AntiTB drugs are not 
effective or they can not be used because of the presence of the resistant 
tuberculosis bacillus [38]. 

Although these drugs posses high antiTB activity they have a number of side 
effects (starting from nausea, vomiting to loss of vision and hearing, damage of 
liver’s and kidneys’ functions etc.). In addition, these drugs (except PASA) can not 
be absorbed by gastrointestinal tract when given orally, therefore only parenteral 
administration is suggested. Creation of nanoparticles and nanocapsules for 
AntiTB drugs on a polymeric basis will make it possible to administer via the 
respiratory tract or gastrointestinal tract.  
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Figure 3.1. Structural formula of drugs:  
(а) - p-аminosalicylic acid; (b) – amikacin; (c) - capreomycin sulfate; (d) – 

streptomycin 
 

One of the effective ways of synthesizing polymeric nanoparticles is 
emulsion polymerization. Emulsion polymerization methods for alkyl 
cyanoacrylates were first introduced by the research group of Couvreur P. in 1979 
with the aim of obtaining polymeric nanoparticles for targeted drug delivery [81]. 
There are three routes for the polymerization of alkyl cyanoacrylates; - radical, 

(a) (b) 

(c) 

OH

COOH

H2N OH

COOH

H2N
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anionic and zwitterionic mechanisms [79, 99]. Polymerization of alkyl 
cyanoacrylate by free radical mechanism requires higher temperature and 
conditions which suppress polymerization of the monomer by the other two routes, 
for instance, absence of the traces of weak bases including water which may 
catalyze ionic polymerization. Consequently, the polymerization rate of alkyl 
cyanoacrylates by the radical route is slower than that of anionic polymerization 
which provides more control over the process. Also higher molecular weights 
(higher than 3000 Da) and glass transition temperatures (Tg) can be achieved by the 
free radical mechanism [79, 99]. When synthesizing drug loaded-nanoparticles, the 
direct introduction of the drug into the reaction medium helps to increase the drug 
content in the nanoparticles. However one needs to worry about the stability of the 
drug in the polymerization medium during the reaction, its compatibility with the 
components of the system. In this regard the task to study a compatibility of some 
drugs with the conditions of nanoparticles’ synthesis by radical polymerization has 
arisen. 

To evaluate this effect emulsion polymerizations of styrene with and without 
drug have been performed. As radical-generating initiator potassium persulfate 
(KPS) and as a model monomer styrene were used. One of the widely used 
surfactants in emulsion polymerizations, sodium dodecylsulfate (SDS), was used 
as a stabilizer.   

It was established that the presence of PASA affects strongly the outcome of 
a emulsion radical polymerization of styrene. So after addition of the drug to the 
reaction system a change of color from white to dark-brown was observed 
(Appendix 1). One of the reasons of this phenomenon can be the degradation of the 
drug when heating it till reaction temperature and the interaction of the degradation 
products with the radicals generated by the initiator. Therefore the stability of 
PASA at reaction temperature was studied. The drug was heated to 600С for 1 hour 
and exposed to UV-light using UV-lamp. The stability of the drug to heating was 
controlled by the change of absorption in the UV-region (Fig.3.2).   

Spectral characteristics of the drug before and after heating (also including 
exposure to UV-light) are identical which confirms the stability of the drug to 
heating and the effect of UV-light (Fig.3.2).  

From these results it is inferred that it is more likely that the drug itself 
reacted with the initiator (KPS) which is a strong oxidizer or with the produced 
radicals. In order to expand the area of study, four combinations of drugs with 
several initiators have been considered. 
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Figure 3.2. UV-spectra of PASA before and after heating and after exposure to 
UV-light. 

 
These are the drugs: PASA, amikacin, streptomycin and CS and the 

initiators: KPS, 4,4’-azobis(4-cyanopentanoic acid) (V-501), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (V-50) and the photoinitiator (2-hydroxy-
4’-(hydroxyethoxy)-2-methylpropiophenone). The results of the interactions of the 
combinations are given in Table 3.1 and Appendix 2.      

In order to confirm the results of the visual observations, the products of the 
interaction of the drugs with the initiators were studied by HPLC. Chromatograms 
of the drugs, initiators and the products of interaction are given in Appendices 3-6.  

On the bases of the results the following conclusions can be made:  
- PASA interacts with all initiators. This drug is not compatible with radical 
polymerization conditions;    
- CS is stable to the effect of KPS.  

Amikacin and streptomycin do not absorb light in the UV-area, so it was not 
possible to check the interaction of these drugs with initiators by HPLC (UV 
detector). 
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Table 3.1. The results of visual observation of the mixtures of initiator and 
drug (at temperatures of initiator decomposition) 

Initiator      
Drug 

KPS V-501 V-50 Photoinitiator 

PASA 

Solution of 
dark brown 
color (even 

without 
heating!) 

Solution of 
light 

brownish 
color 

Solution of 
yellow 
color 

Solution of 
yellow color 

Amikacin No change No change No change 

Very slightly 
noticeable 

brown colored 
solution 

Streptomycin No change 

Slightly 
green 

colored 
solution 

No change 

Very slightly 
noticeable 

brown colored 
solution 

CS No change No change No change No change 
 
The combination CS – KPS has been chosen as the most optimal one. 

However an emulsion polymerization of styrene in the presence of CS using KPS 
as an initiator didn’t give desirable results: stable polymer was not formed. It might 
be caused by the presence of anionic surfactant (SDS) in the system together with 
the slightly positively charged drug (CS). Compatibility of the drug with surfactant 
also needs to be considered when choosing the system for drug loading. Therefore 
the anionic surfactant was changed to a cationic one - 
hexadecyltrimethylammonium bromide. This combination resulted in polymeric 
nanoparticles with satisfactory characteristics. Characterization of polymers with 
and without drug is shown below (Table 3.2).          

 
Table 3.2. Characteristics of the polystyrene latex with and without drug 

Polymer d, nm PDI Mn Mw/Mn Conv., % 

With Drug 173 0.2 54480 5.652 99 

Without Drug 400 0.4 9900 11.231 96 
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It is most likely that the drug enhances micelle formation, possibly by acting 
as a co-surfactant itself. For that reason the number of particles increases and the 
particle size decreases. This is also consistent with the increase in molecular 
weight, caused by the lower entry of radicals increasing the average growth time of 
the chains.  
 

 
 

So at this stage of the investigation the possibility of incorporation of some 
drugs into the polymeric carrier during the process of synthesis of the polymeric 
nanoparticles by the radical polymerization mechanism is shown.  
 

3.2. The study of stability of antiTB drugs under anionic polymerization 
conditions    

Although alkyl cyanoacrylate monomers can be polymerized by both free 
radical and anionic polymerization mechanisms, the anionic route has attracted 
more interest due to the ease of the initiation process (initiation through weak bases 
as water, amines or alcohols) and high rate of polymerization [79,99]. Emulsion 
polymerization of alkyl cyanoacrylates by the anionic mechanism enables 
synthesizing nanoparticles with narrow particle size distribution and good 
characteristics under mild conditions [79, 99]. The anionic polymerization 
mechanism of alkyl cyanoacrylates is shown in the following scheme (Fig.3.3) 
[79,99].  

As stated above, the most effective way of incorporation of drug into 
polymeric nanoparticles can be an addition of the drug into reaction medium 
directly during the process of polymerization since this way one can reach higher 
binding degree. However, in this case it should be taken into account that not all 
drugs are stable against anionic polymerization conditions (acidity of medium, the 
presence of other components and so on). 

Polymerization rate of alkyl cyanoacrylates mainly depends on pH of 
medium: the higher the pH value the faster the reaction, so in basic medium 
polymerization finishes within few seconds, reaction is not controllable and leads 
to coagulation, whereas maintaining acidic pH gives rise to particles of nanometer 
size. 

p
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Figure 3.3. Mechanism of anionic polymerization of alkyl cyanoacrylates 
 
As an acidic medium needs to be sustained during the process of anionic 

polymerization in order to slow down the rate of polymerization of alkyl 
cyanoacrylates, the stability of the drugs in acidic medium needs to be determined. 
In order to carry out the polymerization of alkyl cyanoacrylates, pH values in a 
range of 2.0-2.5 are needed. The stability of drugs in strong acidic medium was 
studied using UV-Vis-spectroscopy. 

According to data obtained by potentiometry, aqueous solutions of drugs 
(PASA and CS) have a slightly acidic pH: these are 6.60 and 5.50 correspondingly. 
Streptomycin is stable in slightly acidic pH but it breaks down in solutions of 
strong acids and bases and when heated [144]. As was shown earlier, amikacin 
doesn’t absorb light in UV-area, and because of this complication in analysis this 
drug was not considered further.   

Hydrochloric acid was added to solutions of drugs until the desired pH value 
was reached; the spectra of the drugs before and after addition of acid were 
recorded. For completeness, these drugs were studied in basic and neutral media as 
well. Results are given in Fig.3.4. 

For PASA a structural change after addition of acid was observed (a), but 
this effect seems to be reversible: the molecule forms an adduct with the 
hydrochloride but after addition of base the original spectrum is obtained again. It 
is clear from the spectra (Fig.3.4.b) that CS doesn’t change its structure both in 
acidic and basic media. Therefore CS has been chosen for further investigations.   
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Figure 3.4. UV-spectra of drugs in acidic, basic and neutral media:  

(1) – PASA, (2) – CS 
 
It is established that the antiTB drug capreomycin sulfate is stable in acidic 

media and that makes it possible to incorporate it in a polymeric matrix of PACA 
for targeted drug delivery purposes. 
 

3.3. Synthesis and characterization of polyethyl cyanoacrylate (PECA) 
nanoparticles loaded with the antiTB drug capreomycin sulfate  

 
3.3.1. Preparation of polyethyl cyanoacrylate nanoparticles containing 

capreomycin sulfate   
Ethyl- and butyl cyanoacrylates have been chosen as the monomers for the 

synthesis of polymeric nanoparticles containing the drug.  
Ethyl cyanoacrylate (ECA) was added at pH 2.0 to an aqueous solution of 

Tween 80 at room temperature. The process went over 2 hours; samples were 
withdrawn from the reaction medium. Physicochemical characteristics of the 
PECA nanoparticles are given in table 3.3.   

It seems the particle size and molecular weight do not change significantly 
over time with the addition of the monomer. The particle size distribution of PECA 
after 120 minutes is given in Fig. 3.5.  

Data obtained by DLS show that the latex has a relatively broad particle size 
distribution consisting of particles between 60 nm to 450 nm (Fig.3.5). To confirm 
these results and to study the morphology of PECA nanoparticles’ images were 
taken using transmission (TEM) and scanning (SEM) electron microscopes 
(Fig.3.6).   

 

(a) (b) 
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Таble 3.3. Particle size and molecular weight of PECA nanoparticles as a function 
of time  

Time, min d, nm PDI Mn Mw/Mn 

1 317.5 0.576 2210 1.13 

5 170 0.138 2436 1.14 

10 150.8 0.136 2579 1.13 

15 224.9 0.325 2517 1.13 

20 160.2 0.175 2595 1.11 

30 235.5 0.264 2711 1.13 

45 161.6 0.190 2381 1.13 

60 154.8 0.134 2591 1.13 

90 159.0 0.166 2534 1.13 

120 153.7 0.132 2428 1.13 
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Figure 3.5. Particle size distribution of PECA nanoparticles (empty) 

 
TEM images demonstrate that particles obtained have spherical shape and 

their sizes are about 60-80 nm. The images made on SEM show that in addition to 
the particles of small size (110-130 nm) there are few big particles with a diameter 
more than 400 nm. These results are in good agreement with those obtained by 
DLS. 
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It is difficult to avoid the formation of such big particles; nevertheless as 
their sizes don’t exceed 1000 nm, they can also serve as carriers for drugs as they 
can penetrate through cell membranes by means of phagocytosis [100,101]. 

The average number molecular weight of PECA determined by gel-
permeation chromatography (GPC) was 2428 (Mw = 2702, PDI = 1.11). 

Molecular weight of the polymer was also measured by MALDI-TOF MS 
(Fig.3.7). Data obtained by MALDI-TOF MS confirmed the results given by size 
exclusion chromatography (SEC) and gave additional information about the 
structure of the polymer. Molecular weight (Mn) of PECA formed is relatively low 
which is not unexpected and can be explained by very rapid termination rate with 
H+ ions.  

 

  

  

        Figure 3.6. TEM (a) and SEM (b) images of PECA nanoparticles (empty) 
 

(a) 

(b) 
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Analysis of the MALDI-TOF MS has shown that the polymer contains 
oligomeric chains (starting from dimers (307), the length of the longest chain is 
equal to 4060 (n=32). The number average molecular weight of the polymer is 
equal to 2310. In addition to the main peaks, 2 more peaks with a molecular mass 
difference of ± 30 Da were seen in the mass spectrum of PECA. The same 
phenomenon was observed before [50] and was explained as a result of the 
formation of formaldehyde released from one end of the PACA chains. The release 
of formaldehyde from PACA chains has already been discussed by other authors 
[50,53].  

The molecules have been ionized by the addition of K+ cation.  
 

99.0 679.4 1259.8 1840.2 2420.6 3001.0
Mass (m/z )

0

3405.2

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

Voyager Spec #1=>AdvBC(32,0.5,0.1)[BP = 190.8, 3405]

190.8

1557.61307.4
1682.6

1182.4
1807.7

1932.7
1057.3 2058.8

932.2 2183.9368.3

2308.9
550.5 807.2 2434.0

2559.1166.9
2684.1522.5 682.1 1810.71560.6103.8 1963.7219.8 557.1 1337.4 2338.9314.9 1087.3 2589.0122.8 2061.8 2437.0962.3 2839.21402.5 1653.6432.0 1876.3837.2 1152.3 2027.8 2278.9

 

799.0 1439.4 2079.8 2720.2 3360.6 4001.0
Mass (m/z )

0

4.0E+4

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

Voyager Spec #1=>AdvBC(32,0.5,0.1)[BP = 1557.5, 40068]

1557.5
1807.71432.5

1933.71307.4
2058.8

1182.4 2183.9

2308.91057.3

2434.0

932.3 2559.0

2684.1
2809.2807.2

2934.21810.7
3059.3

1560.5 1837.6 2088.8 3310.42338.91337.4 2589.0 3560.51936.7 2839.11087.3 3810.63062.31527.5 3340.41778.71277.4 2053.4 3590.5837.2 1027.3 2278.9 3840.62466.9 2967.22717.11530.6

 
Figure 3.7. MALDI-TOF MS of PECA nanoparticles (empty) 

 
As the polymerization reactions of alkyl cyanoacrylates are initiated by 

addition of hydroxyl-ions and are terminated by protons, the end groups observed 
in the spectra are H (1) and HO (17). 
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Having investigated the formation of the particles without drug, the next step 
is to investigate the possibility of loading PECA matrices with drugs. Capreomycin 
sulfate was selected as it is one of the more stable drugs, as has been shown before.  

There are several approaches of performing drug loading. One of the more 
effective ways to achieve higher loading of the drug is addition of the drug directly 
into the reaction mixture before the start of polymerization 
[15,22,26,53,63,67,69,145]. Therefore initially this method of drug loading was 
applied: CS was dissolved in acidified water and after addition of Tween 80 the 
system was drop-wise fed with the monomer. As a result, together with formation 
of particles of nanometer size (300-400 nm), considerable amounts of 
agglomerates (with size over 4000 nm) were observed. Stabilization of the system 
could be decreased by the presence of slightly positively charged drug. Therefore 
addition of the drug after the initiation process might be more effective. It was 
reported previously [18-20,26] that the drugs were successfully incorporated into a 
polymeric matrix when the addition of drugs was performed some time after the 
reaction started.   

In the following experiments the drug was added 5 minutes after the reaction 
started.  No significant change in particles size was observed compared to the ab-
initio experiment (300-600 nm), however again big agglomerates were formed. 
The particle size distribution of the PECA nanoparticles is given in Fig.3.8.      
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Figure 3.8. Particle size distribution of PECA nanoparticles loaded with 

drug  
 



Chapter 3 

 

65 

The morphology of the nanoparticles containing the drug is shown in the 
SEM pictures (Fig.3.9). In given images spherical structures of nanometer sized 
particles are demonstrated. In case of addition of the drug before the start of the 
reaction, formation of agglomerates is seen (Fig.3.9, b), although the primary 
particles are of similar size. It should also be noted that the particle size with drug 
is larger than the particle diameter of polymer without drug. From Fig.3.9, c it is 
obvious that the surfaces of the obtained particles are not smooth and slightly 
deformed. This might be caused by adsorption of some part of CS on the surface of 
PECA.    

At the next stage the drug was added into the system 30 minutes after the 
reaction started (when the particle formation finished. The results are shown in 
Table 3.4.  
 

Таble 3.4. Dynamics of change of physicochemical characteristics of PECA 
nanoparticles, addition of drug after 30 min. 

Time, 
min 

d, nm PDI PDI width, 
nm 

peaks at, nm Mn Mw/Mn 

 

1 

 

245.4 

 

0.262 

 

125.6 

253 – 97.1 % 

5217 – 2.9 % 

 

1980 

 

1.14 

5 156.7 0.103 50.29 176.4 1764 1.18 

10 143.4 0.035 26.87 152.8 1723 1.13 

15 142.5 0.036 27.22 150.3 1583 1.13 

20 130.9 0.053 30.10 140.3 1959 1.12 

30 138.5 0.037 26.77 146.9 1650 1.14 

35 138.3 0.055 32.34 148.2 1961 1.19 

45 139.9 0.003 7.377 145.8 1795 1.13 

60 140.8 0.035 26.27 149.1 1886 1.13 

90 138.4 0.043 28.54 146.4 1791 1.13 

120 132.3 0.042 26.96 140.8 2012 1.12 
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No agglomerates were formed this time and the particle size does not change 
after addition of the drug. The system is close to monodisperse, as seen from the 
values of the PDI and PDI width (26.96 nm). This is very beneficial for possible 
biomedical applications.   

The values of the molecular weights of PECA with and without drug are 
very similar. 

Particle size distributions of PECA nanoparticles loaded with CS (Fig.3.10) 
are shown below. The results of polymerization of ECA in the presence of drug are 
summarized in Table 3.5.  

 
Table 3.5. Physicochemical characteristics of PECA nanoparticles loaded with 

capreomycin sulfate 

Addition of the drug into polymerization medium  

After reaction started 
Characterization 
of nanoparticles Before reaction 

started After 5 min After 30 min 

d, nm coagulation 378.3 132.3 

PDI 0.281 0.839 0.042 

Mn 2323 2032 2012 

Mw/Mn 1.14 1.27 1.12 

Binding (%) 76.3 63.0 33.2 

 
Obviously, addition of the drug into the reaction medium after a certain 

period of time after the start of the polymerization decreases the incorporation 
degree of the drug in the polymeric matrix (Table 3.5). The binding degree of the 
drug with PECA, when introducing CS 30 minutes after the reaction started, was 
more than 30 % (Table 3.6), which is reasonable and this value meets the 
requirements of polymeric carriers [100,101]. It is seen from the SEM image 
(Fig.3.9, d) that the addition of the drug into the reaction medium 30 minutes after 
the start of polymerization resulted in an almost monodisperse system with hardly 
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any particles of bigger size. The particle morphology is similar to the polymeric 
nanoparticles of empty PECA (Fig. 3.9, a).   

 

                 

 
 

Figure 3.9. SEM images of empty (a) and drug loaded-PECA nanoparticles:  
drug was added before (b) after 5 min (c) and after 30 min (d) after reaction 

started. 
 
For obtaining PECA nanoparticles loaded with antiTB drug capreomycin 

sulfate the following conditions can be considered as optimal:   
 T = 250C 
 pH = 2.0-2.5 
 Monomer – Ethyl cyanoacrylate  
 [Mon.] = 2 %; 
 [Тween 80] = 20 % оn mon. basis  
 Mon.:Drug = 10:1 w/w 
 Addition of the drug 30 min after the start of the reaction  

However, it’s worth saying that these conditions are suitable only for this 
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particular monomer (ECA)-drug (CS) combination.  
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Figure 3.10. Particle size distribution of PECA nanoparticles loaded with 
drug, intensity and volume distribution  

 
3.3.2. Characterization of polyethyl cyanoacrylate nanoparticles with and 

without drug 
The polymer particles were studied using the following techniques: mass-

spectrometry (MALDI-TOF MS), FTIR-spectroscopy and thermal gravimetric 
analysis (TGA). 

The mass-spectra of the polymer with and without drug are given in 
Fig.3.11.   

 
 

(a) 

(b) 
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Figure 3.11. MALDI-TOF MS of PECA nanoparticles: empty (1), with CS 

(2) 
 

As in case of the empty polymer next to the main peaks two additional peaks 
with molecular mass difference of ± 30Da were observed. The polymer containing 
drug has a somewhat lower molecular weight. The results of MALDI TOF MS are 
in good agreement with those obtained by GPC: the empty polymer particles have 
a higher molecular weight (2428) than polymer loaded with drug (2012).  

From MALDI spectra of both polymers (with and without drug) one can 
conclude that there is no difference in maximum chain length of PECA.  FTIR-
spectra of CS, PECA and PECA with CS are shown in Fig.3.12.  

FTIR-spectra of both PECA with and without drug are in accordance with 
those which are given in literature [15,20,69]. The main characteristic peaks 2988 
cm-1 (m, CH2, CH3), 1750 cm-1 (vs, C=O), 2250-2249 cm-1 (m, CN), 1255-1254 
cm-1 (vs, C - O) did not change after incorporation of the drug, which justifies the 
conclusion that the drug is not bound to the polymer chemically (by covalent 
bonds). 

The spectrum of CS is not well resolved (Fig.3.12). In both spectra of empty 
PECA and polymer with drug the peak at 3129-3126 cm-1 (w, C=C), which 
corresponds to the double bond of the monomer, is not seen, which confirms that 
ECA reacted completely.   

(1) 

(2)  
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Figure 3.12. FT-IR spectra recorded in KBr for PECA, free drug (CS) and CS-
PECA 

 
The results of TGA of the polymers with and without drug are presented in 

Fig.3.13.  
 

 
 

Figure 3.13. TGA curves of PECA (1), CS-PECA (2) and CS (3) at heating rate of 
10 deg/min 
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From the observed TGA curves it can be concluded that thermal degradation 
of CS loaded-polymer goes faster than the degradation of PECA itself (Fig.3.13). 

So a change in thermal degradation rate took place due to the influence of 
loaded drug.  

Data obtained by different methods of analysis (mass-spectrometry, FTIR-
spectroscopy and thermal gravimetry) confirm that some drug is incorporated in 
the PECA nanoparticles.  

Next the release profile of drug from PECA nanoparticles will be studied.  
 

3.3.3. The study of in vitro release of capreomycin sulfate from PECA 
nanoparticles 

When creating drug-loaded polymer complexes for CS the study of kinetics of 
drug release from nanoparticles is needed. Therefore the next task was to explore 
the release profile of the drug from PECA nanoparticles. Drug release from 
polymeric micro- or nanoparticles may occur by desorption of surface-bound drug 
and/or diffusion of the drug as a result of erosion of nanoparticles’ matrix, i.e. 
degradation of polymer [1, 79, 99] as it is shown in Fig.3.14. 

 
  

 
 
 
 
 
 
 
 

Figure 3.14. Degradation of polymer releasing drug 
 
First way of drug release (desorption) from polymer mainly takes place in the 

systems when the drug is adsorbed on preliminarily prepared empty polymer 
particles. In our case the drug was introduced into the reaction medium after some 
time after the start of polymerization, therefore both release mechanisms are likely 
to take place, although the most part of CS is supposed to be entrapped inside of 
nanoparticles.  

Since the polymer-drug system is administered into the organism the 
degradation of polymer followed by elimination from the body within certain 
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biodegradable 
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period of time is a requirement for polymeric carriers. Under biological conditions 
biodegradable polymers undergo erosion with or without any change in their 
structure or they can degrade chemically, also both processes can take place 
followed by one another. It was reported in literature that there are two basic 
degradation mechanisms for PACA [1, 47, 79, 99]:    

1) Degradation by erosion of polymer backbone with the formation of 
formaldehyde. 

2) Cleavage of ester group leading to the formation of water-soluble 
polyalkyl cyanoacrylic acid.  

First way of degradation is opposite to Knoevenagel condensation and is 
believed to go much slower than the degradation by cleavage of ester group [1]. It 
was shown by authors [135] that in strong basic medium (at pH 12) 85% of the 
total expected amount of iso-butanol was found in a solution after degradation of 
poly(isobutylcyanoacrylate) nanoparticles, whereas the concentration of formed 
formaldehyde was only 7% [135].  

When second degradation mechanism takes place the polymer backbone 
remains intact, but hydrophobic chain becomes more and more hydrophilic until it 
is soluble in water and finally degradation products of low molecular mass 
eliminate from the body in a short time [1]. Nowadays there are more papers 
indicating that the possibility of PACA to degrade by second pathway prevails over 
the erosion process with the formation of formaldehyde [1, 62, 74, 99]. Besides, 
the second degradation pathway is catalyzed by various esterases which present in 
organism and is considered to occur as the major degradation pathway in vivo 
[136].  

The scheme of chemical degradation of PACA by hydrolysis of ester group 
resulting in alcohol and polyalkyl cyanoacrylic acid is shown below (Fig.3.15). 

In this regard, first of all degradation process of PECA was studied using UV-
Vis-spectroscopy (λmax = 248 nm). Results obtained are given in Fig.3.16. From the 
graph (Fig.3.16) it’s seen that almost 50 % of polymer degraded within 3 hours and 
after 10 hours only 13.4 % of PECA left in the system. Then the degradation 
process of PECA in the presence of biologically active substance (CS) was 
considered as well (Fig.3.16). 
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Figure 3.15. Degradation of polyalkyl cyanoacrylates by hydrolysis of ester 

group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3.16. Degradation of PECA nanoparticles with (1) and without (2) drug 
   
The degradation curves show that drug-loaded polymer degrades faster than 

unloaded PECA: 70 % of CS-containing polymer degrades within 3 hours, then the 
process rate slows down and similar to the polymer without drug about 90 % of 
PECA degrades within 10 hours. It is evident from results obtained that the 
presence of drug in polymeric matrix accelerates degradation process of PECA. A 
possible reason could be that when the drug attached to the surface of polymer is 
desorbed, this enhances the disintegration process of polymeric nanoparticle and 
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bulk degradation goes faster.     
In both curves (polymer with and without drug) the process occurs in 2 stages: 

fast initial degradation of the polymer within 3 hours followed by gradual 
degradation of PECA.     

This relatively rapid degradation of PECA is not unexpected as PACA are 
known to be rather fast-degradable polymers, so they can leave the organism 
within few days [1]. The degradation rate of PACA depends on side chain length: 
the longer the chain the slower the degradation process (polymetyl- and polyethyl 
cyanoacrylates undergo the fastest degradation) [1, 47, 62, 79, 99]. Besides low 
molecular mass of the polymer (about 2000) may cause PECA to degrade rapidly.  

To judge about the type of degradation of PECA particle size of the samples 
were measured using DLS. We expected that the decrease in particle size would 
point on the surface erosion process. However, the measurement of particle size 
didn’t give valuable information about degradation type of the polymer.  

Release of ethanol into medium as a result of degradation of drug loaded-
PECA confirmed the degradation mechanism of PECA by second pathway. The 
amount of ethanol extracted to the system after degradation was calculated using 
gas chromatography (GC). It was determined that the concentration of ethanol 
formed after 1 week (when complete release of drug occurred) was 6.8 % in total. 
On the basis of the results obtained it can be concluded that only small part of 
PECA loaded with drug degraded by cleavage of ester group (hydrolysis). It was 
not possible to determine the amount of ethanol formed during the degradation 
process of PECA without drug by GC, since the amount of ethanol was too small 
and only the traces of ethanol was detected in the last sample (taken after 1 week). 

On the basis of the results obtained one can conclude that it’s possible that all 
types of polymer degradation took place during the process (surface erosion at the 
initial stages followed by bulk degradation and hydrolysis by cleavage of ester 
group and ethanol formation in the medium (chemical degradation of polymer) 
afterwards). 

The study of polymer degradation is also important for the investigation of 
release mechanism of the drug from polymer matrix. Drug release mainly occurs as 
a result of polymer erosion although the release rate of drug is also enhanced by 
diffusion or desorption of drug from the surface of nanoparticles as was mentioned 
above. Further the release of CS from polymer was studied.  

Kinetics of drug release from PECA nanoparticles was studied in dialysis tube 
in phosphate-buffered saline (PBS) medium (pH 7.4) within 1 week. The release 
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rate of drug from polymeric matrix together with the degradation kinetics of PECA 
nanoparticles were observed using UV-Vis-spectroscopy (λmax = 268 nm). The 
release profile of CS and degradation of PECA nanoparticles as a function of time 
is given in Fig.3.17.   
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Figure 3.17. Drug release and degradation of drug loaded-PECA 
nanoparticles and drug transfer from dialysis tube (empty) 

 
It is evident from the graph that the release rate of the drug is rather high at 

the beginning: 10 % of CS is released within first 1 hour, 20 % of loaded drug - in 
3 hours, and less than 50 % of amount is released from polymeric nanoparticles in 
1 day. It’s important to note that the half-life of CS itself varies from 3 to 6 hours. 
Thus incorporation of this drug into PECA nanoparticles gives an opportunity to 
increase the half-life time of this drug to 24 hours. This would allow to decrease or 
avoid frequent dosage of CS. It’s worth saying that the release time of drug can be 
prolonged by increasing the molecular mass of polymer and/or by using the 
monomer with longer side chain (butyl-, hexyl cyanoacrylate), as their degradation 
will go slower than the degradation of PECA. It was determined experimentally 
that within 4 days 93 % of incorporated drug released from polymer matrix.  

When measuring the release rate of drug from polymeric nanoparticles using 
dialysis tube it is important to take into account the diffusion process of the drug 
which takes place through dialysis tube to outside. In order to take into 
consideration the drug transfer rate from interior to outer medium of dialysis 
membrane empty experiment with CS has been performed. The results of empty 



Synthesis and investigation of polyalkylcyanoacrylates loaded with drugs 
 

 

76 

experiment are also given in Fig.3.17.  
It is obvious from the graph that diffusion of the drug through dialysis 

membrane finishes within 6 hours (100 %). So these results indicate that the rate of 
diffusion of drug is very rapid and can be neglected while calculating drug release 
rate from polymeric nanoparticles.   

Besides, the adsorption of drug on a glass beaker has been checked. For that 
the same procedure has been done without using dialysis tube. Data obtained by 
UV-measurement have shown that there was no adsorption on a glass beaker. 
The concentration of the drug in a beaker remained the same after 8 hours. 

In all empty experiments the concentration of drug was taken as in the PECA 
nanoparticles (when binding degree was 33 %).   

  Usually drug release profile from biodegradable nanoparticles has biphasic 
character: burst release at the initial stage followed by a slow sustained release 
[1,11,15]. However in this work we observed rather slow release of CS from PECA 
nanoparticles throughout whole period. In general release of CS from PECA went 
smoothly: within 24 hours only 44 % of drug is released, on the 2nd day - 15 %, on 
the 3rd day – 20 % and on the 4th day the rest 14 % releases. Inspite of the fact that 
polymer degraded completely within the first day, drug is continuously released 
within following 3 days. This phenomenon can probably be explained by the 
process of gradual disintegration of nanoparticles which allowed slow drug release.  

Both in the UV-spectra of drug (after few hours) and polymer (after 24 hours) 
the appearance of extra peak at 311 nm was observed. The reason could be the 
appearance of polyethyl cyanoacrylic acid in medium and increase of its 
concentration during the degradation process. 

The results of this study shows the possibility of slowing down the release 
rate of antiTB drug capreomycin sulfate by incorporation of the drug into PECA 
nanoparticles. In our opinion, drug release occured as a sum of several processes 
(desorption of drug from the surface of polymeric nanoparticles, bulk erosion, 
chemical degradation of PECA, disintegration of nanoparticles, diffusion of the 
drug entrapped in polymer matrix) going parallelly and/or one followed by another.      

However, it’s worth noting that the degradation of polymer can be enhanced 
in the organism in the presence of enzymes and consequently the release profile of 
CS from PECA nanoparticles would differ from the curve given above (faster 
release should be expected).  
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3.4. Synthesis of polymeric nanoparticles on the basis of butyl 
cyanoacrylate for the delivery of the antitumor drug Arglabin  

As degradation rate and toxicity of polyalkyl cyanoacrylates decreases with 
increasing the side chain length it’s preferable to use alkyl cyanoacrylate with 
longer side chain for the synthesis of drug-loaded nanoparticles. Therefore the 
possibility of obtaining nanoparticles for antitumor drug Arglabin on the basis of 
butyl cyanoacrylate (BCA) was considered.   

Since butyl cyanoacrylate is commercially not available as a pure monomer, 
the necessity of synthesis of the monomer has arisen. The synthesis of BCA has 
been performed according to the procedure given in paper [142] and patent [143]. 
These are the most commonly used methods of synthesizing alkyl cyanoacrylates. 
According to these techniques alkyl cyanoacrylates can be synthesized on the basis 
of Knoevenagel condensation which is nowadays well-known. This reaction allows 
obtaining the monomer with high purity and yield. The reaction consists of 2 steps: 
formation of oligomers of alkyl cyanoacrylate from the reaction of alkyl 
cyanoacetate and formaldehyde (in the presence of catalyst – triphenyl phosphine 
(TPP)), followed by depolymerization of the product (Fig.3.18).    

 

 
 

Figure 3.18. Scheme of the synthesis of ethyl cyanoacrylate  
 
The product obtained was characterized by using following techniques: FT-

IR- and 1H NMR-spectroscopy, SEC and MALDI TOF MS.  
1) Product characterization by FT-IR and 1H NMR-spectroscopy 
Fig.3.19 and Fig.3.20 show the infrared- and 1H NMR spectra of product 

obtained respectively. The main groups in monomer structure are identified in FT-
IR-spectra (Fig.3.19): 2988 cm-1 (m, CH2, CH3), strong peak at 1750-1748 cm-1 
(vs, C=O) is the characteristic peak for ester group, 1255-1254 cm-1 (vs, C - O). 
The characteristic peaks 2250-2249 cm-1 (m, CN) CN group stretching vibration, 
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1669-1665 cm-1 (w, C=C) and 3129-3126 cm-1 (m, CH2=C) are hardly seen in the 
spectrum (shown by arrows). 

Proton NMR spectra of the product (CDCl3) is given in Fig.3.20. 

 
Figure 3.19. FT-IR spectra of the product 
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Figure 3.20. 1H NMR spectra of obtained product: 1H NMR (300 MHz, CDCl3) 
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(D) 4.31-4.27 (m3, 2H, J=2.21 Hz); (C) 1.76-1.67 (m5, 2H, J=2.35 Hz); (B) 
1.49-1.37 (m6, 2H, J=2.48 Hz); (A) 0.99-0.94 (m6, 3H, J=2.45 Hz). 

 
1H NMR spectra shows A (0.99-0.94 ppm), B (1.49-1.37 ppm), C (1.76-1.67 

ppm), D (4.31-4.27 ppm) and E (2.59-2.56 ppm) bands which characterize the 
product, but there are no peaks at 7.05 ppm (F) and 6.62 ppm (G) which 
correspond to the protons of methylene group. So it indicates that the product 
obtained can be oligomers of butyl cyanoacrylate.  

 
2) Product characterization by SEC and MALDI-TOF MS 
According to the results obtained by SEC molecular mass Mn of the product 

was about 600-780 which corresponds to 4-5 monomer units and the results of 
MALDI-TOF MS (Fig.3.21) confirmed that the product is a mixture of oligomers 
of butyl cyanoacrylate. Despite of the formation of BCA oligomers in solution, 
unfortunately, it was not possible to separate the product from catalyst during 
depolymerization stage and to purify the monomer further by distillation. 
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Figure 3.21. MALDI-TOF MS of the product 
 
Further the synthesis of monomer was carried out using modified method of 

V.V. Korshak et al. (Institute of Elementorganic Compounds named after A.N. 
Nesmeyanov) [141]. The method consists of several stages of which the final one 
is the formation of oligomers of BCA followed by depolymerization of the 
product.  

It was previously reported that by varying polymerization conditions of alkyl 
cyanoacrylates nanoparticles with the size ranging from 50 to 300 nm can be 
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synthesized [1,79,99]. Therefore the next task was to find out optimum conditions 
of emulsion polymerization for obtaining polybutyl cyanoacrylate (PBCA) 
nanoparticles. A number of experiments have been carried out on optimization of 
the conditions of synthesizing particles of nanometer size.  

With the aim of obtaining stable emulsion and opportunity of controlling 
polymerization process the ratio of reacting components (monomer, emulsifier, 
stabilizer, etc.) was varied. Tween 85 and α,D-glucose were used as an emulsifier 
and stabilizer respectively. The concentration of Tween 85 was changed from 0.5 
to 5.0 % on monomer basis. PBCA particles were separated using membrane with 
pore diameter 1000 nm. The results are summarized in Table 3.6. 

 
Table 3.6. Emulsion polymerization of BCA  

at different concentrations of emulsifier and stabilizer, [M] = 2% 
Tween 85, 

% 
Stabilizer: 

α,D-glucose, 
% 

Temperature, 0С Yield of the fraction 
of particles with size 
less than  1000 nm, 

% 
0.5 
0.5 
0.5 
2.0 
2.0 
2.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 
0.5 
1.0 
2.0 

20 
20 
20 
25 
25 
25 
25 
25 
25 
30 
30 
30 

- 
- 
- 

14.5 
17.2 
16.4 
51.3 
58.3 
58.6 
14.8 
20.4 
21.7 

 
It is evident from data shown that optimum concentration of emulsifier 

required for obtaining the system without precipitation is 5 % on monomer mass. 
When the content of Tween 85 in the solution is less than 5 % (on monomer basis) 
unstable emulsion with particles aggregation was formed. At 0.5 % concentration 
of emulsifier (on monomer mass) and less than 2 % of stabilizer the particles of 
nanometer size were not formed.  
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A number of experiments have been performed with the aim of improving 
polymerization conditions by controlling the reaction temperature. An optimum 
temperature regimen for carrying out the synthesis of PBCA nanoparticles was 
250С. With increasing the temperature the reaction goes faster and the polymer 
yield increases, however at the same time the percentage of the particles with the 
size less than 1 μm decreases to 14.8 %.   

As was mentioned above, the monomer concentration has essential influence 
on particle size and the reaction rate. In this regard the change of polymerization 
rate in dependence on monomer concentration was considered. With increasing of 
the monomer concentration in initial solution the polymerization rate increases 
(Таble 3.7), however in that case the percentage of particles with nanometer size 
decreases.  

 
Table 3.7. Emulsion polymerization of BCA 

at different monomer concentration [E] = 5 %, [α,D-glucose] = 1 %, Т = 250С 
[M], % Yield of polymer during 2 

hours, % 
Yield of the fraction of 

particles with size less than 
1000 nm, % (from the 

amount of polymer, %) 
0.1 
0.5 
1.0 
2.0 
2.5 
5.0 

10.0 

19 
26 
45 
67 
70 
79 
85 

66 
65 
62 
58 
40 
21 
10 

 
At monomer concentration less than 2 % the yield of fraction with the size 

below 1000 nm is sufficiently high and the yield of the polymer is 67 %. When 
using higher concentrations of the monomer (>2%) the percentage of 
nanoparticles decreased considerably. For instance, at monomer concentration 
2.5 % in comparison with 2 % of monomer concentration in the dispersion the 
yield of polymer fraction with particle diameter less than 1 μm goes down to 40 
%. On the basis of the results obtained the concentration of BCA 2 % has been 
chosen as an optimal one.  

The next step was the loading the polymer with antitumor drug 
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“Arglabin”. When performing drug loading of PACA the use of hydrophilic 
forms of drugs (e.g. Ampicillin, Actinomycin D, Doxorubicin hydrochloride and 
others) is considered to be more efficient as in this case high values of binding 
degree can be reached [4,5,11,20]. Therefore further the loading of polymer was 
carried out with water-soluble form of the drug – dimethylaminoarglabin 
hydrochloride.    

Polybutyl cyanoacrylate nanoparticles loaded with antitumor drug 
Arglabin were obtained by incorporation of the drug into the system directly 
before the start of polymerization. For the determination of binding degree of 
dimethylaminoarglabin hydrochloride with PBCA conductometry was used. 
Conductometric method allows to measure the quantity of unbound drug in the 
reaction medium without preliminary separation of the particles. As it was 
mentioned above polymerization of alkyl cyanoacrylates goes by anionic 
mechanism, therefore it’s necessary to sustain strong acidic medium. In this case 
the use of solution of hydrochloric acid in order to keep pH of medium in the range 
of 2.0-3.0 was not suitable since being strong electrolyte (having high value of 
conductivity) when determination of binding degree hydrochloric acid covers the 
range of measurements. Therefore in following experiments a weak organic acid - 
oxalic acid was used to keep acidic pH of medium. After finishing the reaction the 
acid is titrated by sodium hydroxide till neutral pH value, as a result of which the 
precipitation formed doesn’t interfere with the system and allows to determine the 
concentration of the drug directly in the reaction medium.   

Binding degree of PBCA with Arglabin determined by conductometric 
method was 75 %. High value of binding of drug with polymer gives opportunity 
for the creation of PBCA containing “Arglabin” as colloidal drug delivery system.   

As a result of investigation novel method of determination of binding degree 
of the drug in the reaction medium has been worked out and PBCA nanoparticles 
with high drug content have been synthesized. Optimal conditions of obtaining 
PBCA nanoparticles containing dimethylaminoarglabin hydrochloride have been 
found:  T = 250C; pH = 2.5-3.0; [Mon.] = 2 %; [Тween 85] = 5 % оn mon. basis; 
mon.:drug = 1:1 w/w; drug – dimethylaminoarglabin hydrochloride 

Conductometric method of quantitative determination of Arglabin in the 
reaction medium is suitable both for analysis of binding degree of drug and for the 
diagnosis of the release of biologically active substance from polymeric matrix.   
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Conclusion 
PACA have already found application in biomedical field due to their 

biocompatibility and biodegradability and they have been shown to be promising 
colloidal drug delivery systems. Therefore the investigation of the possibility 
(concept) of creation of polymeric nanoparticles for antiTB drugs and antitumor 
drug Arglabin using PACA was the main task of this chapter.  

Incorporation of the drug into polymeric matrix can be performed by two 
ways: 1) dissolving the drug in the polymerization medium before addition of 
monomer; 2) introduction of the drug after the start of the reaction. When 
performing incorporation of drug in reaction medium before the start of 
polymerization the drug’s stability in the system needs to be considered as harsh 
reaction conditions may lead to the inactivation of the drug. In this regard, the 
effect of a radical polymerization system on drug and vice versa was studied using 
styrene as a model monomer. The stability of some antiTB drugs in free radical 
and anionic polymerization conditions was investigated as well. It was established 
that some drugs are incompatible with radical polymerization system (e.g. p-
aminosalicylic acid). Therefore, their incorporation requires special approaches, 
such as polymerization by ionic route or encapsulation of drugs in hollow capsules 
using interfacial polymerization in inverse miniemulsion. The most stable drug is 
capreomycin sulfate. It was revealed that the drug has an influence on both particle 
size and molecular weight of final product obtained by radical polymerization: in 
the presence of drug the polymer with smaller average particle diameter and higher 
molecular weight formed. 

The results of investigations of the optimal conditions for the synthesis of 
PECA loaded with CS have shown that to incorporate CS into PECA nanoparticles 
the drug has to be added to the polymerization medium after nucleation stage takes 
place (after 10-15 min) not to interfere with particle formation stage. CS-loaded 
PECA nanoparticles with satisfactory characteristics and binding degree more than 
30 % have been successfully synthesized by emulsion polymerization by anionic 
mechanism.   

Drug release from polymeric nanoparticles together with degradation of 
PECA was studied in this work. It was established that incorporation of 
capreomycin sulfate into PECA nanoparticles allows to increase the half-life time 
of the drug for 4-5 times. PECA can be used as a potential polymeric carrier for the 
delivery of the antiTB drug capreomycin sulfate.  

Polymeric nanoparticles loaded with antitumor drug Arglabin have been 
synthesized and optimal conditions for obtaining stable system have been 



Synthesis and investigation of polyalkylcyanoacrylates loaded with drugs 
 

 

84 

found out. Novel conductometric method for the determination of binding degree 
of the drug with polymer has been worked out. Binding of Arglabin with PBCA 
nanoparticles measured by conductometry was about 75 %. Conductometry allows 
to determine binding degree directly in the reaction medium without preliminary 
separation of nanoparticles from emulsion. 
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Chapter 4. Synthesis and investigation of human serum 

albumin nanoparticles loaded with drugs 
Abstract 

In this chapter the possibilities of binding the antitumor drug arglabin and 
the antiTB drug p-aminosalicylic acid (PASA) to human serum albumin (HSA) 
nanoparticles was investigated. Loading of drugs into the polymer matrix was 
carried out by desolvation of albumin using ethanol. Drug binding to HSA 
nanoparticles achieved by two methods – adsorption of the drug onto preliminary 
synthesized empty nanoparticles and incorporation of the drug during the process 
of particle crosslinking has been considered. The binding efficacy of the drugs to 
the nanoparticles in relation to the concentration of the drugs was determined. 
Furthermore the influence of the presence of these drugs on the physicochemical 
characteristics of the nanoparticles was analysed. The particle size, surface charge 
and polydispersity were determined by dynamic light scattering (DLS). For the 
calculation of the binding degree, UV-Vis-spectroscopy and conductometry were 
used.  

Two forms of arglabin, the native hydrophobic form as well as the 
dimethylaminoarglabin hydrochloride were employed in these studies.   

In both cases (with arglabin and PASA) the particle sizes did not change 
appreciably after drug adsorption and they were about 160 nm and 313 nm 
respectively. More than 60 % of the initially added arglabin and PASA could be 
bound to the HSA nanoparticles at low drug concentrations by adsorption. At 
higher concentrations a plateau was reached with Arglabin, yielding a loading of 
13.5 % compared to the HSA nanoparticle mass.   

The incorporation method enables the preparation of nanoparticles with a 
drug content of up to 18 % wt.  Nanoparticles containing the hydrophilic and 
hydrophobic forms of arglabin varied in size from 126 nm to 331 nm depending on 
the concentration and nature of the drug.  

In case of incorporation of PASA into the HSA matrix, bigger particles were 
obtained (d = 435 nm) with a maximum binding degree of 99 %.   
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4. Synthesis and investigation of human serum albumin nanoparticles 
loaded with drugs 

 
4.1. Synthesis and investigation of the antitumor drug Arglabin-loaded 

human serum albumin (HSA) nanoparticles 
 
Introduction 
During the past years new dosage forms employing colloidal systems such as 

liposomes, nanoparticles, and nanocapsules have been widely evaluated for 
treatment of different diseases [1,110]. These delivery systems can achieve 
significantly better therapeutic effects compared to the free drug. Due to the EPR 
effect (enhanced permeability and retention effect) [35-37,146] colloidal drug 
delivery systems appear to be especially promising to be used as carriers for 
antitumor drugs.  

Arglabin is a new antitumor drug preparation on the basis of the seskvy-
terpen-γ-lactone which was extracted from Artemisia glabella which grows in 
Central Asia [138]. The preparation “Arglabin” is efficient in the treatment of 
breast cancer, primary liver cancer, cancer of lungs and ovary, and since several 
years it is used successfully in the form of an injection for the treatment of various 
cancers.  Investigation of arglabin and a number of its derivatives showed that the 
epoxyarglabin and the hydrochloride of dimethylaminoarglabin possess the best 
antitumor activity (Fig.4.1).  

Figure 4.1. Chemical structures of Arglabin (lipophilic form) and 
dimethylaminoarglabin hydrochloride 

 

dimethylaminoarglabin hydrochloride 
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Because of its insolubility in water, epoxyarglabin (native arglabin) so far 
did not find any practical application, whereas the hydrochloride of 
dimethylaminoarglabin enabled a parenteral hydrophilic drug used under the name 
“Arglabin” [138].   

One of the ways of increasing the efficacy of antitumour drugs is their 
binding to polymeric nanoparticles or their encapsulation into microcapsules 
[1,100,101]. Nanoparticles may enhance the delivery of drugs into solid tumours 
by exploiting the so-called EPR-effect thus increasing the therapeutical efficacy [1, 
146].  

Arglabin-loaded nanoparticles on the basis of homo- and copolymers of 
methyl methacrylate, polylactic acid, acrylic- and methacrylic acids, β-
vinyloxyethylamid of acrylic acid and others were previously produced by 
emulsion polymerization by Tikhonova et al. [147-149] yielding particles in the 
size range from 200 nm to 1000 nm and a maximum binding percentage of 68 %. 
The antitumour effect of drug-loaded nanoparticles was increased in comparison 
with the solution of arglabin hydrochloride in the H157 melanoma and HT144 
carcinoma cell lines X 63. Ag 8.653 [147]. The polymeric nanoparticles not only 
enhanced the loading with arglabin from 5 µmol to 20 µmol but, moreover, also 
increased the antitumor effect 3-10 times in comparison to the solution of arglabin 
hydrochloride of the same concentration. However, because of the extremely poor 
biodegradability of the above nanoparticle preparations, the employment of human 
serum albumin (HSA) nanoparticles was investigated by us as an alternative. 
Human serum albumin is a well-known biopolymer used as a drug-carrier. Due to 
its ability to transport low molecular compounds, including different kinds of drugs 
into a great variety of cells, especially after conversion to nanoparticles, it 
represents a unique transporting material which allows to carry drugs into certain 
target-organs, thus prolonging their efficiency.  

Two forms of the drug (native Arglabin and dimethylaminoarglabin 
hydrochloride) were used in this study.      

 
4.1.1. Synthesis and characterization of empty HSA nanoparticles  
HSA nanoparticles can be obtained by protein denaturation in a w/o 

emulsion which is one of the simplest and effective methods [1,35-37,110]. 
However, this method has some disadvantages that limit its usage, such as the 
removal of the stabilizers and the surrounding oil phase from the system after the 
process. Therefore, the HSA desolvation method has been used as an alternative 
method. In this method HSA is dissolved in water and then precipitated with 
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ethanol and stabilized by crosslinking with glutaraldehyde. The major factors that 
determine the particle size prior to the desolvation procedure are the pH of the 
HSA solution and the rate of addition of the desolvating agent [36].  The pH value 
influences the surface charge of particles, which in turn plays an important role in 
stabilizing colloidal systems. The surface charge of particles is quantitatively 
characterized by the zeta potential, which is pH-dependent. In an acidic medium 
the zeta potential is positive and changes to negative in a basic solution.  The HSA 
desolvation system becomes instable at the isoelectric point [pI] of the HSA 
nanoparticles, i. e. 5.05, and leading to increased particle sizes of around 2.7 µm 
compared to previous particles.  Therefore an alkaline pH combined with ethanol 
addition rates between 0.5 and 2.0 ml/min were recommended for desolvation [36]. 

The pH value of the HSA solution prior to the desolvation process was set to 
between 8.2 and 8.5, and the rate of ethanol addition was 1 ml/min. The yield of 
nanoparticles determined by gravimetry was 39.2 - 40.4 %, the mean particle size 
was 160.7 ± 3.0 nm, the polydispersity 0.027 ± 0.015, and the zeta potential – 27.6 
± 3.8 mV (3-fold determination of two independent particle samples), data 
summarized in Table 4.1.  

 
Table 4.1. Physicochemical characteristics of HSA nanoparticles 

Preparation 
Sample А Sample В 

 
Parameter 

#1 #2 #3 #1 #2 #3 

 
Mean ± S.D. 

Рarticle size, nm 222.9 164.2 160.6 158.9 159.2 158.6 160.7±3.0 
Polydispersity 0.154 0.043 0.033 0.022 0.018 0.020 0.027±0.015 
Zeta potential, mV -11.3 -31.2 -24.2 -30.4 -28.5 -23.8 27.6±3.8 
Particle yield, % 40.4 39.2 39.8±0.6 

 
Data obtained by DLS indicates that the 1st pattern of sample A deviates 

essentially with respect to the particle size from the other patterns of this sample. 
The measurements of particle size and polydispersity (PDI) made by DLS have 
shown the presence of two kinds of particle sizes in this sample; 100-400 nm and 
more than 500 nm (Fig.4.2.a). In this case the percentage of the particles with the 
size exceeding 500 nm is less than 10 %. An average particle diameter is equal to 
222.9 nm with the polydispersity value of 0.154. The value of the zeta potential is 
closer to zero (-11.3 mV) in comparison with other samples which indicates 
coagulation has occurred. Coagulation might take place while cleaning the 
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nanoparticles (washing with water and centrifugation). So this sample is taken as 
an outlier and is not included in the averages. 

Unlike sample A, all samples B have narrow particle size distribution (Table 
4.1.) and a z-average particle size around 160 nm. So sample B has been chosen for 
further investigations. It should be noted that tested samples have a negative zeta 
protential, sufficiently low to expect storage stability of the colloidal system.   
           Transmission electron microscopy (Fig.4.2) show spherical particles ranging 
in size between 80-150 nm. The lower particle size determined by electron 
microscopy compared to DLS is due to the vacuum required for electron 
microscopy, which leads to shrinkage of the HSA nanoparticles, whereas photon 
correlation spectroscopy shows the hydrodynamic diameter of the particles in the 
hydrated state.   
 

    
 

Figure 4.2. TEM pictures of empty HSA nanoparticles 
 

4.1.2. Adsorption of Arglabin on to HSA nanoparticles 
Two main ways of binding of drugs to HSA nanoparticles are known [141], 

1) physical adsorption of drugs on the surface of preliminary prepared 
nanoparticles, and 2) incorporation of drugs into the polymer matrix during particle 
preparation. In the present study arglabin was bound to the HSA nanoparticles by 
adsorption of the drug on the surface of nanoparticles.   

Adsorption of drug on to the nanoparticles bears the risk of drug loss by 
desorption. In order to prevent desorption as well as drug inactivation during 
storage and to minimise premature desorption after injection [35-37], the lipophilic 
water insoluble form of the antitumor drug substance arglabin was used. Arglabin 
was adsorbed on the nanoparticles using the desolvation method of Langer et al. 
[36]. For the optimisation of the arglabin loading of the HSA nanoparticles, the 
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concentration of the arglabin in the water-ethanol solution was varied between 0.25 
mg/ml to 4.0 mg/ml keeping the HSA nanoparticle concentrations constant to 5.9 
mg/ml.  After 2 h the drug-loaded nanoparticles were separated from unbound 
arglabin by centrifugation. The quantitative content of arglabin was determined 
spectrophotometrically at 204 nm after separation of the arglabin solutions from 
the HSA by size exclusion chromatography using Sephadex columns. The results 
are shown in Fig.4.3. 

At low concentrations of arglabin more than 60 % of drug was adsorbed on 
to the surface of the HSA nanoparticles (Fig.4.3). 
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Figure 4.3. Adsorptive binding of arglabin to 5.9 mg/ml HSA nanoparticles 
 

The fraction of adsorbed arglabin decreased with increasing drug 
concentrations, reaching a minimum at about 39 % at drug concentrations of 2 
mg/ml and 4 mg/ml (Table 4.2).  

The obtained arglabin adsorption isotherm was analysed obtaining a best fit 
with the Freundlich isotherm (correlation factor 0.97) (Fig.4.4). This type of 
isotherm offers the possibility of an even higher loading of the HSA nanoparticles 
at higher initial drug concentrations. So far the highest arglabin content was 13.5 % 
with respect to the HSA nanoparticle mass.  

As expected, because of the electro-neutrality of Arglabin, the zeta potential 
remained low enough (between -11.0 and -23.0 mV) insuring sufficient stability 

  0,25           0,5            1,0             2,0             4,0 
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against coagulation.  No change in particle size resulted from adsorption of 
arglabin (Table 4.1). 
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Figure 4.4. Adsorption of Arglabin on HSA nanoparticles 

 
In both empty and arglabin-loaded HSA nanoparticles, the polydispersity is 

relatively narrow which is also demonstrated by electron microscopy (Fig.4.2 and 
4.5). 

 

  
      

Figure 4.5. TEM pictures of HSA nanoparticles with arglabin adsorbed on to the 
particle surface 
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Table 4.2. Characteristics of arglabin-loaded HSA nanoparticles by 
adsorption 

 
4.1.3. Incorporation of the antitumor drug arglabin into HSA 

nanoparticles  
A major disadvantage of drug binding by adsorption is the high degree of 

desorption of the drug from the surface of the particles in a later stage. For this 
reason, the possibility of incorporation of the drug into the nanoparticles was 

CARGL, 
mg/ml 

d, nm PDI Zeta-
potential, 

mV 

Binding, 
% 

Drug content in 
nanoparticles 

(after 
adsorption), 

w/w% 
158.8 
162.9 
160.9 

0.052 
0.017 
0.061 

-14.2 
-11.4 
-11.0 

 
0.25 

160.9 2.0 0.043 0.020 -12.2 2.0 

 
63.9 

 
1.6 

 
 

158.7 
155.2 
159.9 

0.061 
0.054 
0.024 

-18.7 
-23.0 
-16.4 

 
0.50 

157.9 2.0 0.046 0.020 -19.4 3.3 

 
59.1 

 
2.5 

 
 

162.1 
157.8 
161.6 

0.015 
0.050 
0.014 

-20.4 
-22.8 
-14.6 

 
0.75 

160.5 2.0 0.026 0.020 -19.3 4.1 

 
60.0 

 
4.3 

 
 

161.1 
159.1 
160.2 

0.037 
0.078 
0.010 

-19.0 
-12.7 
-10.7 

 
1.00 

160.1 1.0 0.042 0.035 -14.1 4.2 

 
47.5 

 
4.5 

 
 

158.7 
159.6 
159.7 

0.014 
0.025 
0.021 

-14.8 
-21.5 
-15.2 

 
2.00 

159.3 0.5 0.020 0.010 -17.2 3.4 

 
38.8 

 
7.2 

 

162.3 
162.5 
160.9 

0.006 
0.028 
0.003 

-20.0 
-16.2 
-15.3 

 
4.00 

161.9 0.8 0.012 0.013 -17.2 2.4 

 
38.9 

 
13.5 
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investigated with the objective to obtain a carrier system with a prolonged drug 
activity. For this purpose, in the present study the arglabin was dissolved in the 
aqueous albumin solution, followed by the desolvation step [35-37] using both 
types of arglabin, native arglabin and dimethylaminoarglabin hydrochloride. The 
concentration of the drugs was varied from 0.39 mg/ml to 1.55 mg/ml. 

The size of the particles obtained by incorporation of the drugs, their 
polydispersity, and their surface charge were determined by DLS. The results for 
native arglabin are shown in Table 4.3, those for dimethylaminoarglabin 
hydrochloride in Table 4.4. 
 

Таble 4.3. Physicochemical characteristics of HSA nanoparticles loaded 
with the lipophilic form of Arglabin: Т=25oС; СALB=20 mg/ml 

 
Data given in Table 4.3 show that the obtained particles varied by size and 

have a monomodal distribution.  
In all cases the resulting disperse systems were stable, which is substantiated 

by the reasonable zeta-potential values of the particles (between -16.3 mV and -
26.3 mV). From the table it can also be seen that the data on the yield of 
nanoparticles obtained by spectrophotometry and microgravimetry, correlate with 
each other.  

The binding degree of Arglabin with albumin nanoparticles was determined 
by UV-spectrophotometry (λ=204 nm). Before carrying out the spectrophotometric 
analysis, the solutions of drug-filled particles were washed with a water-ethanol 

 
СARG 

mg/ml 

 
d, nm 

 
PDI 

 
Zeta-potential, 

mV 

 
Binding 
degree, 

% 

Drug content 
of drug in 

nanoparticles, 
% (after 

incorporation) 
0.39 193.9 1.3 0.030 0.020 -16.3 4.0  

58.0 
 

3.36 
0.78 256.6 3.0 0.074 0.004 -22.6 3.0  

42.3 
 

4.77 
1.16 

 
 

189.0 0.6 0.017 0.012 -26.3 2.5  
39.7 

 
6.57 

1.55 126.2 1.7 0.046 0.018 -25.8 4.5  
36.2 

 
8.09 
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mixture and separating them using Sephadex columns. The amount of arglabin 
bound to the nanoparticles relative to the initial arglabin concentration is shown in 
Fig.4.6. 

The figure demonstrates that the percentage of arglabin incorporation and 
binding to the HSA nanoparticles decreased with increasing drug concentration, 
and the highest relative binding (corresponding to 58 %) was obtained at an initial 
drug concentration of 0.39 mg/ml.  
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Figure 4.6. Incorporation of lipophilic Arglabin into HSA nanoparticles 

 
As the drug was loaded into the polymer matrix during the process of 

particle preparation it is important to know the content of the drug in the 
nanoparticles afterwards. Therefore the content of Arglabin in obtained 
nanoparticles was calculated (Fig.4.7).  

From the graph it is obvious that with the increase of drug concentration in 
solution the absolute content of lipophilic Arglabin in the nanoparticles increases.   

In order to improve the binding, dimethylaminoarglabin hydrochloride was 
used instead of lipophilic form of arglabin (Table 4.4).  

Table 4 shows that the diameter of the particles increases with an increase in 
the drug concentration in the nanoparticles. The polydispersity of the particles was 
relatively low and the system was stable. Interestingly the zeta potential with the 
dimethylaminoarglabin hydrochloride nanoparticles was higher than that with the 
arglabin particles. 

0.39  0.78 1.16 1.55 
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Figure 4.7. Content of lipophilic Arglabin in HSA nanoparticles after 

incorporation 
 

Table 4.4. Physicochemical characteristics of HSA nanoparticles loaded 
with hydrophilic form of Arglabin: Т=25oС; СALB=20 mg/ml 

 
In addition, as expected, the binding degree was higher than in the case of 

native arglabin (Fig.4.8). Again the percentage of binding decreased with initial 
drug concentration reaching an optimal binding of 89 % at an initial drug 
concentration of 0.39 mg/ml. 

 
СARG 

mg/ml 

 
d, nm 

 
PDI 

 
Z-potential, 

mV 

 
Binding 
degree, 

% 

Content of drug 
in nanoparticles, 

% (after 
incorporation) 

0.39 171.5 1.0 0.045 0.040 0.045 0.040  
88.5 

 
18.65 

0.78 200.3 2.0 0.029 0.016 0.029 0.016  
77.6 

 
13.62 

1.16 
 
 

331.1 3.9 0.210 0.031 0.210 0.031  
66.2 

 
12.66 

1.55 314.7 1.2 0.138 0.012 0.138 0.012  
57.4 

 
12.55 
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Figure 4.8. Incorporation of hydrophilic Arglabin into HSA nanoparticles. 

 
After carrying out desolvation process the content of Arglabin in obtained 

particles was calculated (Table 4.4, Fig.4.9).  
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Figure 4.9. Content of hydrophilic Arglabin in HSA nanoparticles after 

incorporation 
 
As it is seen from the graph, the content of drug in the nanoparticles reaches 

a saturation value of 12 %.  
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TEM was used to confirm the sizes obtained by DLS (Fig.4.10). The results 
show a good correlation of the two methods.  
 

       

         
 

Figure 4.10. Nanoparticles: loaded with arglabin (a);  
loaded with dimethylaminoarglabin hydrochloride (b). 

 
This study shows that arglabin can be bound effectively to HSA 

nanoparticles both by adsorption of the drug on to the surface of preliminary 
prepared nanoparticles and by direct incorporation using the desolvation method. 
The more hydrophilic dimethylaminoarglabin hydrochloride can be more 
efficiently bound than the hydrophobic native arglabin. 

 
 
 
 
 
 

  (b) 

  (a) 
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4.2. Synthesis and investigation of human serum albumin nanoparticles 
loaded with antituberculosis drug p-aminosalicylic acid  

 
4.2.1. Adsorption of p-aminosalicylic acid onto HSA nanoparticles 
As the investigation on loading of human serum albumin with antitumor 

drug resulted in well-defined nanoparticles with high binding degree the next step 
was to create similar systems for the antiTB drug p-aminosalicylic acid. p-
aminosalicylic acid (PASA) and its sodium salt are used in tuberculosis therapy 
together with aminoglycosides. The chemical structure of the drug is shown in 
Fig.4.11.  

 
 

Figure 4.11. Structural formula of p-aminosalicylic acid 
 
Empty HSA nanoparticles were obtained according to technique used above 

[35-37]. Nanoparticles with average diameter of 310 nm (PDI = 0.142) were 
formed. Then the adsorption of the drug on HSA nanoparticles has been performed 
with concentrations of PASA in initial solution ranging from 0.16 to 4.0 %. 
Adsorption of the drug on the surface of preliminary prepared nanoparticles led to 
a minor increase of the particle size (d = 316 nm, PDI = 0.140).  

The binding degree of the drug with HSA nanoparticles was determined using 
conductivity measurements. Conductometry enables estimation of the binding of 
drug with polymer directly in the reaction medium without preliminary 
separation of nanoparticles from the solution. The quantity of unbound drug was 
calculated using a calibration curve. The results of the binding experiments of 
PASA on HSA nanoparticles are shown in Fig.4.12.  
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Figure 4.12. Adsorptive binding of PASA to HSA nanoparticles 

 
Increasing the concentration of PASA in solution leads to an increase of the 

binding degree with a limiting value of 95 % (Fig.4.12). This regularity 
corresponds well with an assumption that the bond between drug and polymer was 
created by ionic interactions. To confirm the binding of the drug with HSA 
photocolorimetry and viscosimetry were used. The results are shown in Fig.4.13, 
a,b.   

 

0

0,02

0,04

0 1 2 3 4 5
PASA concentration, %

A
bs

or
ba

nc
e

0

0,5

1

1,5

2

viscosity

 
 

Figure 4.13. Dependence of viscosity (a) and absorbance (b) of a polymer 
dispersion on concentration of PASA (adsorption) 
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Decrease of viscosity of HSA solution is due to suppression of 
polyelectrolytic effect by two directions: 1) by the screening effect of amino and 
carboxylic groups; 2) by their chemical binding which is an advantage for the 
creation of novel drug preparations. The same dependence is observed from the 
graph of dependence of absorbance on concentration of drug added which points 
on compaction of polymeric particles (Fig.4.13, b).  

 
4.2.2. Incorporation of p-aminosalicylic acid into HSA nanoparticles  
Similar to the study of loading Arglabin the next step was to bind PASA 

with HSA nanoparticles during the process of particle formation and crosslinking. 
The concentration of drug in the solution was the same as that in case of 
adsorption.  Particle sizes of the synthesized nanoparticles were measured by DLS 
and was found to be around 435 nm (PDI = 0.147).  

Data on binding of PASA with albumin is illustrated in Fig.4.14.  
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Figure 4.14. Incorporation of PASA into HSA nanoparticles 

 
As it is seen from the graph in this case almost 100 % binding was possible. 
As in this case the drug is incorporated in the nanoparticles the curves of 

dependence of viscosity and absorbance are opposite to the ones obtained by the 
adsorption method (Fig.4.15 a,b).   

Because of the presence of ionogenic groups on the surface of the 
nanoparticles this dependence tends to increase due to the absence of the 
suppression of the polyelectrolytic effect. 
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Figure 4.15. Dependence of viscosity of polymer dispersion (a) and absorbance (b) 

on concentration of PASA (incorporation) 
 
The yield of nanoparticles loaded with drug was determined by gravimetry 

(Table 4.5).  
 

Table 4.5. Yield of HSA nanoparticles loaded with PASA 
The yield of nanoparticles determined by 

microgravimetry, % 
Drug content in 
initial solution, g 

Obtained by 
adsorption 

Obtained by incorporation 

0.0125 92 92 
0.025 43 89 
0.08 41 55 
0.16 13 10 
0.32 67 35 

 
In both cases the particle yields were high. The tendency of decreasing of the 

yield of nanoparticles reaching a minimum with increasing of drug concentration 
was observed (Table 4.5). The last sample high yield of nanoparticles has been 
achieved.  

So it can be concluded from this study that the loading of HSA with PASA 
by both adsorption and incorporation methods enables synthesizing nanoparticles 
with satisfactory characteristics, high values of the binding degree and high 
nanoparticle yield defined by microgravimetry. 

b 

a 
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Conclusions 
The present study demonstrates the possibility of obtaining a new drug form 

for the antitumor drug arglabin and antiTB drug p-aminosalicylic acid by binding 
them to HSA nanoparticles. Since the surface of the HSA nanoparticle may easily 
be modified by the attachment of targeting ligands such as antibodies [1,41,42] or 
apolipoproteins [43] these particles are very versatile and a specific tumour 
targeting or a delivery across the blood-brain barrier may be enabled. 
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Chapter 5. Synthesis and characterization of polyethyl 

cyanoacrylate nanocapsules and the loading with 

antituberculosis drugs 
Abstract 

At present time polymeric particles of core-shell structure are attracting great 
attention since they can serve as containers for various substances including drugs. 
A number of methods were proposed for synthesizing nanocapsules. Interfacial 
polymerization in inverse miniemulsion is known to be an effective method to 
obtain hollow or filled nanocapsules. This method has the advantage that the 
capsules of satisfactory characteristics can be synthesized in one stage. The 
obtained nanocapsules of which the core is aqueous phase can be suitable for 
encapsulation of proteins and peptides. Due to the fast polymerization rate, alkyl 
cyanoacrylates can be promising monomers to use them for synthesizing drug-
loaded nanocapsules. The possibility of the synthesis of polyethyl cyanoacrylate 
(PECA) nanocapsules in inverse miniemulsion and loading them with drug/s is 
considered in this chapter. Hollow capsules of PECA have been synthesized by 
anionic polymerization in water-in-oil inverse miniemulsion polymerization using 
cyclohexane as a continuous phase. The nanocapsules formed were characterized 
using DLS, transmission and scanning electron microscopy.  

An attempt to encapsulate antituberculosis (antiTB) drugs p-aminosalicylic 
acid (PASA) and capreomycin sulfate (CS) has been performed. Capreomycin 
sulfate was poorly encapsulated in aqueous core-PECA nanocapsules. This is 
explained by the rapid leakage of small and hydrophilic molecules through the thin 
polymer wall of the formed capsules and the loss of drug during washing and 
drying.  
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5. Synthesis and characterization of polyethyl cyanoacrylate 
nanocapsules and the loading with antituberculosis drugs  

Introduction 
Nowadays there are various methods for preparation of hollow structures for 

different purposes [81-97]. Hollow micro- and nanocapsules play an important role 
in the pharmaceutical industry. Encapsulation of drugs in polymeric nanostructures 
offers special opportunities such as protection of the drug from degradation in 
biological surroundings and during storage, moreover, controlled release of drug 
from permeable (or semipermeable) and/or responsive membrane (thermo- or pH-
responsive), or biodegradable shell can be performed.  

Different techniques are used to obtain nanocapsules, e.g. layer-by-layer 
deposition on vesicles and liposomes [82-86], the sacrificial core process in which 
core is removed after formation of thick and stable shell [82], interfacial 
polymerization or polycondensation in miniemulsions [81, 88-95] and others [82]. 
One of the simplest ways to synthesize hollow or filled polymeric capsules is to 
carry out polymerization in the interface of water-in-oil (w/o) or oil-in-water (o/w) 
emulsion. This method makes it possible to obtain nanocapsules containing liquid 
cores. Apart from this, there are advantages of synthesizing nanocapsules in 
miniemulsion polymerization: capsules with a diameter up to 500 nm can be 
obtained, high solid content (30-50 %) can be reached and the method is easily up-
scalable.  

For the formation of hollow capsules both natural and/or synthetic polymers 
can be used. The importance and potential of the use of polyalkyl cyanoacrylate 
(PACA) in drug delivery research as polymeric nanocapsules have already been 
proved by other authors [81, 87-92]. Due to the fast polymerization rate, alkyl 
cyanoacrylates can be promising monomers in synthesizing nanocapsules. Drugs or 
other substances (dyes, inks, cosmetics, and so on) can easily be encapsulated in 
PACA nanocapsules as they can form a reservoir with a good morphology (stable 
and hard wall). Since the nanocapsule obtained by interfacial polymerization in 
inverse emulsion consists of a hydrophilic core and a hydrophobic shell this 
method can be the most efficient when encapsulating water-soluble substances, in 
particular, hydrochlorides of drug preparations. 

The method of interfacial polymerization in inverse microemulsion was 
introduced for the first time by Gasco and Trotta for preparation of PACA 
nanocapsules more than 20 years ago [89]. Later Musyanovich A. et al. have 
shown that using polymerization of alkyl cyanoacrylates in water-in-oil interfaces 
it is possible to obtain stable and compact nanocapsules [88].  
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Schematic representation of the synthesis of nanocapsules by interfacial 

polymerization of ethyl cyanoacrylate (ECA) in inverse miniemulsion is shown in 
Fig.5.1.  

 

 
 

Figure 5.1. Simplified scheme of the principle of polymerization in inverse 
miniemulsions: phase A – organic phase, phase B – aqueous phase. 

 
5.1. Synthesis of hollow polyethyl cyanoacrylate nanocapsules   
Synthesis of PECA nanocapsules by interfacial polymerization in inverse 

miniemulsion (with monomer content of 10 % of the aqueous phase) was carried 
out using a modified method proposed by A. Musyanovich and K. Landfester [88]. 
The results of the experiments are illustrated in Fig.5.2. These are the 
nanostructures synthesized as a result of polymerization in inverse miniemulsion, 
washing the samples with water and methanol and curing them with sonication to 
disperse in water.  

It can be seen from these pictures that solid PECA particles with sizes 
between 80-100 nm were synthesized, but the formation of nanocapsules is not 
observed. Also the formation of associates of tiny particles was noticed. It can 
probably be explained by the fact that because of their soft (incompact) wall 
hollow capsules obtained during reaction collapsed when curing with sonication 
(after getting rid of oil phase) within certain period of time in order to redisperse 
them in water which led to the formation of solid PECA nanoparticles.  
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Figure 5.2. ТEМ images of PECA nanostructures:  
[ECA] =10 % of water phase (        200 nm) 

 
Similar to these results Crespy D. et al. [94] observed the formation of either 

polymeric nanosapsules or solid nanoparticles when synthesizing hollow 
nanoreactors of polyurea, polythiourea and polyurethane by interfacial 
polycondensation in inverse miniemulsion depending on the process conditions. 
They reported that obtaining the nanocapsules with rather thick wall is preferable 
since the formation of solid nanoparticles as a result of the collapse during 
exposure to sonication could be expected [94].       

The research group under the supervision of K. Landfester has synthesized 
polybutyl cyanoacrylate (PBCA) nanocapsules containing DNA molecules using 
polymerization in inverse miniemulsion and they have investigated the effect of 
such parameters as pH, monomer concentration, the nature of surfactant and the 
continuous phase on physicochemical characteristics (thickness of shell, size of 
capsules, morphology, molecular weight and efficiency of encapsulation) of 
forming of the nanocapsules [88]. It was established by A. Musyanovich et al. that 
the thickness of the wall and morphology of the capsules are mainly depending on 
the monomer concentration [88]. It was shown that polymer with a rather thick 
wall can be obtained when using rather low monomer concentrations (1 or 2 % of 
aqueous phase) [88]. With the aim of synthesizing the capsules with compact shell 
the content of ECA was reduced till 5 % (of aqueous phase) in following 
experiments. The results are given in Fig.5.3.        
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Figure 5.3. ТEМ images of PECA nanostructures:  
[ECA] = 5 % of water phase (         200 nm) 

 
From TEM images it can be concluded that apart from the formation of 

hollow nanostructures of distorted shape there are also solid polymer particles in 
the system. The formed structures have sizes between 50-100 nm (Fig.5.3). The 
formation of deformed structures was also observed by others [96] when 
synthesizing polystyrene nanocapsules by radical polymerization. This 
phenomenon was explained by the authors with the low molecular weight of the 
polymer [96]. In our case the capsules were obtained by anionic polymerization 
techniques; therefore molecular weight of the polymer is presumably in the 
oligomeric range.  

Further a number of experiments have been carried out varying the key 
parameters of the system (monomer concentration, surfactant ratio) in order to 
improve polymerization conditions and to obtain stable PECA nanocapsules. 
Aqueous phase was changed to PBS (pH 7.4) to obtain polymer with higher 
molecular weight, however it didn’t give the desired results – solid particles of 
nanometer size were obtained (Fig.5.4). 

Further varying the ratio of the components in the system (Tween 80 and 
Span 80, water and organic phase, monomer concentration) optimal conditions for 
obtaining hollow PECA nanocapsules have been found. To obtain PECA 
nanocapsules the following conditions can be considered as optimal: Tween 80 : 
Span 80 = 1:1 (10 % of organic phase), monomer concentration – [ECA] = 5 % of 
aqueous phase. The ratio 3.8:1 organic phase to aqueous phase can be considered 
as optimal. As a result of using such a ratio of the components hollow PECA 
nanocapsules have been synthesized.      
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Figure 5.4. ТEМ images of PECA nanostructures:  
Aqueous phase is PBS (pH 7.4) (          200 nm) 

 
TEM images of obtained PECA nanocapsules after washing and redispersing 

in water are shown in Fig.5.5. Washing of the formed nanostructures with water is 
a compulsory step for using the obtained capsules in medical applications as the 
presence of residues of organic solvent (cyclohexane) is not desirable.  
 

 
 

Figure 5.5. TEM images of hollow nanocapsules of PECA (         200 nm) 
 

To see the outer surface of the nanocapsules SEM images were made (Fig.5.6).  
From the TEM and SEM images it is evident that the obtained nanocapsules 

have a spherical shape and a rather thick shell which is important as the thickness 
of the nanocapsules wall and degradability of the polymer determine the release 
profile of the compound encapsulated.  
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                    Figure 5.6. SEM images of hollow nanocapsules of PECA 

 
Data obtained by DLS have shown that the z-average particle diameter of the 

PECA nanocapsules was around 435 nm. The sizes of nanocapsules are varying 
between 100 nm to 800 nm, although the size of most of the particles is in the 
range of 200-600 nm. The particle size distribution of the nanocapsules is given in 
Fig.5.7 showing that the system mainly consists of two groups of capsules: 
nanocapsules with average diameter around 180-200 nm and capsules with an 
average size around 300-500 nm.  
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Figure 5.7. Particle size distribution of PECA nanocapsules 

 
TEM and SEM images demonstrate the formation of hollow PECA 

nanocapsules with the size range from 200 nm to 500 nm which is in a good 
agreement with the results obtained by DLS.  
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This size meets the requirements of polymeric carriers for drugs and opens 

more perspectives of using alkyl cyanoacrylates in medicine.  
Molecular weight of obtained PECA nanocapsules measured by GPC was 

around 600 (596), which corresponds approximately to 4 monomer units per chain. 
The formation of polymer of rather low molecular weight, as was mentioned 
above, can be explained by fast termination of the process as a result of high pH of 
medium (aqueous phase) which leads to the formation of short oligomeric chains.  

The water-containing nanocapsules give the opportunity to encapsulate 
water-soluble compounds (e.g. drugs, DNA, etc.) including hydrophilic drugs. 
 

5.2. Synthesis of polyethyl cyanoacrylate nanocapsules loaded with drug 
 
5.2.1. Encapsulation of the antiTB drug p-aminosalicylic acid in PECA 

nanocapsules 
An attempt has been made to load PECA nanocapsules with the antiTB drug 

PASA as this drug is not stable against radical polymerization conditions in acidic 
medium as was shown in Chapter 3. First, the drug was dissolved in the aqueous 
phase, and then PECA nanocapsules were obtained using the same method as 
described above. As a result a whitish emulsion was formed. Also considerable 
amounts of coagulum at the bottom of the vial were noticed. We assumed that the 
formation of coagulum could be caused by the interaction of the drug with 
monomer, as PASA contains amino- and hydroxyl groups.  

It was not possible to separate the particles from the water phase by 
centrifugation at 3000 rpm, therefore the precipitate has been taken and left to dry 
in an air. After 2 h they were washed with water and methanol and centrifuged at 
3000 rpm for 10 min.  

Determination of the loading efficiency. The loading efficiency of a drug in 
PECA nanocapsules has been determined using the procedure similar to that given 
in [88]: Dry nanocapsules (taken from precipitation) were dissolved in 3 ml of 
chloroform in concentration of 1 mg/ml and the drug was extracted from the 
organic phase with PBS (pH 7.4) (15 ml) for 5 hours. The amount of extracted 
drug was determined using UV-Vis-spectroscopy at λmax = 268 nm. The results of 
UV-measurement have shown that there is no peak of the drug present in spectra, 
so the drug was neither encapsulated in the nanocapsules nor attached to the wall. 
So the possible reason could be that PASA present in the aqueous phase didn’t act 
as an initiator, but as a salt (electrolyte) and made PECA to precipitate (without 
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encapsulation). The drug disturbed the stability of the system acting as a 
destabilizer and was not encapsulated.   

 
5.2.2. Nanocapsules loaded with capreomycin sulfate  
The next task was to synthesize PECA nanocapsules loaded with the antiTB 

drug capreomycin sulfate using the same technique. Drug-loaded nanocapsules 
have been prepared using an aqueous solution of the drug, dispersed in a 
miniemulsion. The monomer to drug ratio was taken as 1:1. Obtained nanocapsules 
were washed with water and methanol and dried in air. TEM images of obtained 
PECA nanocapsules loaded with CS are given in Fig.5.8.     

  

       

   
 
Figure 5.8. TEM images of CS-loaded PECA nanocapsules: monomer : drug = 1:1 

 
TEM images show the formation of PECA nanocapsules with an average 

particle diameter around 250-500 nm. The size of the nanocapsules after washing 
them with cyclohexane and redispersing them in water by sonication, was around 
260 nm (PDI = 0.438, measured with DLS).   

The molecular weight of the obtained polymer was Mn = 1252 (Mw = 2070, 
PDI = 1.65) which approximately corresponds to 10 monomer units.  
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Determination of the loading efficiency. After washing the PECA 
nanocapsules with water followed by centrifugation, the capsules were dried until 
constant weight. Dry nanocapsules containing CS were dissolved in chloroform 
with a concentration of 1 mg/ml and the drug was extracted from the organic phase 
with PBS (pH 7.4) for 5 hours. The amount of extracted drug was determined using 
UV-Vis-spectroscopy at λmax = 268 nm. The calculated loading efficiency was 2.12 
%. 

The reason of such a low value of the loading could be that the drug was 
successfully encapsulated in the nanocapsules, but that the thin walls of the 
capsules were destroyed during washing and drying. It is seen from the images that 
the shells of capsules are not intact; the walls of some capsules are partly damaged 
(Fig.5.8). The yield of PECA nanocapsules determined by gravimetry is 37 %.         

Despite of the formation of polymer with higher molecular weight in 
comparison with the hollow empty PECA nanocapsules the shells were not intact; 
there was no integrity of the capsules’ wall. Therefore to synthesize nanocapsules 
with intact shells; in the following experiment the monomer concentration was a 
factor of two. TEM images of nanocapsules loaded with drug obtained using a 
monomer : drug ratio 2:1 are shown in Fig. 5.9. 

 

   
 

 Figure 5.9. TEM images of CS-loaded PECA nanocapsules, monomer : drug = 
2:1 

In this case the loading efficiency estimated using the same technique was 1 
%. Again such a low value of loading efficiency is explained by thin walls of the 
capsules which caused the leak of considerable amount of the drug. TEM images 
shows that the shells of some of nanocapsules are rather thin and partly destroyed 
(Fig.5.9). As is seen from the pictures the capsules have cracks. Cracking could 
occur during drying of the samples. The yield of PECA nanocapsules with CS was 
33 %.   
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Conclusion 
The most effective method when developing nanosomal forms for drug 

preparations is the synthesis of nanocapsules loaded with drugs. Therefore  to 
obtain nanocapsules, interfacial polymerization of ECA has been performed in 
inverse miniemulsions. Hollow capsules of PECA with satisfactory characteristics 
have been synthesized. However the attempt of encapsulation PASA failed most 
probably because of the nature of drug which is having salt-like structure 
disrupting the stability of the system. Therefore it was not possible to encapsulate 
this drug in PECA nanocapsules.   

 When encapsulating capreomycin sulfate, the capsules leak during washing 
and drying. Therefore the final loading efficiency was found to be not higher than 
2 %. The encapsulation of antiTB drugs PASA and capreomycin sulfate by 
interfacial polymerization of ECA in inverse miniemulsion seems not to be 
successful.  

An alternative way would be RAFT-based vesicle templating as in this case 
stable and compact polymeric shells can be prepared by adsorbing randomly 
distributed copolymers on vesicles in the presence of drug. Encapsulation of drug 
by this approach will be considered in Chapter 6.  
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Chapter 6. Synthesis and characterization of pH-

responsive nanocapsules and controlled release of 

capreomycin sulfate 
Abstract  
The synthesis of polymeric nanocapsules loaded with the antituberculosis 

drug capreomycin sulfate is presented in this chapter. The pH-responsive 
polymeric nanocapsules were successfully synthesized using the RAFT-based 
vesicle templating approach (described earlier) in the presence of capreomycin 
sulfate. Anionic small polyelectrolytes comprising randomly distributed butyl 
acrylate (BA) and acrylic acid (AA) units were adsorbed on cationic vesicles of 
dimethyldioctadecyl ammonium bromide (DODAB). N, N-(dimethylamino)ethyl 
methacrylate (DMAEMA) and methyl methacrylate (MMA) were used for the 
formation of the polymeric shells. The nanocapsule morphology was characterized 
by DLS and TEM. The most stable hollow latex particles were obtained with the 
monomer composition of DMAEMA:MMA = 1:1. These nanocapsules were found 
to be colloidally stable and pH-responsive. The entrapment efficiency of drug 
determined by UV-Vis-spectroscopy was 70 %. The drug release rate from 
nanocapsules at pH 6.5 was found to be relatively fast (substantial release within 
one hour already), however we believe slower release can be achieved by using a 
thicker polymer shell. 
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6. Synthesis and characterization of pH-responsive nanocapsules and 
controlled release of capreomycin sulfate 

Introduction  
Polymeric nanocapsules have attracted great attention owing to their 

versatile properties and have wide application in different fields of science and 
technology. They are also of great importance in medicine as colloidal drug 
delivery systems [81-97, 127-129]. During the synthesis of polymeric 
nanocapsules for drug delivery systems it is desirable to avoid the contact of the 
drug with the reactive species in the polymerization medium as some drugs are not 
stable under polymerization conditions (pH, presence of radicals, heating, etc.). 
Therefore it’s preferable to load the polymeric nanoparticles with drug afterwards. 
However this is mainly accomplished by adsorption of the drug on the surface of 
polymer particles which is less effective in comparison with entrapping the drug 
inside polymeric capsules. In some cases it is possible to minimize the drug 
degradation by having the polymerization take place in another phase than the 
location of the drug. Therefore the synthesis of nanocapsules in the presence of the 
drug could be the best option. This can be realized by using “soft templates” such 
as emulsion droplets, liposomes or vesicles. Drug release can be controlled by 
creation of the system where drug release occurs as a result of polymer degradation 
or by encapsulation of the drug in a stimulus-responsive shell where the drug 
releases to the medium depending on external triggers (pH, temperature, ionic 
strength, magnetism, UV-light, ultrasound, etc.). The main feature of pH and 
temperature responsive polymers is that their volume, conformation and solubility 
can be altered (reversibly) by change in the pH and temperature.   

Reversible Addition Fragmentation Chain Transfer (RAFT) polymerization 
is a controlled radical polymerization technique which now has been developed for 
its applications in emulsion based systems [127, 128]. Contrary to conventional 
free radical polymerization, RAFT offers an inherent advantage of control over 
molecular weight and the structure/composition of the polymer. The application of 
RAFT for the synthesis of controlled morphologies such as nanocapsules already 
resulted in a few very promising approaches [127, 128]. Recently, Ali et al. 
reported a simple RAFT-based templating approach for the synthesis of water 
filled polymeric nanocapsules using vesicles [127, 128]. The approach requires the 
adsorption of short-chain anionic polyelectrolytes comprising randomly distributed 
butyl acrylate and acrylic acid units on cationic vesicles of dimethyldioctadecyl 
ammonium bromide (DODAB) [129]. The successful preparation of anionic pH-
responsive nanocapsules was reported earlier [129]. In this chapter we also 
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prepared nanocapsules that in principle can be charged positively and nanocapsules 
were loaded with capreomycin sulfate prior to the polymerization step. As a 
preliminary study the drug release was studied from these capsules at one pH. 

 
6.1. Synthesis and characterization of vesicles 
Vesicles were prepared using the surfactant DODAB (Fig.6.1), by carrying 

out an extrusion of a 10 mM DODAB dispersion through three-stacked 100 nm 
pore size polycarbonate filters. This surfactant belongs to a class of synthetic 
surfactants called “dioctadecyldimethylammonium salts”. It is known that they are 
capable of producing vesicles in aqueous solutions. DODAB vesicles are stable 
and do not tend to form lamellar phases.  

 

N+ Br-

 
 

Figure 6.1. Structure of dimethydioctadecyl ammonium bromide (DODAB) 
 

Membrane extrusion is a simple, reproducible and widely used method to 
prepare large unilamellar vesicles. In extrusion the amphiphile dispersion, 
containing bilayer fragments, is simply forced through small pores of a track-
etched polycarbonate membrane filters, using either pressurized inert gas at 
temperature well above the gel-to-liquid crystalline phase transition temperature 
(Tm). In extrusion, the vesicle size can be controlled by the pore size of the filters. 

 
6.2. Synthesis and characterization of RAFT copolymers 
Random copolymers consisted of acrylic acid and butyl acrylate units were 

synthesized by RAFT polymerization in solution. Random copolymers 
compositions were chosen because they are less likely to self-assemble in aqueous 
phase into micelles which are highly undesirable for our purpose as they can give 
rise to unwanted secondary nucleation in the aqueous phase during vesicle 
encapsulation. The reaction pathway is presented in Fig.6.2. 

S C S
S

H2C CH2 AA/BA S C S
S

H2C CH2X X
Dioxane

AIBN, 700C

2X = BAx-co-AAy
 

Figure 6.2. Synthesis of Random RAFT Copolymer 
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The recipes for the synthesis of RAFT copolymers are presented in Table 

6.1. 
 

Table 6.1. Recipes for RAFT copolymer synthesis 

RAFT 
copolymer 

[DBTTC], 
mM 

[AIBN], 
mM 

[Acrylic acid] 
(AA), mM 

[Butyl acrylate] 
(BA), mM 

BA5-co-AA10 15.2 1.3 151.3 75.5 
BA7.5-co-AA10 12.7 1.2 126.3 95.2 
BA10-co-AA20 8.29 0.75 166.3 82.57 

  

The reactions were performed in dioxane at 70°C by using dibenzyl 
trithiocarbonate (DBTTC) (Fig.6.2) as a chain transfer agent (CTA). Synthesized 
polymers were characterized by 1H NMR spectroscopy (Fig.6.3) and GPC (Table 
6.2).  

It is expected that copolymerization with acrylic acid and butyl acrylate 
gives random copolymers because of their similar reactivity ratios. 
Characterization of the resulting RAFT copolymers by 1H NMR shows that the 
chain grows from both ends of the RAFT agent resulting in the trithiocarbonate 
moiety situated in the middle of the chain and benzyl groups are at the chain ends. 
This is an expected result because of the similar benzyl R and Z groups of the 
RAFT agent DBTTC (Fig.6.2) and can be seen from the ratio of 5 for the integral 
value of aromatic peaks at 7.1-7.3 ppm and S-CH bond peak at 4.5-4.7 ppm. This 
ratio would have been 10 in case the chain had only grown in one direction. 

As it’s seen from table 6.2, experimentally determined Mn values (Mn,GPC and 
Mn,NMR) correspond well with each other. Also they correspond well with 
theoretically calculated Mn values (not shown). This, together with low 
polydispersity index values, indicates that the RAFT method worked successfully 
for the synthesis of RAFT copolymers.  
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Figure 6.3. 1H NMR spectra of RAFT copolymer BA9.5-co-AA18.5 

 
Table 6.2. Characterization of RAFT Copolymers 

GPC data 1H NMR data RAFT copolymer 
Mn (g/mol) PDI FAA Mn (g/mol) 

BA5-co-AA10 1652 1.2 0.61 1662 
BA7.5-co-AA10 1972 1.3 0.54 2040 
BA9.5-co-AA18.5 2893 1.4 0.63 2919 
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6.3. Synthesis and characterization of nanocapsules from monomers 

DMAEMA, MMA and EGDMA 
At present time a number of synthetic monomers have found wide 

application in different fields including medicine owing to their stimulus-sensitive 
properties. Therefore DMAEMA with MMA (with 3% of EGDMA) have been 
chosen as monomers since the copolymer network formed possesses pH-
responsiveness.  

Nanocapsules were synthesized by using starved feed emulsion 
polymerization. Starved feed conditions can help to avoid the formation of 
monomer droplets and secondary nucleation. For the encapsulation reactions 
DODAB vesicles obtained by extrusion through 100 nm PC filters and RAFT 
copolymer BA5-co-AA10 (Table 6.2) was used. The rational behind the use of this 
copolymer is that it has previously shown good behavior for the encapsulation 
reactions performed using different (meth)acrylate feed ratios [128, 129]. The 
chosen RAFT copolymer BA5-co-AA10 is relatively short-chained, which could also 
give the possibility of avoiding secondary nucleation and give a maximum number 
of RAFT groups on the surface of the substrate to be encapsulated (surfactant 
vesicles, in our case). The encapsulation route can be divided into 2 simple steps: 
1) absorption of RAFT copolymer on DODAB vesicles; 2) feeding with the desired 
monomer feed composition in the presence of a water-soluble initiator V-501. 

To preserve the integrity of the nanocapsules during the pH responses a 
flexible crosslinker (3% of EGDMA) was added. Recipes are shown in Table 6.3. 

 
Table 6.3. Recipes for encapsulation 

Monomer Feed composition Latex 
MMA, (mol) DMAEMA, 

(mol) 
EGDMA, (mol) 

E-1 0.12 0.12 0.0074 (3 mol %) 
E-2 0.12 0.24 0.0111 (3 mol %) 
E-3 0.24 0.12 0.0111 (3 mol %) 

VCap - 1 0.12 0.12 0.0074 (3 mol %) 
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6.3.1. Particle size and morphology 
The characterization of particles was done by DLS and TEM. Final z-

average particle diameters for three different reactions (listed in table 6.4) were 
measured by DLS. The size of the actual template vesicle, as measured by DLS 
and cryo-TEM was around 120 nm. 

An increase in particle diameters was observed after the encapsulation 
reactions which is an indication of successful formation of a thick polymer layer 
around the surface of the vesicles. 

 
Table 6.4.  Z-average diameter of nanocapsules 

Latex Z-average diameter, nm 
vesicles 120 

E-1 138.2 
E-2 198.7 
E-3 230.3 

 
As it is seen from table 6.4, the monomer feed composition has considerable 

effect on the particle diameters of the resulting structures. One possible explanation 
for these different particle diameters could be the extent of particle aggregation. 
Therefore we decided to investigate the resulting morphologies by using TEM. 
Fig.6.4 a, b and c show the morphology of the resulting products obtained by using 
monomer feed composition with molar ratios of DMAEMA:MMA of 1:1, 2:1 and 
1:2 respectively (entries E1, E2 and E3, table 6.4).  

Successful formation of nanocapsules is evident from the TEM images 
(Fig.6.4 b, c). As we already concluded from DLS measurements some aggregation 
of the particles took place (Fig.6.4 b, c), though the formation of bigger particles 
also can be seen in these micrographs. The observed primary particle diameters in 
TEM for all three cases are smaller than that obtained from DLS. As is evident 
from Fig.6.4 b and c, there is some particle aggregation which can explain the 
increase of the z-average particle diameter in the DLS measurements. This also 
complicates the pH dependent size measurements described in the next section. 
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Figure 6.4. TEM images of nanocapsules obtained by encapsulation of 
DODAB vesicles using RAFT copolymer BA6-co-AA9 and monomer mixture 

DMAEMA:MMA with 3% EGDMA: 4a – E1, 4b – E2, 4c – E3 

 
6.3.2. pH-responsive behavior of the formed nanocapsules 
It is well-known that DMAEMA possesses pH-responsive properties. We 

investigated the effect of changing pH on the behavior of the formed hollow latex 
particles (Fig.6.5). The effect of pH on particle size was evaluated by redispersing 
freeze-dried sample of nanocapsules latex in different pH buffer solutions ranging 
from pH 1 to 8. 

As it is seen from Fig.6.5, the size of nanocapsules changes appreciably in 
the pH range from 1 to 4 which correspond to the de-ionization of pending 
quaternary ammonium groups to neutral amino groups.  
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Figure 6.5. pH-dependent particle size of nanocapsules obtained by 

encapsulation E1( ),E2 ( ) and E3 ( ) 
 

The presence of crosslinks formed by tetrafunctional monomer suppresses 
complete dissolution of the polymer shells at low pH.  

For the samples E1 and E3 more or less the original particle size as reported 
in Table 6.3 were obtained again at neutral pH. For E2 a considerably larger size 
was seen. This could be caused by partial aggregation of the particles. Still a pH 
dependent size change was observed (Fig. 6.5) for all three samples. 

 
6.3.3. Encapsulation of capreomycin sulfate  
As a drug for encapsulation capreomycin sulfate (CS) has been chosen. The 

drug was present during the vesicle preparation by the extrusion technique. The 
size of the formed vesicles was 130 nm similar to the vesicles not containing drug 
(120 nm, Table 6.4). Purification of the vesicles from excess of drug was carried 
out by ultracentrifugation. The amount of drug entrapped by vesicles was 
determined by UV-Vis-spectroscopy and was equal to 70%. Some simple 
experiments, exposing CS to decomposing initiators (including V-501) at 60°C, 
showed no change in the UV-VIS spectrum indicating that the drug remained intact 
in the presence of small radicals. This does not guarantee that this is also the case 
in a polymerizing system. For encapsulation of CS the monomer mixture is given 
in Table 6.3. 

 The sizes of nanocapsules measured by DLS were 130 nm and 206.5 nm for 
vesicles with drug inside and for the capsules correspondingly. From these results 
it is seen that the size of nanocapsules increased with almost 70 nm. It is possible 
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that again some particle aggregation took place. 
During the preliminary measurements it was observed that after 

encapsulation of drug the initial peak of CS at 268 nm shifted to 310 nm. The shift 
of the peak in the UV-Vis-spectra indicates either changes in structure or chemical 
environment of the initial compound. Also the drug after release showed the same 
spectrum (see next section), therefore we are dealing with a structural change in the 
drug. It was already observed that the spectrum of CS does not change when 
exposed to decomposing V-501. Therefore, it is possible that CS reacts with 
polymeric radicals (formed during the polymerization reaction) and as a result it 
may change the chemical structure of the drug which may lead to reduction of 
biological activity or even deactivation of the drug. In the case of the RAFT 
approach small initiator derived radicals, polymeric radicals and radicals on the 
RAFT agent are present. In future investigations one might sort out is which of the 
latter two radicals is responsible for the chemical reaction with the drug. Also other 
living radical systems could be investigated. In the case of nitroxide mediated 
polymerization the only type of radicals present are polymeric radicals. Under the 
right conditions these radicals cannot diffuse through the vesicle bilayer and in this 
way the drug and the radicals cannot get into direct contact, hopefully preventing 
deterioration of the drug. 

 
6.3.4. Drug release studies 
The next step was to study the release of drug from polymeric nanocapsules. 

The drug release experiment was performed using UV-Vis-spectroscopy. 
According to the previous studies the size of the particle increases with a 
respective decrease in pH. Basically the biggest size can be observed in very acidic 
conditions. Drug release rate was observed using UV-Vis spectroscopy. As a 
preliminary study we selected a pH of 6.5 (Fig.6.6).  

The measurements were done immediately after redispersing the capsules 
and adjusting the pH (all within 6 minutes). Still at t=0 we already have partial 
release of the drug. As it is seen from Fig.6.6 the drug release is relatively fast, 
with an initial fast burst of drug release going to a second slower release profile.  
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Figure 6.6. Drug release from nanocapsules over time at pH = 6.5, λ = 310 nm 

 
Conclusion 
Vesicle-templated nanocapsules loaded with capreomycin sulfate were 

successfully synthesized. After entrapment of the drug inside of the vesicles the 
RAFT copolymer based approach was used to form pH-responsive nanocapsules. 
The pH-responsiveness was successfully monitored for the DMAEMA-MMA-
EGDMA nanocapsules not loaded with drugs. However the particle size 
measurements were indicating some partial aggregation. The results showed a high 
entrapment efficiency of the drug (70 %). An initial study on the release of CS 
from these polymeric nanocapsules was performed at pH=6.5. It was found that the 
release is relatively fast; however we believe the time can be prolonged by 
increasing the shell thickness of the nanocapsules and the degree of crosslinking. 

However as a result of the polymerization reaction in the presence of 
capreomycin sulfate the peak maximum in the UV-VIS spectrum shifted from 268 
nm to 310 nm which was probably caused by reaction between the drug and 
polymeric radicals generated during the reaction.  

This type of crosslinked responsive nanocapsules can find possible 
applications in pharmaceutics as drug carrier. 
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Synthesis of nanoparticles and nanocapsules for controlled release of the 
antitumor drug “Arglabin” and antituberculosis drugs 

 

Summary 
The main tasks of controlled drug delivery are the targeted transport of drug 

to the designated location and its release within a determined period of time. 
Development of new formulations for already existing drugs is a promising 
approach in achieving this goal; giving opportunity to maintain the effective 
concentration of drug in the blood over a certain period of time it provides a 
prolonged therapeutic effect.  

Extensive research has been performed with the aim to synthesize controlled 
release systems for the treatment of cancer, tuberculosis and acute bacterial 
infections for the past 30 years. The research presented in this thesis contains the 
results of the investigation on the synthesis of polymeric nanoparticles and 
nanocapsules based on natural and synthetic polymers for controlled delivery of 
the antitumor drug “Arglabin” and some antiTB drugs. 

The potential of using the novel antitumor drug Arglabin (created by 
Kazakhstani scientists) in tumor treatment gave an impulse to investigate the 
possibility of creation nanoparticulate systems for this drug. The other drugs used 
in this work served as model antiTB drugs. The promising outlook of polyalkyl 
cyanoacrylates and human serum albumin as carriers of different drugs was the 
reason to use them in combination with some antiTB drugs (capreomycin sulfate 
and p-aminosalicylic acid) and the antitumor drug Arglabin.  

 
Particle size and particle size distribution are the most important 

characteristics of nanoparticles as they determine the in vivo “fate” 
(biodistribution) of nanoparticles loaded with drug. Therefore in this thesis special 
attention was paid to obtain monodisperse systems. It was possible to achieve 
narrow particle size distributions for polyethyl cyanoacrylate (PECA) nanoparticles 
loaded with drug.   

Molecular weight is another important characteristic of the polymer as it 
influences the circulation time of nanoparticles in the body. Being rapidly 
degradable, PECA both with and without drug (number molecular weights of 
PECA were around 2000) will not accumulate in the human body. The results of 
the drug release study have shown the possibility of controlling the release rate of 
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capreomycin sulfate by incorporation of this drug into PECA nanoparticles. On the 
basis of the results it can be concluded that PECA nanoparticles would be a 
potential system to use them in tuberculosis treatment as carriers for the delivery of 
the antiTB drug  capreomycin sulfate.   

The nanoparticles based on human serum albumin loaded with the antitumor 
drug Arglabin and antiTB drug PASA obtained by the desolvation method allowed 
to attain high loading efficiency for both drugs, which shows the perspective of 
using nanoparticulate forms of these drugs.  

In most cases high loading efficiency can be accomplished by encapsulation 
of the drug. Therefore attempts have been made to synthesize nanocapsules 
containing drugs by interfacial polymerization of ethyl cyanoacrylate in inverse 
miniemulsion polymerization. However in spite of the formation of hollow 
capsules with satisfactory characteristics, the method seems not to be suitable for 
encapsulation of antiTB drugs PASA and capreomycin sulfate, as the capsules leak 
through thin polymer wall during washing and drying.    

Recently a new technique has been developed, i.e. encapsulation of the drug 
using vesicle templating polymerization using RAFT technology. In theory this 
new technique might be very promising for those drugs which are not compatible 
with the polymerization conditions (e.g. radicals). Vesicle-templated pH-
responsive DMAEMA, MMA, EGDMA nanocapsules loaded with capreomycin 
sulfate were successfully synthesized in this thesis. The results have shown a high 
entrapment efficiency of the drug (70 %). An initial study on the release of 
capreomycin sulfate from these polymeric nanocapsules performed at pH=6.5 have 
shown that the release is relatively fast; however we believe the time can be 
prolonged by increasing the shell thickness of the nanocapsules and the degree of 
crosslinking. 

This type of crosslinked responsive nanocapsules can find possible 
applications in pharmaceutics as drug carrier. 
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Samenvatting  
 
De belangrijkste functies van een gecontrolleerd medicijnafgiftesysteem zijn 

om het medicijn op de juiste plaats in het lichaam te brengen en het daar in de 
gewenste tijd af te geven. Ontwikkeling van dergelijke afgiftesystemen voor 
(bestaande) medicijnen heeft als voordeel dat het medicijn over een langere 
periode zijn werking kan uitoefenen waardoor een langere therapeutische werking 
ontstaat.  

In de afgelopen 30 jaar is uitgebreid onderzoek verricht aan gecontrolleerde 
afgiftesystemen voor behandeling van ziektes als kanker, tuberculose en acute 
bacteriele infecties. Het onderzoek dat in dit proefschrift wordt beschreven betreft 
de synthese van polymere nanodeeltjes en nanocapsules gebaseerd op natuurlijke 
en synthetische polymeren, dit voor de gecontroleerde afgifte van het 
antitumormedicijn “Arglabin” en enige antituberculosemedicijnen. 

De goede werking van het medicijn Arglabin (ontwikkeld door 
Kazakhstaanse wetenschappers) in de behandeling van kankergezwellen heeft een 
impuls gegeven om afgiftessystemen op basis van nanodeeltjes voor dit medicijn te 
gaan ontwikkelen. De andere medicijnen die in dit proefschrift zijn gebruikt dienen 
met name als modelsystemen voor antituberculose medicijnen. De veelbelovende 
perspectieven om polyalkylcyanoacrylaten en ‘human serum albumin’ (HSA) als 
drager voor verschillende medicijnen te gebruiken was aanleiding om deze twee 
(waterige) polymeersystemen te combineren met enige antituberculosemedicijnen 
(capreomycine sulfaat and p-aminosalicylzuur (PASA)) en het antitumormedicijn 
Arglabin.  

 
Deeljesgrootte en deeltjesgrootteverdeling zijn de belangrijkste 

karakteristieken van nanodeeltjes als het gaat om de in vivo bioverdeling over de 
weefsels. Om die reden is speciale aandacht besteed aan het vormen van 
monodisperse systemen. Het is gelukt om smalle deeltjesgrootteverdelingen te 
verkrijgen voor polyethylcyanoacrylaat (PECA) nanodeeltjes gevuld met medicijn.   

Molecuulgewicht en molecuulgewichtsverdeling vormen een andere 
belangrijke karakteristiek van het polymeersysteem aangezien deze de circulatietijd 
van de deeltjes en het polymer in het lichaam bepalen (via de 
biodegradatiesnelheid). PECA, zowel zonder als met medicijn gecombineerd, 
bleek snel afgebroken te worden en het polymeer zal dus niet in het lichaam 
accumuleren (aantalgemiddelde molecuulgewicht van PECA lag rond de 2000). De 
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resultaten van de afgifteexperimenten hebben aangetoond dat de afgiftesnelheid 
van het medicijn capreomycine sulfaat vertraagd wordt door dit medicijn in PECA 
nanodeeltjes op te sluiten. Op basis van deze resultaten kan geconcludeerd worden 
dat PECA nanodeeltjes gevuld met capreomycine sulfaat een potentieel geschikt 
systeem vormen om te gebruiken in de behandeling van tuberculose.  

De nanodeeltjes gebaseerd op HSA gevuld met het antitumormedicijn 
Arglabin of het antituberculose medicijn PASA door middel van de zogenaamde 
desolvatie methode bleek te leiden tot hoge beladingsefficienties voor beide 
medicijnen. Ook hier dus goede perspectieven voor deze nanodeeltjes in 
combinatie met medicijn.  

Een andere mogelijkheid van belading van nanodeeltjes met medicijn is die 
van het inkapselen van medicijn in nanocapsules. Nanocapsules gevuld met 
medicijn zijn gevormd door grensvlakpolymerisatie van ethylcyanoacrylaat in 
inverse miniemulsie polymerisatie. Ondanks dat er nanocapsules gevormd waren 
bleken deze toch niet bruikbaar te zijn omdat deze bij verdere opwerking de 
medicijnen sterk bleken te lekken (het antituberculosemedicijn p-aminosalicylzuur 
en capreomycine sulfaat).    

Een recent ontwikkelde techniek om nanocapsules te vormen is die van 
‘template’ polymerisatie met behulp van de RAFT technologie waarbij vesikels als 
template worden gebruikt. In theorie zou deze techniek een extra voordeel kunnen 
bieden daar waar de medicijnen niet kompatibel zijn met de 
polymerisatieomstandigheden en met name de aanwezigheid van radicalen. 
Vesikel-gebaseerde pH-responsieve nanocapsules (met de monomeren DMAEMA, 
MMA en EGDMA) geladen met capreomycine sulfaat zijn succesvul 
gesynthetiseerd in dit proefschrift. De resultaten toonde aan dat er een hoge en 
efficiente belading met medicijn mogelijk is (70 %). Een eerste korte studie van het 
afgifteprofiel uit deze nanocapsules (pH=6.5) liet zien dat capreomycine sulfaat 
vrij snel werd afgegeven; wij geloven echter dat door eenvoudige variatie van de 
wanddikte in combinatie met verdere vernetting van de nanocapsules deze 
afgiftetijd verlengd kan worden. 

Dit nieuwe type vernette en  responsieve nanocapsules zouden mogelijk 
toepassing kunnen vinden als drager voor medicijnen. 
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Appendix 1 
 

    
 
The results of emulsion polymerization of styrene with and without drug (drug is p-aminosalicylic acid) 
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The results of interaction of the drugs with initiators:  

1 - p-aminosalicylic acid; 2 – Аmikacin; 3 – Streptomycin; 4 – Capreomycin sulfate 
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                        Chromatograms of drugs: (а) – PASA, (b) – Capreomycin sulfate 
 
 
 

Time, min 

Time, min 

(а) 

(b) 



 
Appendix 4 
 

 

 
Chromatograms of initiators: (а) – V-50, (b) – photo
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The results of interact  PASA with initiators: (а) – PASA with KPS, (b
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The results of interaction of CS with initiators: (а) – CS with KPS, (b) –
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