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Abstract 

 
The main aim of this work is to prepare enzyme triggered controlled release systems based on 

hyperbranched polyesters. Attempts to encapsulate drugs with the synthetic polymers often 

require the use of organic solvents, which is an obstacle for pharmaceutical applications. In 

this work a solvent free method, called melt dispersion, is used for this purpose. This method 

is based on the emulsification of the polymer melt and is firstly applied to hyperbranched 

polymers. The investigated drug substances cover a wide range including hydrophilic 

(paracetamol and guaifenesin) and hydrophobic (ibuprofen) to show the broad applicability of 

the method.  

Since the properties of the hyperbranched polymers strongly depend on their functional 

groups, the aim was to establish a correlation between the polyester properties and the 

degradation and release profiles of the corresponding drug-polyester formulations. 

The influence of the alkane chain length and the number of alkane chain end groups on the 

lipase catalyzed hydrolysis of esterified hyperbranched polyesters was investigated 

systematically. It was found that the increase of alkane chain length of the end groups 

diminishes the enzymatic degradation of the polymer, whereas the number of the end groups 

had no influence on the degradation rate. The effect of temperature on the rate of degradation 

as well as surface morphology and crystallinity changes during the degradation are also 

described. Based on these findings, selected polymers were used for drug encapsulation with 

melt dispersion method. The influence of the processing parameters, on the encapsulation 

efficiency and in vitro release kinetics was investigated.  

Encapsulation efficiency of 65 and 88% was obtained in the case of paracetamol and 

ibuprofen respectively, whereas very low encapsulation efficiency (only 10%) was achieved 

with guaifenesin. Encapsulation efficiency of both drugs was independent of initial drug 

concentration (drug to polymer ratio). But, the encapsulation efficiency was decreased with 

the increased volume of continuous phase in the case of hydrophilic drug (paracetamol) and is 

insensitive in the encapsulation of hydrophobic drug (ibuprofen). With increasing the drug 

concentration the mean microparticles size decreased in the case of ibuprofen, whereas 

increased in the case of paracetamol. 

The release of the drugs from the microparticles is governed by both enzymatic and 

nonspecific hydrolysis of the polymer, so the effect of the end groups of hyperbranched 

polyesters on both processes is investigated. Increasing the alkane’s chain length on the 

polymer surface decreases the release of drug due to the increased hydrophobicity of the 



 XI

matrix material. Release of the encapsulated drugs from the microparticles was mainly due to 

the diffusion and degradation of the matrix material. The pH of the dissolution medium has a 

significant affect on the release, because of the different non-specific hydrolysis rates of the 

polymer.  

These findings allow the production of tailor made formulations based on hyperbranched 

polymers using the melt dispersion method. The release of the drugs from the formulation 

results from the combination of nonspecific and enzymatic hydrolysis, whereas the enzymatic 

reaction is controlled by polymer properties. The parameter study presented in this work 

allows the scale up of the process, whereas controlling of the polymer properties allows to 

tailor the release profiles of the formulation.  
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Deutscher Titel 
 

„Verkapselung und kontrollierte Freisetzung von Wirkstoffen mit Hilfe von bioabbaubaren 

hyperverzweigten Polyestern“ 

 
Kurzfassung 
 

Das Ziel dieser Arbeit liegt darin, enzymgesteuerte, kontrollierte Freisetzungssysteme auf der 

Basis hyperverzweigter Polyester herzustellen. Bisherige Ansätze zur Wirkstoffverkapselung 

in synthetischen Polymeren benötigen häufig organische Lösungsmittel, was pharmazeutische 

Anwendungen ausschließt. In der vorliegenden Arbeit wird ein lösungsmittelfreier Ansatz, die 

sogenannte „Schmelze-Dispersions-Methode“ eingesetzt. Diese Methode basiert auf der 

Emulgierung der Polymerschmelze, für die zunächst hyperverzweigte Polymere verwendet 

werden. Die Untersuchungen decken ein breites Spektrum von hydrophilen (Paracetamol und 

Guaifenesin) bis zu hydrophoben (Ibuprofen) Um die breite Anwendbarkeit der Methode. 

Da die Eigenschaften hyperverzweigter Polymere stark von ihren funktionellen Gruppen 

abhängen war das Ziel, einen Zusammenhang zwischen den Polymereigenschaften und 

sowohl dem Abbau als auch der Freisetzungsprofile der zugehörigen Wirkstoff-Polyester-

Formulierungen herzustellen. 

Der Einfluss der Länge der Alkylketten und der Anzahl der terminalen Alkylketten auf die 

enzymatisch katalysierte Hydrolyse veresterter hyperverzweigter Polyester wurde 

systematisch untersucht. Eine Verlängerung der Alkylketten führte zur Abnahme der 

Abbaugeschwindigkeit, die Variation der Kettenzahl zeigte keinen Einfluss auf den Abbau. 

Weiterhin wurden die Temperaturabhängigkeit sowie Änderungen in Oberflächenstruktur und 

Kristallinität während des Abbaus beschrieben. Ausgehend von diesen Ergebnissen wurden 

Polymere für die Wirkstoffverkapselung mit der „Schmelzen-Dispersions-Methode“ 

ausgewählt. Hier wurde der Einfluss von Prozessparametern auf den Wirkungsgrad der 

Verkapselung sowie die in-vitro- Freisetzungskinetik untersucht. 

Der Verkapselungswirkungsgrad für Paracetamol und Ibuprofen lag bei 65% bzw. 88%. Der 

Verkapselungswirkungsgrad war dabei für beide Wirkstoffe unabhängig von der 

Ausgangskonzentration an Wirkstoff. Bei einem höheren Volumenanteil der kontinuierlichen 

Phase sank der Wirkungsgrad der Verkapselung für hydrophile Wirkstoffe (Paracetamol), 

während er für hydrophobe Wirkstoffe (Ibuprofen) anstieg. Mit steigender 

Wirkstoffkonzentration sank die mittlere Größe der Kleinstteilchen für Ibuprofen, für 

Paracetamol stieg sie an. 
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Der Einfluss der terminalen Gruppen der hyperverzweigten Polyester auf das 

Freisetzungsverhalten der Wirkstoffe wurde ebenfalls systematisch untersucht. Eine 

Verlängerung der Alkylketten an der Polymeroberfläche führte zu einem Rückgang bei der 

Freisetzung aufgrund der erhöhten Hydrphobizität des Matrixpolymers. Die Freisetzung der 

verkapselten Wirkstoffe aus den Kleinstteilchen ist hauptsächlich auf den Abbau des 

Matrixpolymers sowie die Diffusion des Wirkstoffes zurückzuführen. Der pH-Wert des 

Freisetzungsmediums hat erheblichen Einfluss auf die Freisetzung, da das Polymer 

unterschiedliche unspezifische Hydrolysegeschwindigkeiten aufweist. Die 

Wirkstofffreisetzung wird vom Enzym gesteuert, indem es die Hydrolyse des Polymers 

beeinflusst. 

Diese Ergebnisse ermöglichen die Herstellung maßgeschneiderter Formulierungen auf Basis 

hyperverzweigter Polyester mit der „Schmelze-Dispersions-Methode“. Die 

Wirkstofffreisetzung aus der Formulierung ergibt sich aus unspezifischer und enzymatisch 

gesteuerter Hydrolyse, wobei die enzymatische Reaktion über die Polymereigenschaften 

angepasst werden kann. Die in dieser Arbeit vorgestellte Parametervariation ermöglicht den 

„Scale-up“ des Prozesses, wobei wiederum die Variation der Polymereigenschaften eine 

gezielte Anpassung des Freisetzungsprofils des Wirkstoffes ermöglicht. 
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1 Introduction and objective 
Microencapsulation is one of the most intriguing fields in the area of drug delivery systems. It 

is an interdisciplinary field that requires the knowledge of polymer science and emulsion 

technology and in-depth understanding of the stability of the encapsulated substances. 

Microencapsulation may be achieved by a variety of techniques, with several purposes in 

mind. Substances may be encapsulated with the intention that the material should be confined 

within the carrier matrix for a specific period of time. Alternatively, the encapsulated 

materials could be released either gradually by diffusing through the matrix, known as 

controlled release, or when external triggers the matrix material to degrade or dissolve called 

targeted release. 

Some of the erliest attempts to achieve conrolled release are to place an implant in side the 

body, but at the end of their therapeutic function they had to be removed surgically. To avoid 

the surgical problems associated with the implants, micro and nano particles, which can 

directly be injected to systemic circulation, present an attractive alternative dosage form. 

Several methods have been developed for the fabrication of microspheres during the past 

decades. However, the commonly used techniques such as solvent evaporation, polymer 

phase seperation, and spray drying are not always suitable in their original forms for the 

encapsulation of active substances. In all these processes the use of organic solvents is 

inevitable and often leads to the difficulties associated with the presence of residual solvents 

in a final product that are higher than the maximum authorized values defined by the 

regulatory authorities, such as US FDA. So, now solvent free methods should be developed. 

The other major obstacle in the development of drug delivery systems that has to be addressed 

is the biocompatibility and degradability of the selected carrier material. Both natural and 

synthetic polymers have been investigated in the search for a suitable system. Number of 

linear biodegradable and FDA approved synthetic polymers such as poly(lactic-co-glycolic 

acid) (PLGA), poly(methacrylate) (Eudragit®) polymers, poly(ε-caprolactone) (PCL) are 

investigated in the present study together with the newly developed hyperbranched polymers 

not yet approved by FDA. However, it is believed that these polymers are also biodegradable 

and biocompatible because of their structural similarities with the linear biodegradable 

polymers such as PLGA.  

Hyperbranched polymers are highly branched polydisperse macromolecules with a large 

number of functional groups on the surface of the polymer. The versatile and tunable 
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properties of hyperbranched polymers together with the ease of synthesis make them as 

promising materials in drug delivery applications. The structure of commercially available 

hyperbranched polyester, Boltorn® H30, is given in Figure 1. The delivery systems are not 

only capable of providing sustained and controlled release of encapsulated bioactive 

compound, but also protect the nonreleased bioactive material from oxidation and 

physiological clearance.  

 
Figure 1: Commercially available hyperbranched polyester (Boltorn® H30, Perstorp, Sweden)  

1.1 Objective of the work 
The main goal of the work is to develop controlled release systems using hyperbranched 

polymers with enzyme triggered release mechanism. First the suitable polymer has to be 

selected based on the enzymatic degradation studies. The degradation behavior of 

hyperbranched polyesters should be investigated systematically. For this purpose four 

polymers, HBPE-I to HBPE-IV, having different properties are selected. The influence of 

various parameters such as type of lipase, time, temperature, and pH of the medium on the 

degradation behavior should be studied systematically. 

Based on these results the next step is to to develop a process for the encapsulation of 

pharmaceutical substances by addressing the following: 

• the method should provide highly reproducible formulations 

• easily scalable for the large scale production 

• free from the utilization of organic solvents inside the process  
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Using the developed method the drug loaded polymer microparticles have to be produced 

with the following features: 

• high drug loading 

• narrow particle size distribution  

• good encapsulation efficiency 

• drug release should be triggered by enzymes 

One of the known methods to meet these requirements is the melt dispersion method, which is 

based of the emulsification of the polymer melt in water. Until now this method has only been 

described for waxes and in this work it should be extended to hyperbranched polymers. In 

order to make the method ready for scale up, the influence of various process parameters such 

as stirring speed, drug to polymer ratio, and volume ratio of continuous to disperse phase on 

the encapsulation should be investigated. Besides the process parameters, the affect of the 

physicochemical properties of carrier materials on the encapsulation as well as on the in vitro 

release of the drug should be investigated in order to be able to tailor the formulation 

properties. 
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2 Theoretical background 

2.1 Microencapsulation 
“Microencapsulation” is defined as a technology used to entrap solids, liquids and gases 

inside a polymeric matrix or shell. Generally microparticles comprises of two types of 

morphologies, they are microspheres and microcapsules. “Microspheres” are defined as 

microparticles in which the drug substance is either homogeneously dispersed or dissolved in 

a carrier material. On the other hand, microcapsules are defined as microparticles in which the 

drug is entirely surrounded by a carrier material. The major classes of microspheres and 

microcapsules are depicted in Figure 2. The size range of the microparticles is generally from 

1 to 1000 µm. Microspheres show different release characteristics compared to 

microcapsules, and an additional advantage is that the sudden burst release of the drug due to 

the rupture of the shell can be avoided (Mathiowitz et al., 1999; Finch et al., 2000; Benita, 

2006). 

Some goals which can be achieved by microencapsulation technologies are (Lim, 1984; 

Whateley, 1992): 

• Controlled release 

• Targeted drug delivery 

• Protection of encapsulated materials from atmospheric effects 

• Protection of hygroscopic materials 

• Reduction of health hazards 

• Minimizing gastrointestinal irritation 

• Masking of taste and odor 

• Hiding of core properties 

• Separation of incompatible components for functional reasons 

• Encapsulation of liquid substances converts the liquid to a fine powder, thus enhances 

the ease of handling. 
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Figure 2: Various configurations of (a) microcapsules (b) microspheres (Mathiowitz et al., 1999) 
 
In designing a microencapsulation technique one has to consider the following requirements 

(Tewes et al., 2006): 

• Under the processing conditions the stability and biological activity of the active 

substance should not be changed 

• Encapsulation efficiency and yield of microparticles should be sufficiently high 

• The microparticles should be free from agglomeration and free flowing powder 
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• The whole process must be highly reproducible and readily usable for industrial scale 

• Certain release behavior should be achieved 

Each of these parameters has to be optimized in order to develop a satisfactory product for 

every specific system. 

2.2 Controlled release systems 
Controlled release of drugs for an extended duration is extremely important for the drugs that 

are rapidly metabolized and eliminated from the body. The delivery systems offer many 

advantages compared to the conventional dosage forms such as improved efficacy, reduced 

toxicity, and decreased number of dosages, thus improved patient compliance (Uhrich et al., 

1999). 

 
 
Figure 3: Graphical representation of controlled release system verses conventional dosage form 
(Deasy, 1984; Uhrich et al., 1999) 
 
A typical plasma drug concentration versus time profile following oral administration for an 

idealized controlled release microencapsulated product and for a conventional dosage form is 

presented in Figure 3. With conventional dosage forms there is a large fluctuation in the 

therapeutic levels during the 24 hrs time period and only a portion of the drug is present in the 

therapeutic window in each administration. The therapeutic window represents the drug 

concentration that produces beneficial effects without any side effects. With the controlled 

release system the drug concentration is within the therapeutic window in 24 hrs, since the 

rate of drug release equals to the rate of drug elimination (Deasy, 1984). 
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2.2.1 Other applications of microencapsulation 
 
There are almost limitless applications for microencapsulated materials. Microencapsulated 

materials are utilized in agriculture, pharmaceuticals, foods, textiles, paper, paints, coatings 

and adhesives, printing applications, and many other industries. 

Historically, carbonless copy paper was the first marketable product to employ microcapsules. 

A coating of microencapsulated colorless ink is applied to the top sheet of paper, and a 

developer is applied to the subsequent sheet. When pressure is applied by writing, the 

capsules break and the ink reacts with the developer to produce the dark color of the copy. 

Today's textile industry makes use of microencapsulated materials to enhance the properties 

of finished goods (Mathiowitz et al., 1999). 

Pesticides are encapsulated to be released over time, allowing farmers to apply the pesticides 

less often rather than requiring very highly concentrated and perhaps toxic initial applications 

followed by repeated applications to combat the loss of efficacy due to leaching, evaporation, 

and degradation. Protecting the pesticides from full exposure to the elements decreases the 

risk to the environment and those that might be exposed to the chemicals and provides a more 

efficient strategy to pest control (Sliwka, 1975). 

2.3 Microencapsulation methods 
 
Microencapsulation processes are usually categorized into two groups: chemical processes 

and mechanical or physical processes. The first class of encapsulation involves 

polymerization during the process of preparing the microparticles. Examples of this class are 

generally known as interfacial polymerization or in situ polymerization (Liang et al., 2008; 

Graf et al., 2008; Salaün et al., 2008). The second type involves the precipitation of a 

polymeric solution wherein physical changes usually occur.  

These labels can, however, be somewhat misleading, as some processes classified as 

mechanical might involve or even rely upon a chemical reaction, and some chemical 

techniques rely solely on physical events. A clearer indication as to which category an 

encapsulation method belongs is whether or not the capsules are produced in a tank or reactor 

containing a liquid, as in chemical processes, as opposed to mechanical or physical processes, 

which employ a gas phase as part of the encapsulation and rely chiefly on commercially 

available devices and equipment to generate microcapsules. The general classification of 

microencapsulation methods are described in Table 1. 
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Process Name Coating material Suspended medium References 
Interfacial 
polymerization 

Water soluble and 
insoluble monomers 

Aqueous or organic 
solvent 

(Arshady, 1989; 
Liang et al., 2008; 
Graf et al., 2008; 
Salaün et al., 2008) 

Complex 
coacervation 

Water soluble 
polyelectrolyte 

Aqueous phase (Junyaprasert et al., 
2001; Palmieri et al., 
2002) 

Coacervation Hydrophobic 
polymers 

Organic solvent (Arshady, 1990a) 

Salting-out Water soluble 
polymer 

Auqeous phase (Zweers et al., 2003; 
Mani et al., 2004; 
Mani et al., 2005) 

Solvent evaporation Hydrophilic or 
hydrophobic 
polymers 

Organic or aqueous 
phase 

(Arshady, 1990b; 
Maia et al., 2004; 
Freitas et al., 2005) 

Hot melt Hydrophilic 
polymers 

Oil as continuous 
phase 

(Mathiowitz et al., 
1987) 

Melt dispersion Hydrophobic waxes Aqueous solution (Bodmeier et al., 
1989; Adeyeye et al., 
1991; Bodmeier et 
al., 1992a; Bodmeier 
et al., 1992b) 

Melt dispersion Hydrophobic 
polymers 

Aqueous solution This work 

Solvent extraction or 
diffusion 

Hydrophilic or 
hydrophobic 
polymers 

Organic solvents (Aubert-Pouessel et 
al., 2004) 

Spray drying Hydrophilic or 
hydrophobic 
polymers 

Air, nitrogen (Vehring, 2008) 

Table 1: Classification of the microencapsulation methods (Mathiowitz et al., 1999) 
 
Many mechanical microencapsulation processes are broadly divided into three basic 

categories (Mathiowitz et al., 1999; Puel et al., 2006). Techniques using  

• Organic solvents (solvent evaporation, coacervation, spray drying, etc.) 

• Without organic solvents (salting out, melt dispersion method, etc.)  

• Supercritical solvents (rapid expansion from supercritical solutions (RESS), 

supercritical anti solvent (SAS) etc.) 

Solvent extraction/evaporation neither requires elevated temperatures nor phase separation 

inducing agents. Controlled particle sizes in the nano to micrometer range can be achieved, 

but careful selection of encapsulation conditions and materials is needed to yield high 

encapsulation efficiencies, but the presence of a residual solvent in the final product is a major 

concern (Arshady, 1990b). Coacervation is frequently impaired by residual solvents and 

coacervating agents found in the microspheres (Arshady, 1990a). Furthermore, it is not well 
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suited for producing microspheres in the low micrometer size range. Spray drying is relatively 

simple and of high throughput but must not be used for highly temperature-sensitive 

compounds. Moreover, control of the particle size is difficult, and yields for small batches are 

moderate (Johansen et al., 2000). The use of supercritical gases as phase separating agents 

was intensively studied to minimize the amount of potentially harmful residues in the 

microspheres (Yeo et al., 2005), resulting in processes named, e.g., Rapid expansion of 

supercritical solution (RESS) (Kim et al., 1996), Supercritical fluid Anti-Solvent (SAS) and 

Particles from Gas Saturated Solutions (PGSS) (Bungert et al., 1997; Bungert et al., 1998; 

Fages et al., 2004). In the following sections mainly utilized methods are described in detail. 

2.4 Techniques using organic solvents 

2.4.1 Solvent evaporation method 
Solvent evaporation/extraction is one of the widely investigated and employed methods for 

the microencapsulation of variety of bioactive materials (O'Donnell et al., 1997). The state of 

the art of microsphere preparation by solvent evaporation and extraction method had been 

reviewed by Freitas et al. and Arshady (Arshady, 1990b; Freitas et al., 2005). The basic 

principle is the emulsification of oil-in-water. Initially polymer is dissolved in an organic 

solvent such as dichloromethane, chloroform or ethyl acetate and the active material is either 

dissolved or dispersed in this solution. It is called a dispersed phase. An aqueous or 

continuous phase constitutes the water containing emulsion stabilizers such as poly(vinyl 

alcohol) (PVA) or poly(vinyl pyrrolidine) (PVP). Then the oil phase is emulsified into the 

aqueous phase under stirring, which is further continued for several hours in order to allow for 

the evaporation of the organic solvent. Finally the particles are filtered, washed and dried to 

obtain a free flowing powder. Both hydrophilic and hydrophobic drugs can be encapsulated 

by this method. But, for the encapsulation of hydrophilic drugs the process has to be modified 

slightly, this is called a double emulsion method. Water soluble drugs are first dissolved in the 

water and emulsified into the oil phase. This primary emulsion is then emulsified into the 

large volume of continuous phase. It is highly suitable for the encapsulation of proteins or 

peptides (Meng et al., 2003; Qiu et al., 2003). 

2.4.2 Coacervation 
Coacervation also known as phase separation is a classical method for the microencapsulation 

of pharmaceuticals. The basic principle is the separation of phases by the addition of anti-

solvent. This method is widely investigated for the encapsulation of proteins and peptides by 
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linear biodegradable polyesters such as poly(lactide) (PLA), poly(lactide-co-glycolide) 

(PLGA) (Thomasin et al., 1998a; Thomasin et al., 1998b).  

 

 
Figure 4: Schematic representation of various solvent based methods for the microencapsulation 
 

2.5 Techniques using supercritical fluids 
Generally, the application of supercritical (SC) fluids for the encapsulation of bioactive 

compounds has been fueled by the associated drawbacks in the established methods such as 

solvent evaporation, spray drying etc. The application of supercritical fluids, especially of 

supercritical carbon dioxide, can minimise or even eliminate the use of organic solvents and 

renders work at moderate temperatures possible. If the temperature and pressure of a 

substance are both higher than the Tc and Pc for that substance, the substance is defined as a 

supercritical fluid. At the critical point, the density of the gas and liquid phases is the same; 

there is no distinction between the phases. The supercritical region is shown in the pressure - 

temperature phase diagram Figure 5. A density change is directly associated with a change of 

the solvent power, thus the method features a high variability. Usually carbon dioxide is used 

as the supercritical fluid due to its critical point (Tc = 31.1 °C, Pc = 73.8 bar), which can be 

easily reached. That allows a moderate working temperature and leaves no toxic residues 

since it returns to the gas phase at ambient conditions.  
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Figure 5: Pressure-temperature diagram for a pure component. 
 

Several SC CO2 based processes have been reported for the preparation of drug-loaded 

polymeric microspheres and extensively reviewed (Subramaniam et al., 1997; Fages et al., 

2004; Yeo et al., 2005; Martín et al., 2008). The choice of method depends largely on the 

solubility of the material of interest in the appropriate supercritical fluid. Most widely 

investigated methods are: The Rapid Expansion of Supercritical Solutions (RESS) can be 

used when the substance of interest is highly soluble in the supercritical solvent. The 

substance is dissolved in the supercritical phase and the solution is then expanded rapidly by 

depressurising the system, so that the active agent/carrier mixture precipitates as very small 

particles (Kim et al., 1996; Mishima et al., 2000). The other methods include an aerosol 

solvent extraction process also referred to as antisolvent process (SAS), in this a solution of 

the active agent and the polymeric carrier is sprayed into a chamber loaded with CO2. The 

CO2 extracts the solvent from the spray droplets, and induces co-precipitating of the active 

agent and the polymeric carrier in the form of small particles (Bodmeier et al., 1995; Pérez de 

Diego et al., 2005). However, the use of organic solvents can not be avoided, which is to be 

deemed as a major disadvantage in both techniques. Alternatively another method has been 

developed which is completely solvent free and is called particles from gas saturated 

solutions. In this work this method has been employed for the preparation of hyperbranched 

polymer microparticles.  
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2.5.1 Particles from gas saturated solutions 
 
A dense gas can be solubilised in large quantities in a liquid. This property is used in the 

PGSS process. A dense gas, most often carbon dioxide, is dissolved in a first autoclave into a 

liquid, which can be either a solution of the crystallised compound (sometimes a suspension) 

or a melted solid. A gas-saturated solution is obtained, which can be further expanded through 

a nozzle in an expansion chamber. Generation of solid particles (or liquid droplets) is induced 

in this second vessel, and then particles can be collected after completion of the process (Kerc 

et al., 1999). The flow diagram of the process is presented in Figure 6. 

This process has been mainly used for polymers, in which high amounts of carbon dioxide 

can be dissolved. In addition, properties of the polymer, such as glass transition and melting 

temperatures or density, can be modified. If a third component is previously dissolved or 

suspended in the polymer, the final depressurisation may lead to polymer microspheres with 

an embedded substance. A difference from RESS and SAS processes lies in the fact that 

another property of the CO2 is used in the PGSS: by dissolving in a liquid at high pressures, 

CO2 reduces viscosity which may facilitate the handling of the solution. In addition to this 

there is another advantage in PGSS compared to RESS: the consumption of CO2 is lower by 

three orders of magnitude for PGSS. Since in RESS the substance has to be dissolved in the 

supercritical gas, sufficient solubility in SC CO2 is the criterion which eliminates many 

pharmaceutical compounds from the RESS process (Fages et al., 2004).  

 

 
Figure 6: Process flow sheet of PGSS (Kerc et al., 1999) 
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Suttiruengwong et al. have successfully employed this method for the encapsulation of 

acetaminophen using hyperbranched polymers (Suttiruengwong et al., 2006). The 

acetaminophen was dispersed in the molten hyperbranched polymer filled in the high pressure 

autoclave maintained at a temperature of 95°C. Then the compressed gas (N2 or CO2) was 

added until a pressure of 95 bar was reached. After 20 minutes of intense mixing, the 

solubility of supercritical solvent in the molten mass was presumably assumed to be saturated 

and expanded through a nozzle. The drug loaded microparticles are given in Figure 7. The 

actual drug loading was about 0.26 wt% with an encapsulation efficiency of 50%.  

 
Figure 7: Scanning electron micrographs of hyperbranched polymer microparticles produced by PGSS 
process using N2 (A) and CO2 (B) as supercritical solvents (Suttiruengwong et al., 2006).  

2.6 Techniques without organic solvents 

2.6.1 Melt dispersion method 
 
As it is described in the previous sections, a number of state of the art technologies have been 

developed for the encapsulation of pharmaceutical compounds. Nevertheless all the 

technologies are based on either organic solvents or involving critical processing parameters. 

Melt dispersion method is an oil-in-water emulsification process, in which a disperse or oil 

phase constitutes molten polymer containing dissolved or dispersed drug and a continuous 

phase constitutes water containing emulsion stabilizer. 

The early work concerning the melt dispersion method dates back to 1985 by Kagadis et al. 

(Kagadis et al., 1985). They prepared ibuprofen-stearic acid wax microparticles by melt 

dispersion method. But the obtained microparticles were of large size. Benita et al. (Benita et 

al., 1986) encapsulated 5-fluorouracil using carnauba wax by the same method. It was 

reported that the microparticles size is independent of surfactant concentration and decreased 

with the increase of emulsification stirring speed. Adeyeye et al. (Adeyeye et al., 1991) 

developed ibuprofen-wax controlled release formulations by melt dispersion method using 
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paraffin, ceresine and microcrystalline waxes. But the report did not mention the 

encapsulation of hydrophilic drugs and the drugs with high melting temperature. Bodmeier et 

al. encapsulated both hydrophobic drugs (ibuprofen, ketoprofen, indomethacin and 

hydrocortisone) and hydrophilic drugs (pseudoephedrine HCl, guaifenesin and 

chlorpheniramine) using various waxes (Bodmeier et al., 1992a; Bodmeier et al., 1992b). For 

the encapsulation of hydrophobic drugs they had employed an oil-in-water (O/W) emulsion 

melt-dispersion technique where as for hydrophilic drugs a multiple emulsion technique 

called water-in-oil-in-water (W/O/W) emulsion melt dispersion technique. They focused on 

the improvement of an encapsulation efficiency of drugs. In the case of hydrophobic drugs it 

was reported that encapsulation efficiency was independent of the type of wax, the rate of 

cooling of emulsion droplets and of the temperature of the aqueous phase. The concentration 

of emulsion stabilizer (polyvinyl alcohol) had no effect on the encapsulation efficiency and 

increasing the concentration of surfactant (SLES) decreased the encapsulation efficiency. In 

the case of hydrophilic drugs the encapsulation efficiency depended on the rate of cooling of 

emulsion droplets and the volume of the internal aqueous phase, but it was independent of the 

volume of the continuous phase. 

Mani et al., prepared guaifenesin-ceresine wax controlled release formulations by using a melt 

dispersion method. They reported that for a highly water soluble drug, guaifenesin, the 

addition of wetting agents to disperse phase and salts to continuous phase improved the 

encapsulation efficiency of the drug (Mani et al., 2004). For the same system the type of 

dispersant, amount of wetting agent and emulsification stirring time affected the 

encapsulation efficiency, where as volume of external phase and emulsification stirring speed 

had a large affect on the particle size of the microparticles (Mani et al., 2005). Ascorbic acid 

was encapsulated by using carnauba wax by melt dispersion method (Uddin et al., 2001). The 

authors mainly compared the release profiles of ascorbic acid from carnauba wax 

microspheres prepared by different methods. 

Even though considerable amount of work has been reported by several researchers during the 

past two decades; nobody had attempted to encapsulate the drugs with synthetic degradable 

polymers by melt dispersion method. The high melt viscosities of linear synthetic polymers 

might have hindered their usage in the melt dispersion method. Where as the low melt 

viscosities of waxes had an advantage of easy processability and render them as good 

candidates for the melt dispersion technique. Both hydrophilic and hydrophobic drugs have 

been successfully encapsulated using wide variety of waxes by this method. But today the 
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availability of new class of materials such as hyperbranched polymers having low melt 

viscosities makes the method feasible for the encapsulation of therapeutics by this method. 

Hyperbranched polymers are highly branched macromolecules with large number of 

functional groups on the surface of the polymer. The surface of the polymer plays a vital role 

in deciding its properties. The properties, such as surface tension, melt viscosity, 

hydrophobicity and solubility in various solvents, of hyperbranched polymers can be tailored 

by the modification of end groups (Mackay et al., 2001; Mackay et al., 2002; Seiler et al., 

2003; Teng et al., 2004; Seiler, 2006). Hyperbranched polymers can be synthesized by many 

precursors (Yates et al., 2004) and their applications in drug delivery were reported by a 

number of researchers (Zou et al., 2005; Haag et al., 2006; Suttiruengwong et al., 2006).  

2.6.1.1 Droplet formation 
 
In the emulsification processes, the droplet formation step determines the size and size 

distribution of the resulting microspheres. A drop suspended in a continuous phase undergoes 

two types of forces, which act in opposite directions. One is the droplet deformation force 

influenced by the fluid motion and the other one is the droplet cohesive forces arises from the 

interfacial tension and viscosity of the droplet. The stable droplet size distribution is the 

equilibrium between the droplet breakup and coalescence for each droplet. The microsphere 

size may affect the rate of drug release, drug encapsulation efficiency, product syringeability, 

in vivo fate in terms of uptake by phagocytic cells and biodistribution of the particles after 

administration into the body(Puel et al., 2006). 

Stirring speed 

Stirring is the most common method for the generation of droplets of drug/matrix dispersion 

in the continuous phase in emulsion based methods. Obviously, the impeller speed is the main 

parameter for controlling the drug/matrix dispersion’s droplet size in the continuous phase. 

Increasing the mixing speed generally results in decreased microsphere mean size as it 

produces smaller emulsion droplets through stronger shear forces and increased turbulence 

(Jégat et al., 2000).  

Drug to polymer ratio 

Increased viscosity of the drug/matrix dispersion yields larger microspheres because higher 

shear forces are necessary for droplet disruption. The increase in viscosity of the drug/matrix 

dispersion typically arises from the increased concentration of the drug in the dispersion 

phase, in the case of solid drug particles dispersed in molten polymer, or may come from the 

polymer properties itself. Sanghvi et al. prepared cellulose acetate trimellitate microspheres 



Theoretical background 

 16

by solvent evaporation and investigated the influence of viscosity and interfacial tension on 

the microparticle size (Sanghvi et al., 1992). 

Dispersed to continuous phase ratio 

The influence of the volume ratio of drug/matrix dispersion and continuous phase on the size 

of the resulting microspheres is conflicting in the literature and only available for the solvent 

evaporation method. Various studies reported a reduction in the mean microsphere size with 

decreasing continuous phase volume (Jeyanthi et al., 1997), while in other studies no 

significant effect was reported (Sansdrap et al., 1993).  

Along with these processing parameters some of the most important properties of 

hyperbranched polymers which can be tuned to be processed by melt dispersion method are 

discussed in the following section. 

2.6.1.2 Properties of hyperbranched polymers 
 
Surface tension 
 
The surface tension of polymer is an important property for the emulsification process. The 

surface properties of unmodified hydroxyl terminated hyperbranched polyesters, Boltorn H 

series, from Perstorp speciality chemicals have been investigated by Mackay et al. (Mackay et 

al., 2001). The melt surface tension of these polymers is very high and approaches that of 

water and glycerol at high temperature. Also, the melt surface tension is independent of 

molecular mass for hydroxyl-terminated hyperbranched polymers with pseudo generations 

from the second to the fifth. 

 
Figure 8: The effect of temperature on the surface tension of hyperbranched polyesters (Mackay et al., 
2001) 
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According to the molecular architecture of hyperbranched polymers, approximately half of 

the available groups are end groups, and linear polymers have merely two end groups. Thus, it 

is expected that the surface properties can be changed to a much greater extent with end-group 

substitution on hyperbranched polymers. By modifying 90% of the terminal hydroxyl groups 

of Boltorn H30 polymer, with a mixture of eicosanoic and docosanoic acid leading to C20/22 

alkane chains as end groups, the surface tension of the polymer decreases from 50 mN/m to 

27 mN/m (Mackay et al., 2001).  

Viscosity 
 
Figure 9 depicts the steady shear viscosity of Boltorn H50 at various temperatures from 100 to 

130°C. The melt viscosity of the polymer is constant with changing deformation rate (shear 

rate), suggesting that it behaves like a Newtonian fluid. It has been reported that the lack of 

entanglement of the dendritic polymers leads to their Newtonian behaviour (Hawker et al., 

1995). Furthermore, it is likely that as the generation number increases, the dendritic arms 

become more flexible and fold back into the hyperbranched molecules and thus less polar end 

groups will be exposed to other molecules. It is known that longer emanating chains from the 

molecular cores are more flexible and able to facilitate chain folding compared with shorter 

ones. 

 
Figure 9: Influence of temperature on the melt viscosity of Boltorn H50 polymer (Hsieh et al., 
2001) 
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The melt viscosity dropped from 130 Pa.s to 13 Pa.s with increasing temperature from 100 to 

130 °C. It is believed that the viscosity is strongly influenced by the chain-end composition. 

In order to investigate the effect of end group capping on the viscosity, the peripheral 

hydroxyl groups of Boltorn H20 were esterified with -O2(CH2)10CH3 to different degrees. 

Figure 10 shows the observed roughly exponential decrease in viscosity with the amount of 

end capping, which is attributed to a reduction in hydrogen bonding (Luciani et al., 2004). 

 
Figure 10: The effect of end group capping on the solution viscosity of hyperbranched polymers 
(Luciani et al., 2004) 
 
Melting point and glass transition temperature 
 
The chemical nature of the chain ends is also expected to have a significant effect on Tg as 

well as on the melting point of the hyperbranched polymers. In Figure 11, Tg of the 2-pseudo-

generation hyperbranched polymer has been plotted as a function of the proportion of end 

capping with -O2(CH2)10CH3. The decrease in Tg is attributed mainly to a decrease in 

hydrogen bonding (Luciani et al., 2004). In this work the hyperbranched polymers are 

modified with long chain fatty acids in order to change their melting point, which inherently 

increases the ease of microparticles preparation by melt dispersion method. 
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Figure 11: Effect of end group capping on the glass transition temperature of hyperbranched 
polymers (Luciani et al., 2004) 
 

2.7 Biodegradable polymers for drug delivery 
 
The route of administration determines to a certain extent whether a biodegradable or 

nondegradable matrix material can be used in the development of drug delivery systems. For 

parenteral administration the carrier material need to be biodegradable in order to avoid the 

unnecessary risk of polymer accumulation in the body and to ensure complete elimination. 

These polymers may be excreted directly via the kidneys or may be biodegraded into smaller 

molecules that are then excreted (Schmidt et al., 1999). Nondegradable polymers are accepted 

in applications where the delivery system can be removed after the drug release, e.g. removal 

of patch or insert, or for oral applications in which the polymer passes through the 

gastrointestinal tract (Uhrich et al., 1999). Biodegradable polymers are generally desirable for 

drug delivery systems because removal of polymeric material, after it has performed its 

function, is rather difficult and often requires additional surgery. With biodegradable 

polymers there is no need for the surgical removal of the device after the delivery of active 

substances. The use of linear biodegradable polymers in controlled release applications have 
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been investigated intensively during several decades. Poly(esters) are the best characterized 

and extensively investigated biodegradable systems in drug delivery applications and are 

comprehensively reviewed (Yoshito et al., 2000; Anderson et al., 1997; Uhrich et al., 1999; 

Jiang et al., 2005). However, in comparison to linear polymers, hyperbranched polymers offer 

several advantages for drug delivery applications. For example the large number of functional 

groups can be utilized to attach several drug molecules, targeting groups, and solubilising 

groups to the periphery of the hyperbranched polymer in a controlled manner (Gillies et al., 

2005). The following section describes the applications of hyperbranched polymers in drug 

delivery applications, with a special emphasis on aliphatic hyperbranched polyesters. 

2.8 Hyperbranched polymers in pharmaceutical and biomedical applications 
 
Hyperbranched polymers are normally prepared in one step to give polydisperse, structurally 

imperfect, asymmetrical yet readily attainable properties (Young, 1998; Malmström et al., 

1995; Jikei et al., 2001; Voit, 2003; Gao et al., 2004; Voit, 2005). Several hyperbranched 

polymers based on a variety of backbones such as esters, ethers, amides, and glycerols have 

been investigated and/or suggested for pharmaceutical applications. In view of the present 

work, the main topics discussed here are encapsulation, biodegradation, and biocompatibility. 

2.8.1 Encapsulation with hyperbranched polymers 
For the first time the controlled synthesis of hyperbranched polyglycerol was reported by Frey 

et al. (Frey et al., 2002) and anticipated that the polymer will have the promising applications 

in the biomedical field. The polymer contains a large number of tunable functional end groups 

with a stable, biocompatible polyether backbone. Krämer et al. developed pH-responsive 

molecular carriers using hyperbranched polyglycerol (PG) and poly(ethylene imine) (PEI) as 

starting compounds and applying appropriate functionalization (Krämer et al., 2002). 

Polyglycerol and poly (ethylene imine) are randomly branched with a degree of branching of 

60-75%, and are commercially available. The concept of pH-responsive carriers may have 

potential application for selective drug delivery in tissues with a lower pH value (for example, 

infected or tumour tissue).  

Hyperbranched polyglycerol (PG), exhibiting low toxicity and biocompatibility, was also 

functionalized, providing a multifunctional drug delivery system. The utmost objective of this 

hyperbranched polymer functionalization is to simultaneously address the main issues 

encountered with drugs themselves, as well as with drug carriers, i.e., water solubility, 

stability in biological milieu, and targeting. For this purpose, PEGylated (PG-PEG) and 
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PEGylated-folate (PG-PEG-folate) functional derivatives of polyglycerol were prepared and 

investigated as prospective drug delivery systems (Tziveleka et al., 2006). 

 

 
Figure 12: Functionalization of PG and PEI hyperbranched polymers with various carbonyl 
compounds as given in Table 2 . 
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Structure Mn core 

(g/mol) 

Shell Degree of 

alkylation (%) 

Encapsulation 

capacity 

PG 21000 --   

PGa 21000 

 

25 0.15±0.05 

PGb 21000 45 13±4 

PG-c 21000 55 2.0±0.5 

PEI 25000 --  0.02±0.005 

PEIa 25000 

 

33 0.6±0.1 

PEIb 25000 

 

53 0.2±0.05 

Table 2: Encapsulation capacities of congo red in modified hyperbranched polymers based on PG and 
PEI (Krämer et al., 2002) 
 

The loading capacities, i.e., the number of encapsulated congo red molecules per dendritic 

nanocarrier, together with their structural features are listed in Table 2. It was found that a 

minimum core size (ca. 3000 g/mol) and a highly branched architecture are required for 

successful encapsulation of the guest molecules. For efficient encapsulation, the degree of 

alkylation should be approximately 45-50% and the alkyl chains should have a minimum 

length (>10 carbons). For example, the conversion of the terminal groups in polyglycerol 

(PG) with a C16 aldehyde (PGa) containing one alkyl chain per diol unit results in an 

effective degree of alkyl functionalization of 25% (Table 2) and a poor encapsulation capacity 

(0.15 congo red molecule). With the same PG core, the ketal-functionalized carrier PGb with 

two alkyl chains per diol unit and 45% effective alkyl functionalization (Table 2) encapsulates 

up to 13 congo red molecules. A higher degree of ketal functionalization (55% for PGc, Table 

2) indicates an optimal shell density of 45-50%. The exact determination of the encapsulation 

capacities for the amine based carriers, PEI (Table 2), was complicated because of the 

hydrolytic sensitivity of the imine-bound peripheral shell in the PEI-based systems, for 

instance, in PEIb. To avoid hydrolysis, the dye was directly encapsulated from the solid 

organic solution interface.  
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Kolhe et al. have investigated the encapsulation of ibuprofen by attaching to the –OH groups 

of 5th generation hyperbranched polyester, Boltorn H50. Hyperbranched Polyol (with 128 –

OH end groups, theoretically) could able to encapsulate approximately 24 drug molecules. 

The IR data did not show any combination peaks, further suggesting physical encapsulation. 

The Polyol-OH core may have a relatively weak electrostatic interaction with ibuprofen, and 

there may be no end group interaction with the -OH groups (Kolhe et al., 2003). The use of 

hyperbranched polyesters as dental composite materials was investigated by Klee et al. (Klee, 

2001). Haag et al. have synthesized hyperbranched polyglycerol and demonstrated its 

potential as a candidate for the delivery of anti cancer drugs (Haag et al., 2006). Further 

studies concerning the encapsulation and controlled release applications of pharmaceuticals 

can be found in the literature (Liu et al., 1996; Liu et al., 1997; Suttiruengwong et al., 2006). 

2.8.2 Biodegradable polymers 
In view of the growing interest in biodegradable polymers in the field of life sciences, 

especially in pharmaceutical applications, it is important to know the degradation behavior of 

such polymers under different conditions (Azevedo et al., 2005). Biodegradation, an 

important aspect of polymers considered for biomedical applications, has not yet been 

addressed. Biodegradable polymers are desirable for drug delivery systems because removal 

of polymeric systems in vivo is often difficult and needs surgery. With degradable polymers 

there is no need for surgical removal of the device after delivery of the therapeutic agents. 

Ideally, polymeric devices would degrade into natural metabolites and leave no harmful 

material in the body after the device has performed its function. Toxicity related to drug 

delivery devices is more commonly caused by the products of polymer degradation, rather 

than by polymer itself. Therefore, an important issue in the design of new polymer systems is 

to ensure that the degradation products are harmless to the host. 

Among the existing polymers for pharmaceutical and biomedical applications, polyesters 

offer the advantage of being hydrolyzed in presence of enzymes (Yutaka et al., 1977; Blow, 

1991; Azevedo et al., 2005). The biomedical and ecological applications of biodegradable 

linear synthetic polyesters, such as poly lactic acid (PLA), poly glycolic acid (PGA), poly 

caprolactone (PCL), and their co-polyesters (PLGA) were intensively studied (Yoshito et al., 

2000; Uhrich et al., 1999; Wu et al., 2000; Freiberg et al., 2004). The enzymatic degradation 

of these and other linear synthetic polyesters was also reported (Walter et al., 1995; Gan et al., 

1997; Gan et al., 1999; Kilwon et al., 2002; Sivalingam et al., 2003; Sivalingam et al., 2004; 

Pastorino et al., 2004). 
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The first example of enzymatically degradable dendritic polymers was reported by Seebach et 

al. in 1996 (Seebach et al., 1996). The highly branched polyesters were synthesized from 

hydroxybutanoic acid and trimesic acid. The example of the polymer structure is given in 

Figure 13b. The polymers were degraded in the presence of several hydrolases, including poly 

(hydroxybutanoic acid)-depolymerase, as well as an esterage, lipase and protease. The 

degradation kinetics were observed to be zero order during the initial phases of degradation 

(Seebach et al., 1996).  

Gao et al. synthesized a novel water soluble hyperbranched polymer containing large number 

of hydroxyl groups and suggested for drug delivery applications. The polymer contains 

tertiary amino groups in the backbone and hydroxyl groups in the linear and terminal units. 

They also showed that the polymer is degradable in water due to its ester linkages (Gao et al., 

2003). Some of the hyperbranched polymer architectures are presented in Figure 13. 

 

 
(a) Polylysine with sialic acid end groups, Ac. 

acetyl 

(b) Dendtritic polyester 



Theoretical background 

 25

(c) Polyglycerol (d) Polyesteramide  

Figure 13: Some of the pharmaceutically relevant hyperbranched polymers (Seebach et al., 1996; 
Uhrich, 1997; Li et al., 2005; Suttiruengwong et al., 2006) 
 

Van Benthem et al. (Van Benthem et al., 2001) utilized polycondensation reaction of 1,2-

cyclohexanedicarboxylic acid and di-2-propanolamine to produce hydroxy-functional 

hyperbranched polyesteramides albeit with chain extension side reactions which caused 

significant deviations in the molar masses. 

Various ABn-type monomers are utilized for the preparation of hyperbranched biocompatible 

and biodegradable polyesters. Yu et al. reported the synthesis of a hydroxyl-functionalized 

1,4-dioxan-2-one, 6-hydroxymethyl-1,4-dioxan-2-one, that was utilized for the synthesis of 

hyperbranched biodegradable polyesters through self-condensing ring opening polymerization 

in the presence of Sn(Oct)2 (Yu et al., 2005). Li et al., in another study, utilized AB3-type 

monomers based on non-toxic gallic acid and amino acids and bearing acetyl and carboxylic 

acid groups to prepare hyperbranched poly(ester amide)s with high degrees of branching, low 

viscosity and enhanced solubility (Li et al., 2005). 

2.8.2.1 Mechanism of biodegradation 
The enzyme catalyzed degradation of polyesters is a complex process. In order to reach the 

surface, the enzyme must be soluble and undergo a conformational change in order to fix 

itself on the substrate surface (Blow, 1991). In the first step the binding sites of an enzyme 

makes bonds with the substrate through non-covalent bonds such as hydrophobic interactions, 

in the second step the catalytic domains facilitate the hydrolysis process at the site of action. 

The structural dependency of aliphatic polyesters on the enzymatic degradation was 

investigated by Mochizuki and Hirami (Mochizuki et al., 1997). They found that the 
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enzymatic degradation of polyesters depends on the chemical structure of the polymer, 

crystallinity, hydrophilicity-hydrophobicity balance and the presence of functional groups on 

the polymer surface.  

The synthesis and degradable aspects of poly (3-hydroxybutyrate) (PHB), which is a natural 

polymer, was reviewed by Lenz et al. (Lenz et al., 2005). The enzymatic degradation kinetics 

of poly (3-hydroxy butyrate) were intensively studied by Timmins et al. and Mukai et al. 

(Mukai et al., 1993; Timmins et al., 1997). They demonstrated that the enzymatic degradation 

of PHB is a heterogeneous process and the degradation rates do not follow the classical 

Michaelis-Menten equations and proposed a new kinetic model for the degradation of PHB. 

However, systematic study of the enzymatic degradation of hyperbranched polyesters has not 

yet been reported in the literature.  

2.8.3 Biocompatibility 
Generally, biocompatibility can be defined in terms of toxicity. The biological activity of 

branched polymers might be different from their linear counterparts, as the more globular 

structure of the hyperbranched material may hinder interactions with biomolecules compared 

to a flexible linear chain. Due to the biocompatible properties of the aliphatic polyesters and 

polyethers in general, similar properties are expected for hyperbranched polyesters and 

polyglycerols respectively. According to Frey et al. preliminary cell culture experiments with 

hyperbranched polyglycerol having a molecular weight of 5000 g/mol did not show any 

toxicity (Frey et al., 2002). In vitro biocompatibility tests with hyperbranched polyglycidol 

having a molecular weight of 6400 g/mol were conducted by Kainthan et al. (Kainthan et al., 

2006). The in vitro studies included hemocompatibility testing for effects on coagulation, red 

blood cell aggregation, and whole blood viscosity experiments. They also performed in vitro 

cytotoxicity measurements. From the results they have shown that the hyperbranched 

polyglycidols are highly biocompatible. In vivo toxicological studies in mice (animal studies) 

with two hyperbranched polyglycidols, having molecular weights (Mn) of 4250 and 15400 

g/mol, at high doses (1g/kg bodyweight) showed that the polymers were well tolerated by 

mice (Kainthan et al., 2006).  

The biocompatibility of polymers is a function of molecular weight, however, as volume 

exclusion, cell aggregation, polymer adsorption and solution viscosity all increase strongly 

with molecular weight. Therefore, Kainthan et al. have investigated in vitro and in vivo 

biological evolution of two high molecular weight hyperbranched polyglycerols with 

molecular weights of 106,000 and 540,000 g/mol. The results showed that the high molecular 

weight polymers are also highly biocompatible and could be used in various applications in 
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nanobiotechnology and nanomedicine (Kainthan et al., 2007a; Kainthan et al., 2007b). In vitro 

cytotoxicity measurements revealed that the polymers showed very little cytotoxicity. 

2.9 In vitro release kinetics 
 

In vitro release experiments usually refer to the experiments which are carried out in an 

environment that resembles the living organism. The main aim of the in vitro release 

measurements is to understand the mechanism of release action of the drug from the 

developed delivery system. Drug release data have a number of potential applications. The 

data can be used for quality control purposes to ensure the constancy of behavior of a 

manufactured product (Yang et al., 2005). It can be further used to predict the likely behavior 

of the system in vivo. In several cases, however, it is not known whether one can predict the 

in vivo performance of the products from in vitro dissolution data. In an effort to minimize 

unnecessary human testing, investigations of in vitro / in vivo correlations (IVIVC) between 

in vitro dissolution and in vivo bioavailability are increasingly becoming an integral part of 

drug product development (Uppoor, 2001). Under certain conditions, in vitro dissolution data 

can be used as a surrogate for the assessment of bioequivalence. 

The release kinetics of drug from delivery system changes significantly from one system to 

the others. The amount of drug being released from the system depends mainly on the 

property of the designed system (e.g. nature of carrier material, drug loading, presence of 

excipients, polymer degradation, polymer erosion) and the release environment (e.g. pH value 

of the medium, temperature ). The interaction between drug molecules and polymer 

functional groups, the porosity of carrier devices, and the conditions of release are the 

examples. There are several types of releases: prolong, delayed, sustained, controlled, and 

immediate releases (Suttiruengwong, 2005). 

2.9.1 Mechanisms of drug release 
 
In microencapsulated matrix systems, a drug is incorporated into a polymer matrix by either 

particulate or molecular dispersion. The drug release from the microencapsulated systems is 

illustrated in Figure 14.  

 



Theoretical background 

 28

 
Figure 14: Schematic illustration of drug release from microparticulated systems (Yang et al., 2005) 
Release of encapsulated drug from a non erodible microsphere can occur in many ways. In 

Figure 15 four theoretical curves (A, B, C, and D), which describe the different release 

behavior are presented. All the curves are plotted as percent drug released versus time. Curve 

A represents the release behavior of a drug by steady state diffusion through the matrix 

material. The rate of release remains constant as long as the internal and external 

concentrations of drug and the concentration gradient through the diffusion membrane are 

constant (Mathiowitz et al., 1999).  

 
 

 
Figure 15: Theoretical release curves expected for different types of delivery systems: (A) zero order 
release profile (B) combined effect of erosion and diffusion (C) purely diffusion controlled (D) release 
with first order kinetics (Mathiowitz et al., 1999; Siepmann et al., 2001) 
 
Drug location in microencapsulated systems also influences the drug release rate. Some part 

of the encapsulated drug migrates through the matrix material during storage and results in a 

burst effect, as represented by curve B. The release of drug from the microspheres by a 

diffusion process is represented by curve C. First order release is represented by curve D 

(Mathiowitz et al., 1999).  
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2.9.2 Release of drug from erodible and biodegradable polymeric systems 
Biodegradable systems represent an increasingly important class of particles owing to the 

current interest in biodegradable particles for drug delivery applications. Erodible and 

biodegradable polymers can degrade in vitro and in vivo on a time scale of hours to weeks, 

resulting in the formation and growth of porous networks in the microspheres; thus increasing 

the release rate (Richard, 1997; Batycky et al., 1997b). The drug release from bioerodible and 

degrable delivery systems strongly depend on the specific device characteristics, such as type 

of polymer, particle size, solid state drug-polymer solubility, type of drug, crystallinity of the 

polymer (Mochizuki et al., 1997; Siepmann et al., 2001). 

 

 
(A) 

 
(B) 

Figure 16: Schematic illustration of the principle of surface (A) and bulk (B) erosion (Siepmann et al., 
2001) 
 

Polymer erosion is defined as the mass loss of the polymer from one initial level. The erosion 

of “erodible” polymers commences with the degradation of the polymer backbone due to 

hydrolysis of the ester bonds. Erosion is accompanied by a decrease of the average molecular 
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weight and an increase of polymer porosity due to the release of the degradation products, i.e. 

oligomers and monomers (Azevedo et al., 2005). Degrading polymers are classified into 

surface-eroding and bulk-eroding polymers and are depicted in Figure 16. 

Erosion kinetics depends on two major factors: the diffusion of the water into the polymer 

bulk and the degradation rate of the polymer backbone. If the degradation of the polymer 

backbone is faster than the diffusion of water into the polymer, water will be consumed 

mainly on the surface by hydrolysis and will thus be prevented from diffusion into the matrix. 

This phenomenon is defined as surface erosion, though only fast degrading polymers such as 

polyanhydrides and poly(ortho)esters undergo surface erosion. If the diffusion of water is 

faster than the degradation rate of the polymer backbone, the complete matrix is wetted. The 

degradation is then not confined to the polymer surface, and the matrix system undergoes bulk 

erosion. Usually, biodegradable polymers, especially PLGA matrices, undergo the bulk 

erosion degradation (Uhrich et al., 1999).  

2.9.3 Mathematical modelling of the release kinetic data 
The mathematical modelling of drug release from biodegradable delivery systems is rather 

complicated. In addition to physical mass transport phenomenon, chemical reactions 

decreasing the average polymer molecular weight have to be considered (Siepmann et al., 

2001). One of the most complete theoretical models of erosion and macromolecular drug 

release from biodegradable microspheres is that of Batycky et al. (Batycky et al., 1997a). 

Mathematical models reported in the literature describing degradation or erosion controlled 

drug release can roughly be divided into two categories:  

(i) Empirical models that are usually describe the resulting apparent drug release 

rates. For example, the superposition of the various processes such as drug 

diffusion through the matrix, polymer degradation can lead to the overall drug 

release kinetics.  

(ii) Mechanistic mathematical models are based on the description of real physical 

processes involved in drug release. For biodegradable systems, the physical mass 

transport phenomenon and chemical reactions such as polymer chain cleavage 

have to be considered. These reactions change the conditions for mass transport 

continuously, thus rendering the mathematical modelling of the degradable 

controlled release rather complicated. 

Without going much into details, the empirical and semi-empirical models used to describe 

the release kinetics of drugs are shown in Table 3. In this work the dissolution release data is 

fitted by the zero, first order and Higuchi release models.  
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Table 3: Empirical mathematical models used to describe the dissolution profiles (Costa et al., 
2001; Suttiruengwong, 2005; Yang et al., 2005) 
 
In all the equations Qt (%) represents the amount of the drug released in time t, Q0 (%) is the 

initial amount of drug in the solution, Q∞ (%) is the amount of the drug released at an infinite 

time, t is the release time, C0 in the initial concentration of drug in the matrix, 0a  is the initial 

radius for a sphere or cylinder or the half-thickness for a slab, k, kh, k0, k1, k2 ks, A, a, and b are 

the empirical constants, which can be adjusted during the fitting of the experimental data. 

2.10 Goal of the thesis 
The present study is mainly focused on the encapsulation of pharmaceuticals, both 

hydrophilic and hydrophobic drugs, with the hyperbranched polyesters using an aqueous melt 

dispersion method. Further melt dispersion approaches have been developed by Evonik 

Degussa GmbH such as described by Seiler et al. (Seiler et al., 2007; Seiler et al., 2008). 

This work is mainly focused on the encapsulation of representative hydrophilic and 

hydrophobic drugs with the hyperbranched polyesters using an aqueous melt dispersion 

method. The advantages of the melt dispersion method have been its simplicity, elimination of 

the use of toxic organic solvents, and the use of aqueous media. The evaluation of the critical 

processes and formulation parameters has been performed. Various process parameters which 

will influence the particle size distribution, encapsulation efficiency and in vitro release 

profiles have been identified with regard to the application of melt dispersion method to 

hyperbranched polymers and discussed in detail in the following sections.  
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3 Materials and methods 

3.1 Materials 

3.1.1 Polymers 
Poly (lactic-co-glycolic acid) (PLGA) 

PLGA is one of the widely investigated linear biodegradable polyester for the 

microencapsulation of pharmaceutical active compounds and antigens (Anderson et al., 1997; 

Lima et al., 1999; Jiang et al., 2005). It is a copolymer of D,L – lactide and glycolide with a 

monomer ratio of 48:52 and obtained from Boehringer Ingelheim, Germany.  

Poly (ε-caprolactone) (PCL):  

Owing to the excellent biocompatibility and biodegradability of poly(ε-caprolactone), it is 

also the most frequently used drug carrier material in drug delivery applications (Chen et al., 

2000). It is received in different molecular weights from Solvay Interax, UK.  

Hyperbranched polyesters (HBPE) 

Aliphatic hyperbranched polyester (HBPE), Boltorn H30, is a commercial product of Perstorp 

AB, Sweden. It was esterified with fatty acids by the method similar to that described by Teng 

et al. (Teng et al., 2004). The obtained polymers are designated as HBPE-I to IV and their 

properties are given in Table 7. Total number of fatty acids present on the polymer surface is 

calculated by multiplying the degree of esterification with the total number of hydroxyl 

groups. 

Hybrane 1500H 

Hybrane 1500H is the hyperbranched polyesteramide is obtained from DSM Netherlands. The 

polymer is based on cyclic anhydride and diisopropanol amine. Properties and possible 

applications of hyperbranched polyesteramide have been reviewed by Froehling et al. 

(Froehling et al., 2000). 

Eudragit E100 

EUDRAGIT E 100 is a cationic copolymer based on dimethyl aminoethyl methacrylate and 

neutral methacrylic esters. It is obtained from Röhm, Darmstadt, Germany. 

 

Linear polyesters 

Various linear polyesters such as Dynacoll 7380 & 7390 and Dynapoll S320 & S355 are 

obtained from Evonik, Germany. The feasibility tests were performed to produce drug loaded 
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microparticles. The chemical structures and properties of all the above polymers are given in 

the appendix 6.5. 

3.1.2 Drug substances 
Paracetamol and Guaifenesin are obtained from Merck, Darmstadt, Germany. Ibuprofen is 

purchased from Caesar & Lorentz, Germany.  

Compound Molecular 

weight 

(g/mol) 

Melting 

point 

(°C) 

Category log POW Remarks 

Paracetamol 151.17 169 Hydrophilic 0.339±0.210 Pain killer 

Guaifenesin 198.22 78 Hydrophilic 0.571±0.277 Cold treatment 

Ibuprofen 206.28 72 Hydrophobic 3.722±0.227 Anti inflammatory  

Table 4: Properties of the model drug substances 
POW : partitioning coefficient of drug in octanol water system at 25°C and is taken from science finder 
calculated properties list 

3.1.3 Emulsifiers and surfactants 
Poly (vinyl alcohol) with a molecular weight of 6000 g/mol is obtained from Polysciences, 

USA. Sodium dodecyl sulfate (SDS) is obtained from Merck, Darmstadt, Germany. Sodium 

lauryl ether sulfate (SLES) is obtained from Caesar & Lorentz, Germany. Food grade gelatine 

is purchased from the supermarket. Two non-ionic surfactants were obtained from Evonik 

Goldschmidt, Germany and named as Surfactant-1 and Surfactant-2. 

3.1.4 Solvents 
All the solvent are of analytical grade and obtained from either Sigma Aldrich or Fluka. Salts 

such as mono and disodium hydrogen phosphate and ammonium phosphate used for the 

preparation of buffer solution are obtained from Merck, Darmstadt, Germany. 

3.1.5 Lipases 
Lipases from Candida cylindracea (Lipase CC) and Pseudomonas cepacia (Lipase PC) were 

purchased from Sigma Aldrich and Fluka respectively. Cal-B, Novozym 388, and Amano CE 

were kindly provided by Evonik Goldschmidt, Germany. Lipomod 34P, Lipomod 691P and 

Lipomod 726P are obtained from Biocatalysts, UK. The activities of the lipases from the 

suppliers are given in Table 5. 
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Name of the 
Lipase 

Activity 
[U1/mg] 

Source3 Physical form Working 
pH 

Temperat
ure (°C) 

Candida 
cylindracea 

30 Yeast Slightly biege   

Pseudomonas 
cepacia 

50 Bacterial Slightly biege   

Lipomod 34P 115 Candida rugosa 
(yeast) 

White to off 
white powder 

5-8 40-55 

Amano CE 170 Microbial Off white 
powder 

  

Novozym 388 152 Microbial liquid   

Candida antar 

ctica Lipase B 

72 Fungal liquid   

Lipomod 691P 5.2 Mixed fungal Off white 
powder 

5-7 40-50 

Lipomod 726P 8.0 Mixed 
microbial 

Light beige 
powder 

4-6.5 30-65 

Table 5: Different lipases used for the investigation of enzymatic degradation of hyperbranched 
polymers 
1 1 U corresponds to the amount of enzyme which liberates 1 μmol of fatty acid per minute 
2 The lipases are in liquid state, instead of mg, µl is used 
3 reference from (Vakhlu et al., 2006), www.biocatalysts.com, and www.novozymes.com  

3.2 Experimental methods 

3.2.1 Physicochemical properties determination 
Viscosity determination 
 
The viscosity of continuous phase is determined using double gap cylindrical method at 55°C. 

Polymer phase viscosity is determined at 85°C using cone-plate method. The experiments are 

performed using the UDS 200 Paar Physica Rheometer (Anton-Paar, Germany) at the Chair 

for Particle Science and Technology. The viscosity of all the samples is measured over a 

range of shear rates (0.1 to 1500s-1) and observed that it is independent. The plot of viscosity 

versus shear rate can be found in the appendix 6.5.3. The observed viscosity is expressed in 

mathematical form by the following equation for the ibuprofen-HBPE-I polymer system: 

%)(*046.0
*45.750)smPa(

wtibuC
ed
−

=μ  
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Surface tension determination 
 
The surface tension of continuous and dispersed phase is determined using a digital 

tensiometer K12, Krüss, Hamburg, Germany, at the Chair for Particle Science and 

Technology. The ring method is used with a 6.5 cm circumference platinum-iridium ring. The 

interfacial tension between continuous phase and polymer phase is then calculated using the 

equation suggested by Girifalco and Good (Van Krevelen, 2003). Each measurement is 

repeated three times and average value is reported with the standard deviation as the possible 

error of measurement. 

 Viscositya  

(μ, Pa s) 

Densityb  

(ρ, kg/m3) 

Surface Tensionc 

(σ, mN/m) 

Interfacial 

Tensiond (mN/m) 

Continuous phase1 0.00749 988.9 39.57±0.17  

Polymer phase2     

HBPE-I 0.835    

10 wt% Ibuprofen 0.479  28.08±0.07 0.98 

20 wt% 0.297  27.87±0.35 1.02 

30 wt% 0.185  27.55±0.27 1.09 

40 wt% 0.121  27.90±0.47 1.02 

HBPE-II 0.256    

10 wt% Ibuprofen 0.191  28.41±0.73 0.92 

Table 6: Physicochemical properties of the fluids involved in the preparation of microparticles by melt 
dispersion method 
a Experimentally determined using double gap and cone-plate methods  
b determined with density meter at 55°C 
c determined with digital tensio meter using ring method 
d calculated with the equation proposed by Girifalco and Good 
1 1wt% PVA in water and the measurements are done at 55°C 
2 molten polymer containing drug and the measurements are done at 85°C 
 
Properties of investigated polymers 
 

Several researchers have determined the molecular weights, degree of branching and the 

number of hydroxyl groups of commercially available Boltorn H20, 30 and 40 polymers using 

NMR spectroscopy and size exclusion chromatography coupled with multi angle laser light 

scattering (SEC-MALLS) (Burgath et al., 2000; Žagar et al., 2002; Žagar et al., 2004; Žagar et 

al., 2006). The authors proved that the experimentally determined molecular weights are 

considerably deviated from the theoretically estimated values based on initial core/monomer 

ratio (Malmström et al., 1995). All these investigations are done with the unmodified 

polymers. But, in the present study the polymers are esterified with the long chain fatty acids. 
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So, the molecular weights and the fatty acids content are calculated as suggested in the 

literature for the esterified hyperbranched polymers (Mackay et al., 2002).  

In addition of this, the molecular weight of four polymers is determined by SEC-MALLS at 

the Institute of Polymer Materials. The measurements were performed at 25°C in 

tetrahydrofuran (THF). The sample mass injected into the column was 0.1 mg with a solution 

concentration of 10 mg/mL and the flow rate of the eluent was 1 mL/min. The corresponding 

molecular weight distributions are presented in appendix 6.5.3. 

The properties of the hyperbranched polyesters such as molecular weight, degree of 

esterification, amount of fatty acids and their melting temperatures are summarized in Table 

7.  

Polymer Molecular weight1 

(Mn, g/mol) 

a/b/c/d 

Degree of 

esterification 

(%) 

Type of 

fatty 

acids 

Wt% of FA1 

a/b/c 

Tm 
2 

(°C) 

ΔHm 
2 

(J/g) 

HBPE-I 7500/2830/2924/3435 50 C16/18 57.7/57.2/55.5 41 58.7 

HBPE-II 8700/3840/3934/4555 80 C16/18 79.6/67.5/66.0 41 72.9 

HBPE-III 9000/4097/4187/2945 95 C16/18 90.3/75.3/73.6 44 79.0 

HBPE-IV 12100/4714/4804/4845 90 C20/22 77.7/74.8/73.4 61 78.3 

Table 7: Properties of investigated hyperbranched polyesters 
1 a/b/c/d calculated based on theoretical core to monomer ratio/calculated using the core polymer molar mass 
determined by the vapor pressure osmometry (data of Burgath et. al)/calculated using the core polymer molar 
mass determined by the SEC-MALS (data of Žagar et. al)/determined by using SEC-MALLS in the present 
study 
2 determined by using DSC 
 

The molecular masses given in the table are calculated by using the experimentally 

determined Mn of Boltorn H30 plus the molecular mass of the corresponding number of 

alkane chains present on the polymer. The number of alkane chains present on the polymer 

surface is determined by multiplying the degree of esterification with the number of 

peripheral hydroxyl groups, which are consider from the experimental data Žagar et al. (Žagar 

et al., 2006). 
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3.2.2 Microparticles preparation and characterization 

3.2.2.1 Preparation methods 
 
Melt Dispersion Method (MDM) 
 
The suitable amount of polymer was melted in a 100 ml glass beaker at 85°C on a heating 

plate equipped with a temperature controller. After obtaining the polymer melt, the 

corresponding amount of the drug was added and stirred at 900 rpm using magnetic stirrer for 

10 minutes to get a disperse phase. The disperse phase was then emulsified into a continuous 

aqueous phase preheated to a temperature of 55°C (250 ml in a 600 ml glass beaker) 

containing 1 wt% emulsion stabilizer, poly (vinyl alcohol). In several microparticles 

preparations surfactant is also added in addition to this stabilizer. Variable speed Ultra-turrax 

stirrer (T50 basic Ultra-turrax IKA Laboratory equipments, Germany) was used for the 

emulsification process with a stirring speed of 4000 rpm unless differently mentioned. After 

30 seconds of continuous stirring, the emulsion droplets were rapidly cooled down by adding 

ice cold water (the volume of the cold water is double to the volume of continuous phase). 

The hardened polymer microparticles were collected by centrifugation (Hettisch Zentrifugen, 

Tuttlingen, Germany), washed with distilled water and dried at room temperature under a 

fume hood. The basic steps involved in the melt dispersion method are schematically 

represented in Figure 17. 
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Figure 17: Schematic representation of principal steps involved in microparticles preparation by melt 
dispersion method. 
 
Solvent Evaporation Method (SEM) 
 
In the solvent evaporation method, the oil or organic phase was obtained by dissolving a 

suitable amount of polymer in 20 ml of dichloromethane. After obtaining a clear solution the 

appropriate amount of the drug was added and stirred for 10 min. The drug may be either 

dissolved or dispersed in the oil phase, depending on its solubility in the organic solvent. This 

oil phase is emulsified in to a continuous aqueous phase (200 ml) containing emulsion 

stabilizer, poly (vinyl alcohol). The pitched type (six bladed) stirrer was used for the 

emulsification process with a stirring speed of 700 rpm. After the emulsification the stirring 

was further continued for three hours in order to facilitate the evaporation of the solvent. The 

obtained microparticles were separated by ultracentrifugation (Hettisch Zentrifugen, 

Tuttlingen, Germany), washed with distilled water and dried at ambient temperature.  
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Figure 18: Experimental setup used for the preparation of microparticles using SEM 
 
Particles from Gas Saturated Solutions (PGSS) 
 
Alternatively supercritical fluid processing was applied for the micronization of polymers. 

Half of the volume of the autoclave is filled with HBPE-I and is melted by heating. The 

autoclave is pressurized by compressed CO2. Under these conditions, the gas dissolution into 

the molten polymer phase causes the formation of a so-called gas saturated solution. In order 

to have a faster dissolution of CO2 in the molten polymer the autoclave is equipped with a 

stirrer. The molten polymer is stirred for 40 minutes and is considered to be in equilibrium. 

This solution is expanded through a nozzle leading to the formation of solid particles due to 

the Joule-Thomson effect and gas evaporation. 

3.2.2.2 Characterization 
 
Total drug concentration 
 
The actual amount of the drug present in the microparticles was determined using UV-Vis 

spectrophotometer (Perkin Elmer, Lambda 650). 25 mg of drug containing microspheres were 

taken in a 25 ml of suitable solvent (see Table 8) in which the drug is highly soluble and 

heated to 60°C for one hour. The melting temperature of the HBPE-I is about 41°C, therefore 

most of the drug present in the particles could easily be dissolved. Then the solution was 

cooled down to room temperature and the sample was filtered with 0.45µm filter and assayed 

using UV spectrophotometer. The details of the selected solvents and the UV detection 

wavelengths are given in the Table 8. The polymer has no influence on the assay, because it is 

insoluble in the water/buffer solution. By knowing the actual drug concentration (Equation 2) 

one can determine the encapsulation efficiency (Equation 3) of a particular drug.  
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The yield of microparticles is calculated by Equation 1. The loss during the preparation of 

microspheres was accounted by accurately weighing the amount of the molten mass remained 

in the beaker after the experiment. 

Drug Solvent Wavelength 

Paracetamol Water 243 

Ibuprofen pH 7.2 buffer 221 

Model drug Water 209 

Guaifenesin Water 273 

Table 8: UV detection wavelengths and suitable solvents for the analysis of selected drug substances 
 

Differential Scanning Calorimetry 

 
Thermal behavior of the pure drugs, polymers and the drug loaded microparticles was 

obtained from the DSC analysis. The experiments were performed using Netzsch DSC 200F3 

maio® analyzer, Germany. The sample amount of 6-8 mg was taken in a sealed aluminum 

pans. The thermograms were measured from 0°C to 200°C, with a heating/cooling rate of 

10°C/min in nitrogen atmosphere. 

X-Ray Diffraction 
 
To examine the crystalline structure of the investigated hyperbranched polyesters, XRD 

measurements were performed using Cu Kα radiation with an X‘pert Philips MPD PW 3040 

at the chair of surface science and corrosion. 

 
Reflection Electron Microscopy 
 
The reflection electron microscopy (Amray model 1810, USA) was used for obtaining the 

information about the surface morphology of microparticles. The experiments were performed 
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at the chair of process technology and machinery. In order to make the particles conductive, 

the polymer particles were coated with a thin layer of gold. 

Gas Chromatography (GC) 
 
GC is used for the analysis of fatty acids released during the enzymatic degradation of 

hyperbranched polyesters. A method is developed using derivatisation of fatty acids by N-

Methyl-N-trimethylsilyl-trifluoracetamide (MSTFA). MSTFA is a very strong trimethylsilyl 

(TMS) donor which does not cause any noticeable FID fouling even after long-time 

measuring series. In gas chromatography it is often advantageous to derivatise polar 

functional groups (mainly active hydrogen atoms) with suitable reagents. Prerequisite for 

successful derivatisation is quantitative, rapid and reproducible formation of only one 

derivative. Aim of this reaction is an improved volatility, better thermal stability or a lower 

limit of detection due to improved peak symmetry. The halogen atoms introduced by 

derivatisation (e.g. trifluoroacetates) allow specific detection with the advantage of high 

sensitivity. Elution orders and fragmentation patterns in mass spectroscopy can be influenced 

by a specific derivatisation. The instrument from Hewlett Packard 5890 Series II with 

automatic injector 7673A is employed with nitrogen as carrier gas. 

3.2.3 In vitro release studies 
 
In vitro drug release profiles were obtained by USP XXI paddle method. The dissolution 

apparatus was constructed by Smirnova according to the United States Pharmacopeia guide 

lines and the detailed description of the apparatus can be found in the PhD dissertation 

(Smirnova, 2002). In short the apparatus consists of a round bottom glass vessel (1 L), a 

thermostat, overhead stirrer with a maximum speed of 1500 rpm, a six bladed stirrer, and a 

basket. The appropriate amount of the drug containing polymer microspheres were placed in a 

basket and immersed in the dissolution media. The dissolution media is 0.1N HCl, pH = 1.2, 

0.2 M phosphate buffer, pH = 5.01 and 7.2. The final concentration of the drug in the 

dissolution medium was kept constant at 10 % of its maximum solubility in the respective 

medium. The experiment was performed at a temperature of 37±0.5 °C with a stirring speed 

of 100 rpm. Aliquots of 1 ml were collected at a defined time intervals and the samples were 

analyzed using UV-Vis spectrophotometer for paracetamol and HPLC for ibuprofen & for 

model drug.  
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High Performance Liquid Chromatography (HPLC) 
 
HPLC is used for the quantitative analysis of drugs during in vitro release studies. The 

instrument from Waters Corporation is employed and consists of Waters auto sampler with 

Simadzu SPD-10AVP UV detector. The following conditions are used: 

Model drug 

Column: ET 250/8/4, Nucleosil 100 - 5 SA 

Eluent: 23g (Nh4)H2PO4 / L H2O and adjusting pH = 4 using H3PO4 

Flow rate: 1 ml/min 

Injection volume: 20 µl 

Temperature: 25 °C 

UV detection wavelength: 225 nm 

Ibuprofen 

Column: EC 125/3, Nucleodur 100 - 5 C18 

Eluent: 1:3 v/v% of Acetonitril and 10mM di-ammonium hydrogen phosphate, pH 7.85 

Flow rate: 0.6 ml/min 

Injection volume: 10 µl 

Temperature: 25 °C 

UV detection wavelength: 230 nm 

Fourier Transform Infra Red Spectroscopy 
 
The infrared spectroscopy was used to acquire the qualitative information regarding the drug 

polymer interactions. The IR spectra of pure drugs, polymer and drug loaded microspheres 

were collected by using FTIR spectrometer, Perkin Elmer, UK (model Lamda 650). The 

experiments were performed by preparing a pellet using 1 mg of the sample and 300 mg of 

KBr. A hydraulic press was utilized for making the pellets by applying a force of 105 N. The 

absorption spectra were collected in the wave number range of 4000-400 cm-1. 

3.2.4 Enzymatic degradation experiments  
A common method for the determination of the biodegradation of polymers is based on 

weight loss measurements. Even though it is a fast and convenient method to get an initial 

idea about the degradation of polymeric materials, it is hard to obtain precise time dependent 

degradation kinetics using this method (Walter et al., 1995). Depending on the substrate 

nature and the type of degradation products formed during the degradation process, several 

methods have been developed for obtaining time dependent degradation kinetics of polymers. 

The most common methods are turbidimetric and titrimetric methods (Timmins et al., 1997; 
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Marten et al., 2003), spectrophotometry (Li et al., 2005), light scattering (Gan et al., 1999; Wu 

et al., 2000), and monitoring the change of molecular weight distribution (Pastorino et al., 

2004). 

In the present study a method based on GC analysis is used for the quantification of fatty 

acids. The enzymatic degradation of fatty acid modified hyperbranched polyesters was carried 

out in a phosphate buffer solution of pH 5 in the presence of lipase. A schematic 

representation of the enzyme attack at the ester bonds of HBPE-I is depicted in Figure 19. Just 

before the experiment, the lipase solution was prepared by dissolving lipase in the phosphate 

buffer. 5 ml of this solution was taken in a 20 ml screw capped glass bottle and 75 mg of hand 

milled hyperbranched polyester powder with diameter less than 90 µm was added. The 

contents were mixed vigorously by shaking manually for two minutes. Then the samples were 

incubated in a water bath at 37±0.1°C. Non-enzymatic degradation of modified 

hyperbranched polyesters was determined by a control sample under identical conditions but 

without lipase, i.e. in pure buffer solution. The amount of the degradation of HBPE was 

determined by quantifying the amount of the released free fatty acids. The gas 

chromatographic procedure for the analysis of fatty acids is described in detail in the 

following section. In case of the experiments with different lipases, the relative concentration 

of lipase was maintained at 57.5 U/ml of buffer. The absolute concentrations needed for the 

degradation experiments were calculated by using the activities of the corresponding lipases, 

which are given in Table 5. 

 
Figure 19: Schematic representation of enzyme action on hyperbranched polyester 
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GC procedure for the quantification of free fatty acids  
 

After a specified time the samples were removed from the thermostat and cooled down to 

room temperature. Then 5 ml of heptane was added to the entire amount of the sample and the 

components were mixed properly by shaking manually for 2 min, then 10 minutes allowed for 

phase separation. After the two phases had separated, 1 ml of the upper phase (heptane-rich 

phase) was taken and 0.3 g of CaCl2 was added in order to remove the traces of water 

remaining in the sample. CaCl2 was removed from the sample by ultracentrifugation at 14000 

rpm for 2 min (Hermle Labortechnik, type Z 160 M, Germany). Two hundred and fifty µl of 

pyridine containing 0.33 wt% of internal standard was added to 500 µl of this sample and the 

contents were mixed by manual shaking and centrifuged once again for the removal of some 

traces of CaCl2 salt. The silylation reaction was carried out by adding 100 µl of N-Methyl-N-

trimethylsilyl-trifluoracetamide (MSTFA) to the half of the above solution and the reaction 

was performed at 105°C for 30 min. Then the sample was injected to the GC (Hewlett 

Packard 5890 Series II with automatic injector 7673A) and the amount of free fatty acids 

(FFA) was determined by the aid of calibration. 
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4 Results and discussion 
The main aim of the work was to produce drug loaded polymer microparticles with following 

features: 

• Encapsulate ca. 10 wt% of drugs 

• Drug should release from the microparticles by enzymatic degradation of polymer 

matrix 

• Investigate the enzymatic degradation of polymers 

With this aim the purpose of the initial experiments was to select a suitable polymer, evaluate 

various methods for the preparation of microparticles and evaluate the parameters for the 

selected methods. In this section the results related to the selection of suitable polymer and 

method are presented. 

4.1 Polymer microparticles 

4.1.1 Solvent evaporation method 
In order to find a best method for the preparation of polymer microparticles, at first the 

solvent evaporation method is investigated as it is widely used in encapsulation processes. 

Pure polymer microparticles are prepared by solvent evaporation method as described in the 

experimental section (see 3.2.2.1). With all the selected polymers (see 3.1.1), microparticles 

are prepared in the size range of 10 to 50µm. The obtained results are summarized in Table 9. 

A light microscopic picture of HBPE-I microparticles is presented in Figure 20 and for the 

other polymer microparticles the pictures are given in the appendix 6. 

Particle size [µm] Polymer 
Wet particles Dry particles 

Poly(Lactide-co-Glycolide acid) 
Hybrane 1500H 
HBPE-I 
Poly(ε-caprolactone)1 
Eudragit 
Dynapol S 320  
Dynapol S 355 

30-80 
10-50 
10-30 
10-50 
10-50 
10-100 
10-100 

10-50 
10-50 
10-50 
10-50 
ND2 

ND 
ND 

Table 9: Microparticles prepared from solvent evaporation method by using different polymers 
1 for this polymer gelatin is a good stabilizer; 2 No free flowing powder is obtained 
 

Although the method is highly promising for the preparation of polymer microparticles the 

use of chlorinated solvents such as dichloromethane is highly restricted in the pharmaceutical 

applications, due to the problem of residual solvents in the final products.  
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Figure 20: Light microscopic picture of HBPE-I microparticles prepared with solvent evaporation 
method 

4.1.2 Particles from gas saturated solutions 
As it is mentioned in the previous section, the associated problems in the use of solvent 

evaporation method for the encapsulation of drug we had to search for another method. In this 

direction, as an alternative to the solvent evaporation method, the microparticles are prepared 

by PGSS method. The process is based on supercritical fluid technology and the experimental 

procedure is described in section 3.2.2.1.  
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Figure 21: Effect of temperature and pressure on the morphology of HBPE-I particles prepared by 
PGSS process. 
 
The effect of temperature and pressure on the morphology of the HBPE-I particles is shown in 

Figure 21. At temperatures near or equal to the melting point of HBPE-I mostly irregular 



Results and discussion 

 47

particles were obtained. The simultaneous action of solidification of polymer and the escape 

of carbon dioxide from the particles results in more irregular shape particles. The higher the 

temperature of the melt, more time the carbon dioxide has for escaping from the melt droplets 

before the solidification starts and results in spherical particles. The light microscopic pictures 

of the obtained microparticles are given in the appendix 6.1.2. 

Although the method is free from organic solvents, poor results were obtained in the 

micronization of pure polymers. In addition to this, the critical processing parameters such as 

high temperatures and pressures limited the utilization of this method. For these reasons, the 

method is discarded and another method called melt dispersion method is investigated further 

on.  

4.1.3 Melt dispersion method 
Melt dispersion method is based on emulsion technology and is completely based on aqueous 

solutions. The detailed description of the method is given in 3.2.2.1. Among all the 

investigated polymers (see 3.1.1), the microparticles can be prepared by this method using all 

the hyperbranched polymers (HBPE-I to HBPE-IV). Along with these hyperbranched 

polymers two other linear polyesters (DC7380, DC7390), were also utilized for the 

preparation of microparticles. The applicability of this method for the micronization of 

polymer is determined by the characteristic properties of polymers such as melt viscosity and 

surface tension. The example of a light microscopic picture of the obtained microparticles is 

given in Figure 22. This method is assumed to be highly promising for the encapsulation of 

drugs using hyperbranched polymers and is evaluated systematically. 
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Figure 22: Light microscopic picture of HBPE-I microparticles prepared by melt dispersion 
method 
 
Enzyme Lipase from Candida Cylidracea was chosen as a trigger for the degradation tests. 

Lipases are known to catalyse the cleavage of the ester bonds, which are present in all the 

selected polymers. The degradation of the polymer particles in presence of the enzyme was 

measured and compared with that of the same particles in a buffer solution without enzyme. It 

was found that the degradation for HBPE-I, PCL, PLGA, and Hybrane particles (determined 

as particle size decrease) is much faster in the presence of lipase than for the corresponding 

control samples. The results have confirmed that the enzymes can be used as a trigger for the 

release of drugs. Further it was shown that the decrease in temperature (37°C to 20°C) and 

lipase concentration (0.012 g/10 ml to 0.0012 g/10 ml) leads to a slower degradation. 

Comparing the degradation rate of polymers in the presence of lipase it was concluded that 

hyperbranched polymers were the most promising candidates. Detailed investigation of the 

enzymatic degradation of hyperbranched polymers is presented in the following sections. 
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4.2 Enzymatic degradation of hyperbranched polymers 
 

Hyperbranched polymers were selected for further studies. The knowledge of degradation 

behavior of these polymers under different conditions is really important in order to develop a 

successful delivery system based on enzyme triggered mechanism. So, this section is devoted 

to the investigation of the enzyme catalyzed degradation of hyperbranched polyesters. 

Systematic study of the enzymatic degradation of hyperbranched polyesters has not yet been 

reported in the literature. For the first time in this study we have thoroughly investigated the 

degradation mechanism of hyperbranched polymers. 

Enzymatic degradation experiments were performed in phosphate buffer in the presence of 

the following lipases (see Table 5 for more details of lipases): Candida cylindracea, 

Pseudomonas cepacia, Novozym 388, Amano CE, Lipomod 34P, and Cal-B, whereas control 

experiments were performed in the same system without lipase. The detailed experimental 

procedure is given in section 3.2.4. The extent of polymer degradation was determined by 

quantifying the released free fatty acids by gas chromatography. The influence of the alkane 

chain length and the number of alkane chain end groups on the lipase catalyzed hydrolysis of 

esterified hyperbranched polyesters was investigated systematically. The effect of temperature 

and pH on the rate of degradation was also investigated. Surface morphological changes that 

have been occurred during the degradation were assessed by reflection electron microscopy. 

The changes in the crystallinity of polymers after subjected to the degradation were 

qualitatively determined by differential scanning calorimetry by quantifying the amount of 

enthalpy of melting.  

4.2.1 Comparison of different lipases 
As a first step, the influence of different enzymes on the degradation was studied by using 

several commercially available lipases. All experiments were carried out with the HBPE-I for 

24 hrs, enzyme concentration being maintained at 57.5 U*/ml. After 24 hrs the samples were 

analyzed for the free fatty acid concentration. The corresponding gas chromatograms of 

released free fatty acids from the degradation of HBPE–I in buffer as well as in lipase solution 

together with pure fatty acids are presented in Figure 23. 

                                                 
* 1 U corresponds to the amount of enzyme which liberates 1 μmol of fatty acid per minute 
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Figure 23: Gas chromatograms of released free fatty acids from the degradation of HBPE–I (a) buffer 
solution (b) lipase solution and (c) pure fatty acids 

 

HBPE-I contains C16 and C18 chains as end groups (see Table 7). Obviously one can 

expect the degradation products to be palmitic and stearic acids and the monomeric units, if 

any degradation of the core material takes place. Indeed, the peaks at ca. 15 and 18 minutes 

labeled as FFA 16 and FFA 18 correspond to the palmitic and stearic acids respectively as 

proved by injection of the pure acids at the same conditions. The calibration was done using 

n-tetra decane as internal standard (peak IS). Theoretically, 57 wt% of the fatty acids are 

present in the HBPE-I. This value is set to 100% for the degradation experiments and the 

relative amount of fatty acid which is released by hydrolysis or enzymatic degradation is 

calculated outgoing from this value. It is worth mentioning that several research groups have 

reported the discrepancies associated with the experimentally determined number of end 

groups, number average molecular weights and degree of branching of hyperbranched 

polymers with that of the theoretical values (Burgath et al., 2000; Mackay et al., 2002; Žagar 

et al., 2002). For the calculation of the amount of fatty acids present in the polymer, the 

experimental values of molar mass of core polymer and number of hydroxyl groups from 

Žagar et al. are considered. 
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Figure 24: Enzymatic degradation of HBPE-I with the action of various lipases (mean ± S.D., n=3) in 
pH= 5 buffer solution at 37 °C. The enzyme activity = 57.5 U/ml. 

 

The amount of the fatty acids released in the presence of various lipases is presented in 

Figure 24. From the result it is obvious that the catalytic activity towards the hyperbranched 

polyesters strongly depends on the source of the lipase. The lipase from Candida cylindracea 

(Lipase CC) showed the strongest activity by cleaving 23 % of fatty acid groups (scaled to 

100% as mentioned above). The difference in the catalytic performance of the lipases towards 

HBPE-I could be explained by the different binding capacities of the lipases, since it is known 

that each lipase has the same catalytic behavior but the binding capacity to the substrate varies 

from lipase to lipase depending on the microbial source of enzyme (Mochizuki et al., 1997). 

Also here the lipases are acting on an unusual solid substrate, which is different to their 

normal mode of action at oil/water interfaces to hydrolyze triglycerides. Nevertheless, 

significant amounts of hydrolysis were observed. Based on these results, further experiments 

were performed using the lipase Lipomod 34P, because of its good availability. 
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4.2.2 Time dependence of the enzymatic degradation  

 
Figure 25: Degradation of HBPE-I with the action of Lipomod 34P in pH 5 buffer solution at 37 °C 
during one week (mean ± S.D., n=3). 

 

The degradation of HBPE-I was investigated in the presence of Lipomod 34P for a period 

of one week by monitoring the amount of the free fatty acids in solution. The amount of the 

released free fatty acids as a function of time is presented in Figure 25. All points are the 

average of three measurements, the standard deviation given in the figure being less than 5 % 

of the absolute concentration at any particular time. The enzymatic degradation of HBPE-I 

increases with the time and 33 % of the fatty acids are released after seven days. The amount 

of the non-enzymatic degradation was negligible during the one week period. 

It is known from the literature that the surface erosion mechanism would be the predominant 

mechanism in the enzymatic degradation of insoluble hydrophobic substrates (Mochizuki et 

al., 1997; Azevedo et al., 2005). It is assumed that the same mechanism might be involved in 

the enzyme catalyzed degradation of these modified hyperbranched polyesters. As the 

degradation process proceeds, fatty acids are released from the polymer leaving the core 

polymer with hydroxyl groups as end groups. The core material is a hydrophilic polymer and 

the enzyme may not bind to its surface, because the hydrophilic and lipophilic balance of the 

substrate should be at its optimum level in order to achieve a good enzyme activity. 
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4.2.3 Effect of the end group type 

 
Figure 26: Enzymatic degradation of HBPE-III and HBPE-IV (same degree of esterification, but 
different end groups) in presence of Lipomod 34P at 37 °C, pH= 5, (mean ± S.D., n=3). 

 

The effect of the type of end groups on the enzymatic degradation of HBP was investigated 

by selecting the HBPE-III and HBPE-IV with C16/18 and C20/22 fatty acid esters as end 

groups respectively (Figure 26). The degree of esterification of polymers is given in Table 7, 

although degree of esterification of two polymers differs by 5 %, the degradation results were 

compared with each other. In both cases the substrate and lipase concentrations were same 

and the experiments were carried out under identical conditions as described in the 

experimental section. The degradation of HBPE-IV was extremely low compared to HBPE-

III. Just by increasing the chain lengths of the fatty acid ester end groups by four methylene 

groups on the surface of the hyperbranched polyester (C20/22 vs. C16/18), the whole 

degradation behavior of the HBPE was changed, both in buffer and in the presence of lipase. 

Only 0.5 wt% of the fatty acids was released from the enzymatic degradation of HBPE-IV in 

24 hrs and nearly the same amount was observed without the action of enzyme. The possible 

reason for the slow degradation of HBPE-IV is the conformational arrangement of the 

polymer molecule which seems to be not suitable to fit into the active site of an enzyme, due 

to the presence of more bulky groups on the surface. It is known, that some lipases are so 

specific for a given substrate, that they do not tolerate any structural or configurational 

changes in the substrate molecule (Mochizuki et al., 1997). The polymer structure must be 
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flexible enough to mould itself to fit into the active site of the enzyme and any small changes 

in the polymer structure could affect the enzyme attack adversely. The increase in the fatty 

acid chain length may cause a change in the structural or crystalline behavior of the solid 

polymer. The qualitative measurement of the amount of crystallinity has revealed that the two 

polymers are similar in terms of crystallinity, so the increase in the alkane chain length could 

possibly decreased the adsorption of enzyme on to the polymer surface. 

4.2.4 Influence of the degree of esterification 

 
Figure 27: Degradation of hyperbranched polyesters containing different amounts of C16 and C18 
fatty acid esters as end groups at 37 °C, pH=5, time t = 24 hrs (mean ± S.D., n=3) 

 

In order to investigate the influence of the number of alkane chains on the enzymatic 

degradation, the degradation of the three products HBPE-I, HBPE-II, and HBPE-III having 

different degrees of esterification was compared (Figure 27). See Table 7 for the properties of 

polymers. HBPE-III showed higher degradation compared to HBPE-I with and without the 

action of Lipomod 34P, whereas HBPE-II has shown less degradation compared to the other 

two polymers. The result suggests that there is no obvious relationship between degree of 

esterification and the amount of degradation. It could be possible that, the spatial arrangement 

of the alkane chains on the polymer surface might play an important role in the adsorption of 

the enzyme. So, HBPE-II might be different from the other two polymers, and thus exhibited 

low degradation.  
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4.2.5 Influence of lipase concentration on the enzymatic degradation 
The influence of the concentration of enzyme on the degradation of hyperbranched 

polyester was investigated for HBPE-I in presence of Lipomod 34P at different concentrations 

ranging from 0.575 to 575 U/ml (Figure 28). 

 
Figure 28: The influence of lipase concentration on the enzymatic degradation of HBPE-I (mean ± 
S.D., n=3) at 37 °C, pH = 5, time t = 24 hrs. 
 

The nonlinear increase of the degradation of HBPE-I was observed with the increase of the 

enzyme concentration in the solution. Firstly, the degradation of polymer takes place very fast 

up to an enzyme concentration of 57.5 U/ml. After this even the 10 fold increase of the 

enzyme concentration does not result in any further increase of the degradation. For a given 

specific surface area of the substrate, only a specific amount of enzyme is adsorbed on the 

substrate and the rest of the enzyme is no more involved in the hydrolysis of ester bonds. This 

is well in agreement with the results reported in the literature for linear polyesters (Walter et 

al., 1995). 
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4.2.6 Effect of temperature 

 
Figure 29: Influence of temperature on the degradation of hyperbranched HBPE-I, with and without 
Lipomod 34P in pH 5 buffer after 24 hrs (mean ± S.D., n=3). 

 

The influence of temperature on the enzymatic degradation of HBPE-I is presented in 

Figure 29. As the temperature increased the rate of degradation also increased in the presence 

of lipase up to 37°C, this is due to the increased activity of the Lipomod 34P. In the case of 

pure buffer, the maximum degradation is observed at 28°C. It can be explained based on the 

molecular motion of the polymer chains. The glass transition temperature of the polymer is 

around -50°C, so the polymer is in the rubbery state at room temperature. At 28°C, perhaps 

the molecular mobility of the polymer chains is in such a way that the maximum amount of 

water might have reached the polymer surface and resulted in the highest degradation. Where 

as beyond this temperature further increased mobility of the chains might have covered the 

entire polymer surface and decreased the water molecules to reach the ester bonds and 

resulted in the decreased degradation above 28°C. On the other hand, the increased 

hydrophobicity of the polymer surface might have enhanced the binding of enzyme and 

resulted in the more degradation. It is apparent from the large difference in the degradation of 

HBPE-I with and without the action of Lipomod 34P at 37°C. 

At higher temperatures, 45 and 50°C, large decrease in the enzymatic degradation is observed. 

Even though, Lipomod 34P is more active in the temperature range of 40 – 55°C (provided by 

the manufacturer), above 41°C the polymer starts to melt and this causes the polymer to form 
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large droplet which inherently reduce the chances of enzyme to reach the polymer surface. As 

a result low rate of enzymatic degradation of polymer is observed at high temperatures. 

4.2.7 Influence of pH 
The degradation kinetics of many pharmaceutically relevant polymers is highly influenced by 

the pH of the micro-environment. Hydrolysis rates can vary by orders of magnitude at 

different pH values (Siepmann et al., 2001). The influence of pH on the degradation of 

HBPE-I is presented in Figure 30 in the presence of different lipases. 

 
Figure 30: Effect of pH on the degradation of HBPE-I at 37°C for 24 hrs in the presence of various 
lipases. 
 
In the absence of lipase i.e.) in pure buffer solution, the amount of the fatty acids released are 

8 and 15 wt% in pH 5 and pH 7.2 respectively. The results show that the non specific 

hydrolysis of polymer is suppressed considerably in acidic conditions. In the presence of 

lipase the amount of the fatty acids released is the combined effect of non specific hydrolysis 

and enzyme catalyzed hydrolysis. The results showed that, the amount of fatty acids released 

in the presence of Lipomod 34P are 20 and 15 wt% in pH 5 and pH 7.2 respectively, 

indicating that the lipase is highly active in pH 5. These results are very well in agreement 

with the obtained release results of the drugs (Figure 37). 

Even though lipase CC showed highest activity in the hydrolysis of HBPE-I, in both pH 

solutions, it is not selected for further experiments due to its expensiveness. The activity of 
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Novozyme 388 in hydrolyzing HBPE-I is significant in pH 5, whereas in pH 7.2 its activity is 

completely reduced. 

4.2.8 Surface morphology 
The structural and morphological changes of the polymers during the enzymatic degradation 

were investigated by reflection electron microscopy (REM) and X-ray diffraction methods 

respectively. The obtained REM pictures of the surface of HBPE-I microparticles before and 

after enzymatic degradation are presented in Figure 31. 

 

 

(a) Before degradation (as received) 
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(b) Subjected to degradation in buffer solution 

 

(c) Subjected to degradation in lipase solution 

Figure 31: Reflection electron microscopic pictures of HBPE-III under different conditions after 24 
hrs (a) before degradation (as received), (b) subjected to degradation in buffer solution, and (c) 
subjected to degradation in lipase solution 
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From the surface analysis one can see the clear difference in the particle surface after the 

polymer has been subjected to degradation. Before the degradation, the polymer surface was 

quite smooth (Figure 31a) and after degradation in buffer solution the surface became slightly 

rough (Figure 31b), where as after the enzymatic degradation the surface became very rough 

(Figure 31c). The result qualitatively suggests that the polymers were truly enzymatically 

degraded. The changes in crystallinity can be observed by XRD measurements. X-ray 

diffractometer scans of pure hyperbranched polyesters are presented in Figure 32. The results 

showed that the crystallinity of polymers did not change significantly either with the degree of 

esterification of polymer or with the type of fatty acids. The measurements with the polymers 

after subjected to the degradation were not successful since the polymer concentration 

(15mg/ml) in the suspension was too low to perform the XRD experiments. Alternatively 

DSC analysis was utilized to characterize the changes in the crystallinity of the polymers, 

because it requires only small amount of sample (5-6 mg). The enthalpy of fusion or melting, 

which indicates the crystallinity of polymers, changed significantly with the time of 

degradation. The enthalpy of fusion or melting of HBPE-III, ΔHm, increased from 79 J/g to 90 

and 94 J/g with and without the action of Lipomod 34P in 7 days period (Table 10).  

 
Time (hrs) Enthalpy of fusion2 

ΔHm J/g 

Melting temperature (°C) 

Tm, peak 

 Buffer Lipomod 34P Buffer Lipomod 34P 

01 79.01±0.79 79.01±0.79 43.8 43.8 

24 86.61±0.86 86.49±0.86 42.7 42.7 

48 84.28±0.84 87.39±0.87 42.9 42.5 

96 88.33±0.88 88.81±0.88 42.6 42.3 

168 90.43±0.91 94.50±0.94 42.0 42.5 

Table 10: Change of enthalpy of fusion and melting temperature of HBPE-III with and without the 
action of Lipomod 34P  
1 Polymer as received 
2 The error is ±S.D., n=3 

The possible reason is that the crystalline region might have increased with the extent of 

degradation, due to the increased space for the rearrangement of the remaining alkane chains. 

It could be due to the fact that the enzymatic degradation preferably took place in the 

amorphous region, as in the case of linear biodegradable polymers. It is widely accepted that 

the less orderly arranged amorphous region is more easily accessible by the enzyme compared 

to the highly ordered crystalline region. Melting temperature of the polymers did not change 
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after the degradation process. The error in the determination of heat of fusion was around 1% 

in the absolute amount. 

 
Figure 32: X-ray diffractometer patterns of the pure hyperbranched polyesters 

4.2.9 Enzymatic degradation of core material 
After free fatty acids were released the next degradation step is the degradation of core 

polymer. Boltorn H30 is the core material for the hyperbranched polyesters I to IV and 

consists of the polyester of the dihydroxycarboxylic acid, 2,2-bis(hydroxymethyl) propionic 

acid. Theoretically the polymer contains 12 hydroxyl groups on its surface (Žagar et al., 2006) 

and is considerably hydrophilic in nature. Enzymatic degradation of this core molecule was 

investigated in order to see whether it could also act as a substrate for the enzymes. It was 

subjected to the same degradation conditions as described in the experimental section. The 

amount of the degradation was determined by monitoring the concentration of the monomer 

(2,2-bis(hydroxymethyl) propionic acid) in the supernatant solution by HPLC. Figure 33 

shows the results of the enzymatic degradation of Boltorn H30 with the action of Lipomod 

34P for a period of two days. The polymer was found not to be degraded by the lipase action. 

The amount of bis-MPA at the beginning is about 4.8 wt%, and after 48 hrs very little 

difference was observed with and without the action of Lipomod 34P. The reason for the poor 

lipase activity is either the absence of hydrophobic binding interaction sites on the polymer 

surface or the steric hindrance of the polymer. 
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Figure 33: The degradation of Boltorn H30 in pH 5 buffer at 37 °C. 

4.2.10 Summary of results of enzymatic degradation of hyperbranched polymers 
 
The lipase catalyzed hydrolysis of four hyperbranched polyesters esterified with long chain 

fatty acids has been investigated.  

• It is found that the specificity of the enzyme towards the hydrolysis of hyperbranched 

polyesters is significantly influenced by the source of enzyme. Among the six 

investigated lipases, the Lipase from Candida cylindracea (Lipase CC) and Lipomod 

34P have shown highest ester hydrolysis activity.  

• Enzymatic degradation of polymers increases with the increase of the lipase 

concentration until the saturation is reached.  

• The increased lipase catylyzed hydrolysis is observed with increasing the temperature 

from 20 to 37°C and beyond this increase of temerpature resulted in a decreased 

hydrolysis rate.  

• Non-specific hydrolysis increases with increasing pH from 5.0 to 7.2, whereas lipase 

catylyzed hydrolysis decreased. 

• The type of end groups, on the hyperbranched polymer surface, has played a critical 

role in the lipase catalyzed hydrolysis.  
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Thus, one may be able to tailor the rate of degradation of hyperbranched polyesters by 

tailoring the end groups. The reproducibility of the experiments was remarkably good and the 

standard deviation is less than 5% in all cases. 
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4.3 Melt dispersion method - encapsulation of drugs 
Melt dispersion method was shown to be the promising method for the preparation of 

hyperbranched polymer microparticles (see 4.1.3). In the previous section, the enzymatic 

degradation of hyperbranched polymers is presented. In this section, the incorporation of 

drugs is described. First a model substance is encapsulated and further on the method is 

extended to encapsulate other drug substances. 

4.3.1 Encapsulation of model substance 
The drug used as primary model substance is in powder form with average particle size of 

1.5µm and is highly soluble in water. With the selected model drug, the parameters such as 

stirring speed, drug concentration and cooling rate of emulsion droplets are optimized to get 

maximum encapsulation efficiency and narrow particle size distribution. Two types of stirrers 

are employed for the emulsification process: (1) pitched blade turbine with six blades, (2) 

rotor-stator stirrer. 

4.3.1.1 Stirring speed 
One of the most important process parameter in the emulsification processes is the stirring 

speed. The influence of stirring speed and type of stirrer on the microencapsulation processes 

have been reported previously (Pacek et al., 1999; Jégat et al., 2000; Galindo-Rodríguez et al., 

2005). However, it is important to investigate the effect of stirring speed on microparticles 

size and encapsulation efficiency for every specific system under investigation. The 

microparticles are prepared at three different stirring speeds and the results are presented in 

Table 11. Increasing the stirring speed generally results in decreased microparticle size, as it 

produces smaller emulsion droplets through stronger shear forces and increase turbulence. At 

the stirring speeds of 1000 and 1400 rpm, with the pitched blade type turbine stirrer very 

broad microparticle size distributions are obtained. It shows that the emulsification process is 

not uniform that means the polymer phase is heterogeneously dispersed in the continuous 

phase. The reason could be that the amount of the shear rate or power input by stirrer might 

not be sufficient to disrupt the emulsion droplets due to the high viscosity of polymer phase. 

This type of stirrer is more effective for the emulsification of low viscous phases, especially 

like in solvent evaporation and coacervation methods.  
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Concentration of drug in 
formulation, [wt %] 

 
Speed 
[rpm] 

 
Particle 

size [µm] Theoretical Incorporated 

 
Encapsulation 
efficiency [%] 

1000 100 -1000 20.0 16.8 84.0 

1400 100 - 750 20.0 12.7 63.5 

40001 10 - 150 20.0 9.2 45.9 

Table 11: Influence of stirring speed on encapsulation efficiency and particle size at a drug 
concentration of 20 wt% 
1 rotor-stator stirrer 
 

Concentration of drug in 
the formulation [wt %] 

 
Speed 
[rpm] 

 
Particle 

size [µm] Theoretical Incorporated 

 
Encapsulation 
efficiency [%] 

1400 30 - 350 12.5 10.6 84.8 

2000 10 - 200 12.5 7.8 62.4 

40001 10 - 70 11.0 5.8 52.7 

Table 12: Influence of stirring speed on encapsulation efficiency and particle size at a drug 
concentration of 12.5 wt% 
1 Rotor-stator stirrer with 11 wt% of drug concentration 
 
The use of a high shear device such as rotor-stator stirrer to obtain small microparticles is 

wide spread in emulsification processes (Puel et al., 2006). With the rotor-stator type stirrer 

small microparticles are obtained with a size range of 10 to 100µm (Figure 34). The 

encapsulation efficiency of the drug decreased drastically with the increased stirring speed. 

The reason is the high partitioning of the drug into the continuous phase, due to the increased 

turbulence in the system.  



Results and discussion 

 66

 
Figure 34: drug loaded hyperbranched polyester microparticles with a stirring speed of 4000 rpm 

4.3.1.2 Drug concentration 
The concentration of drug in the polymer phase also plays important role in the microparticles 

size and encapsulation efficiency. In order to investigate the influence of this parameter, three 

drug concentrations are selected and microparticles are prepared at a fixed stirring speed.  

 
Concentration of drug 

[wt %] 
 

D:P1 
 

Particle 
size [µm] Theoretical Incorporated 

 
Encapsulation 
efficiency [%] 

1:2 Irregular 
particles 

NA -- NA1 

1:4 100 - 750 20.0 12.7 63.5 

1:7 30 - 350 12.5 10.6 84.8 

Table 13: Influence of drug to polymer ratio on encapsulation efficiency and particle size at a stirring 
speed of 1400 rpm (pitched blade stirrer) 
1 D:P – Drug:Polymer ratio in g/g  
 
At low stirring speed, as drug to polymer ratio decreases, the encapsulation efficiency 

increases because the drug is covered by the large amount of a hydrophobic matrix and the 

diffusion of the drug into the continuous aqueous phase is reduced. At high stirring speed the 
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encapsulation efficiency is significantly reduced. The possible reason could be that the 

presence of high shear rates enhances the partitioning of the drug into the continuous phase. 

 
Concentration of drug 

[Wt %] 
 

D:P1 
 

Particle 
size [µm] Theoretical Incorporated 

 
Encapsulation 
efficiency [%] 

1:4 10 - 150 20.0 9.2 45.9 

1:8 10 - 70 11.0 5.8 52.7 

Table 14: Influence of drug to polymer ratio on encapsulation efficiency and particle size at a stirring 
speed of 4000 rpm. 
1 D:P – Drug:Polymer ratio in g/g 

4.3.1.3 Influence of temperature 
 
It is believed that the temperatures of the continuous as well as disperse phase have an 

influence on the melt dispersion method.  

Continuous phase temperature 

It has been found that the continuous phase temperature had no significant effect on the drug 

loading or encapsulation efficiency in the range of 45 to 58°C. However, it was not possible 

to emulsify the disperse phase into the continuous phase at a temperature lower than the 

melting temperature of the polymer. Thus, the temperature of the continuous phase had to be 

kept 5 to 10°C above the melting point of polymer in order to avoid the premature 

solidification of the emulsion droplets.  

Concentration of drug 
[Wt %] 

Temperature [°C] 

Theoretical Incorporated

Encapsulation 
efficiency [%] 

48 20.0 10.0 50.0 

50 20.0 9.9 49.5 

58 20.0 9.2 45.9 

Table 15: Effect of continuous phase temperature on the encapsulation efficiency 
 

Disperse phase temperature 

The temperature of the disperse phase is expected to have a strong influence on microparticles 

size and surface morphology. Since the viscosity of the polymer strongly depends on 

temperature. The measured viscosity of pure polymer at 55°C is 10 times higher than the 

value at 85°C (see Table 6). So, the temperature of the disperse phase is fixed at 85°C. 
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4.3.1.4 Cooling rate of emulsion droplets 
The cooling rate of emulsion droplets is an important process parameter in the case of highly 

water soluble drugs (Bodmeier et al., 1992b) which could readily and completely partition 

into the continuous phase. In fact, the rate of cooling not only affects the drug loss but also 

influences the crystalline nature of the polymers and drugs in the solidified microparticles and 

hence different polymorphic transitions could be possible (Eldem et al., 1991). Because of the 

high water solubility of the selected model drug (14 mg/ml at 20°C), the contact time between 

emulsion droplet and continuous phase had to be minimized in order to avoid the drug loss 

and to maximize the encapsulation efficiency. So, the emulsification is done for 30 seconds. 

In Figure 35, the influence of the cooling rate of the emulsion droplets on encapsulation 

efficiency of the model drug is plotted for HBPE-I. The encapsulation efficiency decreased 

from 78% to 46% with the increased coolant temperature from 2°C to 22°C in the case of 

HBPE-I microparticles. The high encapsulation efficiency is obtained with the rapid cooling 

of the emulsion droplets. Due to the rapid cooling of the microemulsion the droplets solidify 

very fast and reduce the partitioning of the drug into the continuous phase.  

 
Figure 35: Influence of rate of cooling of emulsion droplets on encapsulation efficiency 
 

The cooling curve for a typical MDM process with HBPE-I is shown in the Figure 36. The 

cooling curves are determined by measuring the rate of change of temperature with PT 100 

temperature sensor and with the help of LABVIEW program after the addition of cooling 

water to the emulsion system. 
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Figure 36: Cooling curve for the drug loaded microparticles prepared from HBPE-I with a coolant 
temperature of 10°C. 
 

4.3.2 In vitro release kinetics 
Drug loaded hyperbranched polymer microparticles have been prepared by using different 

polymers under identical conditions by melt dispersion method as described in experimental 

section 3.2.2.1. The in vitro release experiments are performed with the produced 

microparticles in presence of buffer as well as in lipase solution. The detailed description of 

the method is given in 3.2.3. The effect of various parameters including polymer properties, 

type and concentration of lipase, presence of surfactants and additives etc. on the release 

behaviour of drug is investigated. 
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4.3.2.1 Effect of pH  
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Figure 37: pH effect on the release of drug from HBPE-I – drug microparticles 
 
The pH of the dissolution medium has a significant influence on the release rate of drugs as 

well as on the degradation of polymer matrix. Thus, it is interested to investigate the effect of 

pH on the release rate of the encapsulated drug. The microparticles are prepared using HBPE-

I and SLES as surfactant. Release experiments are performed in pH 5 and pH 7.2 in buffer† 

and in presence of lipase‡. The obtained release profiles are presented in Figure 37. The lipase 

is Lipomod 34P and the concentration is 0.5 mg of lipase/ml of buffer. The same lipase with 

the same concentration is utilized in all the experiments, until unless it is mentioned.  

In buffer solution, the release of the drug increased with the increased pH of the medium, it 

could be due to the increased non specific hydrolysis of the HBPE-I in pH 7.2 compared to 

pH 5. The enhanced release in the presence of lipase is clearly observed at pH 5, where as in 

pH 7.2 the effect of lipase on the release of drug is almost negligible. This could be due to the 

increased lipase activity with the decreased pH of the medium. The same result is proved with 

the pure polymers during the enzymatic degradation studies (see Figure 30). The results 

suggested that the Lipomod 34P is highly active in hydrolyzing the HBPE-I at pH 5. Hence 

pH 5 is selected for conducting the drug release experiments with the hyperbranched 

polymers.  

                                                 
† Release in buffer represents the release of drug in the pure buffer solution 
‡ Release in the presence of lipase means the same system as buffer, but with 0.5 mg of lipase/ml of buffer 
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4.3.2.2 Influence of type of Lipase 
 
The dependence of the type of lipase on release rate of drug from the microparticles is 

investigated by considering four lipases. The lipases, derived from various sources, namely 

Lipomod 34P, Lipomod 691P, Lipomod 726P, and the lipase from Candida cylindracea, (see 

Table 5) are selected. The microparticles prepared from HBPE-I using SLES as surfactant are 

selected and the release experiments are performed in the presence of selected lipases. The 

obtained results are compared in Figure 38. 
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Figure 38: Release of drug from the drug loaded HBPE-I microparticles in the presence of different 
lipases 
 

Among the four lipases Lipomod 34P and lipase from Candida cylindracea have the same 

origin of production. So they both have shown a similar effect on the release rate of drug and 

it is higher compared to the release of drug in pure buffer solution. While in the case of other 

two lipases the release rate of drug is same or even less compared to the release in pure buffer 

solution. Thus, it is concluded that the lipase catalyzed hydrolysis of the polymer is really 

dependent on the source of lipase. Lipomod 34P is selected for the further release 

experiments, because of its good availability. 
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4.3.2.3 Effect of polymer properties 
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Figure 39: Effect of degree of esterification on the release of drug, Surfactant-1 
 
In Figure 39, the release profiles of the drug from HBPE-I, HBPE-II and HBPE-III 

microparticles are compared. All the microparticles are prepared by using Surfactant-1. From 

the release profiles it is observed that the release of drug from the microparticles containing 

HBPE-III is very low and is only about 5-7% in 22 hrs. This can be explained based on 

polymer properties (see Table 7). It is clear that all the polymers have the same kind of end 

groups (C 16 and 18), but the only difference is their number on the polymer surface. From 

this information it is assumed that the hydrophobic nature of polymers increases in the 

following order HBPE-I <HBPE-II <HBPE-III. So, HBPE-III more hydrophobic than the 

other two polymers and as a result slow release of drug. Thus, the drug release rates can be 

modified by manipulating the polymer architecture to adjust the hydrophobic nature.  
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R2 = 0.9852
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Figure 40: comparison of the release of drug from the drug loaded microparticle with respect to the 
number of alkane chains on polymer surface 
 
The percent drug release after 22 hrs is plotted against the number of alkane chains (Nalk) in 

Figure 40. With the increase of the number of alkane chains on the polymer surface the 

release of the drug from the microspheres decreased both in buffer and in lipase solutions. In 

buffer solution, this is due to the increased hydrophobicity of the matrix material. Whereas in 

the presence of lipase in general the increased hydrophobicity of the polymer should enhance 

the lipase activity, hence higher release of drug. But, the contradictory result is observed. The 

possible reason could be the steric hindrance of the alkane chains. From the enzymatic 

degradation experiments, with the pure polymers (see Figure 27), the same result is obtained 

that is the decreased lipase activity with the increased number of alkanes on the polymer 

surface. The large difference in the release of drug with 50% degree of esterification (6 alkane 

chains) in buffer and in lipase solutions suggests that the lipases require a substrate with 

suitable hydrophilic-lipophilic balance. 

Drug release profiles from the microparticles prepared by using the same polymers, but 

without any surfactant, are presented in appendix 6.3. The release behavior of the drug is very 

much similar as it is discussed here. 
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Figure 41: Effect of type of fatty acids on the release of drug from the microparticles prepared by 
HBPE-III and HBPE-IV 
 
In Figure 41 the release of drug from the microparticles prepared by using HBPE-III and 

HBPE-IV are compared. The microparticles are prepared without any surfactant. HBPE-III 

and HBPE-IV contain C16 & C18 and C20 & C22 alkane chains as end groups respectively. 

Although there is a 5% difference in degree of esterification (see Table 7), the absolute 

number of alkane chains is nearly same in both polymers. Only 5 % of the encapsulated drug 

is released from the microparticles prepared with HBPE-IV and slightly higher release is 

observed with HBPE-III. Due to the extreme hydrophobic nature of the polymers, the 

wettability of the microparticles by the dissolution fluid was very low. Thus, the release of 

drug is very low. The results also showed that, enzymatic hydrolysis is more pronounced in 

case of HBPE-III. The reason could be due to the less steric hindrance of short chain alkanes 

on HBPE-III. For the first time, here we demonstrate the effect of side chains on the 

enzymatic degradation of hyperbranched polyesters. 

4.3.2.4 Effect of surfactants 
 
Surfactants present on particles surface 
 
Surfactants are usually used to stabilize the colloidal dispersions in emulsion based techniques 

during the preparation of micro and nanoparticles. Besides this, they are largely used in 

various drug dosage forms to control wetting, stability, bioavailability, and among other 

properties in pharmaceutical formulations, especially in tablets preparations. Numerous 
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studies have been devoted to find out the effect of surfactants on the dissolution rate of drugs 

(Feely et al., 1988; Buckton et al., 1991; Efentakis et al., 1991; Sjokvist et al., 1992; 

Nokhodchi et al., 2002; Feczkó et al., 2008). The increase in the dissolution rate with the 

incorporation of surfactant could be attributed to the ability of the surfactant to reduce the 

interfacial tension between the solid microparticles and the dissolution medium and hence 

improve the wettability of the microparticles. It appears, therefore, that there are two ways in 

which the dissolution rate of drugs can be imporved. Firstly, by incorporating the surfactant 

during the preparation of microparticles and, secondly, by introducing the surfactant in the 

dissolution medium. 

In order to investigate the first mechanism, the influence of surfactants on the release rate of 

drug, various surfactants are selected and the microparticles are prepared by using MDM as 

described in the experimental section. All batches of microparticles are prepared under 

identical conditions only by changing the surfactant using HBPE-I. The employed surfactants 

are SLES (anionic, S1), Surfactant-1 (non-ionic, S2), Surfactant-2 (non-ionic, S4) and 

particles without the use of surfactant (S3) are also prepared for comparison. In vitro release 

experiments are performed and the obtained results are presented in Figure 42. The 

corresponding light microscopic pictures of the microparticles are given in Figure 43. 
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Figure 42: Effect of surfactants on the release of drug, the drug loaded polymer microparticles are 
prepared with different surfactants. S1 – SLES, S2 – Surfactant-1, S3 – NO SURFACTANT, S4 – 
Surfactant-2 
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The type of surfactant has significant influence on the release as well as on the degradation of 

polymer matrix. The anionic surfactant (SLES) results in diffusion controlled release profile 

and non-ionic surfactants (Surfactant-1 and Surfactant-2) result in linear release. More over 

the wettability of particles by the dissolution medium also depends on the type of surfactant. 

The other possible reason for the differences in the release profiles is the variations in the 

particle size distribution of the microparticles. From the light microscopic analysis, it is 

observed that the microparticles prepared with SLES and Surfactant-2 were less than 70µm 

(Figure 43 A&D), whereas particles prepared with Surfactant-1 were considerablily larger 

with a size range of 30 to 150µm (Figure 43 B). Most of the particles prepared without any 

surfactant were smaller than 70µm, with few larger particles (Figure 43 C). 

The effect of surfactants on release rate is not only observed with this particular polymer, but 

also observed with the other investigated hyperbranched polymers, such as HBPE-II and 

HBPE-III. The corresponding release profiles of drug with these polymers can be found in the 

appendix 6.3.  

(A) (B) 

(C) (D) 
 
Figure 43: Light microscopic pictures of HBPE-I – Drug formulations prepared with different 
surfactants (A) SLES, (B) Surfactant-1, (C) No surfactant, and (D) Surfactant-2 
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From the results, it can be concluded that in designing a drug delivery system, one has to 

consider the effect of surfactants on the release behavior of drugs. The wettability of the 

microparticles by the dissolution medium was good with the SLES (HLB§ =40), but the 

increased non-specific hydrolysis of the hyperbranched polymer and the decreased lipase 

activity were not the desired features for the final microparticles formulation. So, in this study 

most of the work was carried out by using Surfactant-1 (HLB=10) as the surfactant, because 

the enzymatic degradation of the hyperbranched polymer was not influenced by the presence 

of surfactant. 

 
Surfactants in the dissolution medium 
 
To investigate the second mechanism, the presence of surfactants in the dissolution medium, 

the experiments were undertaken by incorporating anionic (SLES) and non-ionic (Surfactant-

1) surfactants in the dissolution medium. The experiments are performed with drug loaded 

HBPE-I microparticles prepared without any surfactant. The obtained release profiles are 

presented in Figure 44.  

One can observe from the Figure 44 that the addition of surfactants to the dissolution medium 

resulted in the increased release of drug. The release profile of drug in the presence of 

Surfactant-1 and without the surfactant followed the linear release, whereas the release in the 

presence of SLES followed the biphasic profile: the initial burst release is followed by the 

slower constant release. Due to the presence of surfactants in the dissolution medium the 

polymer surface will be immediately covered by the surfactant, therefore giving the surface a 

strong hydrophilic character, in other words increased wettability. This inherently increases 

the non-specific hydrolysis of the ester bonds and the normal diffusion of the drug through the 

polymer matrix. As a result increased release rate of drug in buffer solution is observed in 

presence of surfactant. The catalytic activity of the lipase is diminished in the presence of 

surfactant, since the lipases need the hydrophobic character of the surface to attack the surface 

effectively (Walter et al., 1995).  

 

                                                 
§ HLB: hydrophilic – lipophilic balance is the measure of the hydrophilicity of the surfactant 
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Figure 44: Release of drug from the drug loaded HBPE-I microparticles prepared without any 
surfactant and the release experiments are performed in the presence of external surfactants SLES and 
Surfactant-1 
 
In the heterogeneous system, it has been reported that the enzymes have a hydrophobic 

domain as a binding site to adhere hydrophobic substrate in addition to a catalytic domain as 

an active site. The heterogeneous enzymatic degradation takes place via two steps of 

adsorption and hydrolysis. The hydrophobic domains of enzyme adhere to solid substrate by 

hydrophobic interactions before hydrolysis by catalytic domains (Mochizuki et al., 1997). 

Since the anionic (SLES) surfactant is more hydrophilic (HLB =40) than the non-ionic 

(Surfactant-1) surfactant (HLB =10) the higher release rate of drug is observed in the former 

one, due to the more wettability of the particles by the dissolution fluid (Efentakis et al., 

1991). 

The purpose of the anylsis given below (Figure 45 and Figure 46) is to understand the two 

proposed mechanisms and to identify which is of greatest significance. 
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Figure 45: Comparison of release profiles of drug from HBPE-I microparticles in the presence of 
anionic surfactant. Case (a) the formulation prepared without surfactant and the release experiment is 
performed in the presence of surfactant (1 wt% SLES) in the dissolution medium. Case (b) the 
formulation is prepared using 1 wt% SLES and the release experiment is performed without surfactant 
in the dissolution medium. 
 

In Figure 45 the release profiles of drug from the drug loaded HBPE-I microparticles are 

compared for two cases: 

Case (a) the microparticles are prepared without surfactant and the release experiment is 

performed in the presence of surfactant (1 wt% SLES) in the dissolution medium 

Case (b) the microparticles are prepared using 1 wt% SLES and release experiment is 

performed without surfactant in the dissolution medium. 

In case (b) even though 1 wt% of SLES is used for the preparation of particles it is expected 

that only a little amount of SLES is present on the final microparticles surface, because most 

of the surfactant is washed away during the processing of the particles. So it is obvious that 

more surfactant is present in case (a) than in case (b). 

In case (a) the high concentration of SLES makes the polymer surface more hydrophilic. This 

improves the wettability of the formulation and there by the release of drug in buffer solution 

shifted to higher values compared to case (b). If the wettability is the only parameter that 

influences the release rate, the same amount of increase in release rate of the drug should 

appear in lipase solution. But the release in lipase solution in case (a) is similar to the release 

in buffer solution at all times. This implies that the lipase activity is strongly hindered by the 
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presence of surfactant in the dissolution medium. Now we prove, if it is true for all surfactant 

types. 
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Figure 46: Comparison of release profiles of drug from HBPE-I microparticles in presence of non-
ionic surfactant. Case (a) the formulation prepared without surfactant and the release experiment is 
performed in the presence of surfactant (0.1 wt% Surfactant-1) in the dissolution medium. Case (b) the 
formulation is prepared using 0.1 wt% Surfactant-1 and the release experiment is performed without 
surfactant in the dissolution medium. 
 
In Figure 46 the release profiles of drug from the drug loaded HBPE-I microparticles are 

compared for two cases: 

Case (a) the microparticles are prepared without surfactant and the release experiment is 

performed in the presence of surfactant (0.1 wt% Surfactant-1) in the dissolution medium 

Case (b) the microparticles are prepared using 0.1 wt% Surfactant-1 and release experiment is 

performed without surfactant in the dissolution medium. 

The release rate of drug in buffer solution is slightly higher in case (a) compared to case (b) 

and is attributed to the increased wettability of the microparticles by the dissolution medium. 

The catalytic activity of lipase in case (a) is lower compared to case (b) and the reason could 

be the presence of high concentration of surfactant in case (a). The discussion given under 

Figure 45 is also applicable here. The main conclusion is that the surfactant with high HLB 

such as SLES results in decreased enzymatic degradation of HBPE whereas the surfactant 

with low HLB such as Surfactant-1 results in increased enzymatic degradation of HBPE. 
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4.3.2.5 Effect of lipase concentration 
From the enzymatic degradation of hyperbranched polymers studies, it has been found that 

the concentration of lipase influences the degradation of polymer (see Figure 28), thus the 

release rate of drug. In order to investigate the influence of lipase concentration on the release 

of the drug, the release experiments were performed with four lipase concentrations. The 

examined lipase concentrations are 0.5, 5, 50 and 500µg/ml. The release experiments are 

performed with the drug loaded HBPE-I microparticles prepared with non-ionic surfactant 

(Surfactant-1). The obtained release profiles of drug are presented in  

Figure 47. In the figure ‘buffer’ represents the control experiment i.e. release profile of drug 

in buffer solution without any lipase and with different concentrations of lipase in the 

dissolution medium.  

It is known that, in the enzymatic hydrolysis studies of polyesters, the increased lipase 

concentration resulted in the increased degradation rates (Walter et al., 1995). Here we see the 

same result in Figure 47. At 0.5 and 5µg/ml of lipase concentration, the release rate of drug is 

more or less similar to the release in pure buffer solution up to 6 hrs. It shows that the 

concentration of lipase might not be sufficient to produce any significant effect on 

degradation of the matrix material.  
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Figure 47: Release of drug from the HBPE-I microparticles with different lipase 
concentrations 
 
At the lipase concentration of 500µg/ml, the maximum release of the drug is observed. As the 

concentration of lipase increases in the solution the rate of polymer degradation increases 
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correspondingly. However an increase in the concentration of lipase over 500µg/ml did not 

result in an equivalently increased release of the drug, thus degradation rate. 

 
Figure 48: Release of drug from the HBPE-I microparticles after 22 hours with respect to the versus 
lipase concentration. 
 

From the results it is concluded that there might be some limiting concentration existing, 

above which a further increase in lipase concentration would not really influence the polymer 

degradation rate and hence the release of the drug. This is in agreement with the results 

reported in the literature as well as with the degradation results of pure hyperbranched 

polymers (Figure 28). 

In order to see the results more closely the release of drug at 22 hrs are plotted in Figure 48. 

The data points were taken from  

Figure 47 at 22nd hour and shown in terms of percentage release versus lipase concentration. 

From Figure 48 it can be observed that, as the concentration of lipase increases the percentage 

of drug release also increases. For the lipase concentration of 500µg/ml almost 65 % of drug 

is released from the microparticles. 

 

4.3.2.6 Blending of polymers 
So far the release of drug from the drug loaded HBPE microparticles is discussed with the aim 

of achieving a maximum possible release in presence of lipase and low drug release in pure 

buffer solution (storage conditions). In order to overcome the problem of high release in pure 
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buffer solution, there is a need for a new polymer with different properties. From the literature 

it is known that the mixture of two polymers with distinct properties results in a polymer 

blend with new properties which are different from the two parent polymers. Therefore, 

different release profiles can be obtained. To investigate the influence of blending on the 

release rate of the drug, the polymers, HBPE-I and HBPE-IV, were selected and mixed 

physically in equal proportions. The polymer blend was obtained by co-melting two polymers 

together and stirred vigorously using magnetic stirrer. As the two polymers are chemically 

similar, they have formed a homogeneous uniform mixture. The microparticles are prepared 

using the blend by employing SLES (anionic) and Surfactant-1 (non-ionic) as surfactants and 

the other experimental conditions are maintained same. 
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Figure 49: Release profiles of drug from the microparticles prepared by using the blend [50% HBPE-I 
and 50% HBPE-IV] and surfactant-1. 
 
The release experiments with the produced microparticles are carried out and the obtained 

release profiles are summarized in Figure 49 and the microparticles are prepared by using 

surfactant-1. Among the polymers used for the preparation of blend, HBPE-I is a more 

hydrophilic polymer and HBPE-IV is a more hydrophobic polymer. It is estimated roughly 

based on the degree of esterification of peripheral hydroxyl groups with fatty acids (see Table 

7 for polymer properties). The release of the drug is decreased in comparison to the release 

from the pure HBPE-I microparticles, it is due to the presence of more hydrophobic polymer. 
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To see the effect of the ratio of two polymers, a blend is prepared by using 90% HBPE-I and 

10% HBPE-IV and the obtained release profiles are presented in Figure 50. As the amount of 

hydrophilic polymer increased in the blend, the release rate of drug from the corresponding 

microparticles increased. It is due to the increased wettability of the microparticles as well as 

more degradation of the matrix material. As the amount of HBPE-I increases in the blend the 

activity of lipase increases, because HBPE-I is readily degradable in the presence of lipase 

compared to HBPE-IV (see Figure 26). From these results it can be concluded that the 

hydrophilic lipophilic balance of the hyperbranched polymer must be adjusted in order to 

achieve a good enzymatic degradation of the polymer. The release profiles of the drug from 

the microparticles prepared by using the blend and SLES as surfactant can be found in the 

appendix 6.3.  
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Figure 50: Release profiles of drug from the microparticles prepared by using the blend [90% HBPE-I 
and 10% HBPE-IV] and surfactant-1 

4.3.2.7 Effect of low molecular weight additives 
In order to investigate the influence of additives with the aim to increase the storage stability 

of formulation the microparticles are prepared with different additive compounds. 
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Figure 51: Effect of low molecular weight additives on the release of drug from HBPE-I 
microparticles, A1: Additive1, A2: Additive2, and A3: Additive3 
 
The microparticles are prepared by using Additive1 (A1), Additive2 (A2), and Additive3 (A3) 

as additives. The concentration of additive is 8 wt% in all the microparticles and are prepared 

by using Surfactant-1. The release profiles of drug with three additives are compared in 

Figure 51. The release of drug in the presence of lipase is higher compared to the release in 

buffer solution with all the three additives. The large difference in the release of drug in buffer 

and in lipase solutions is observed with the microparticles prepared by Additive1. It is 

concluded that one can tailor the release rate of the drug by not only changing the physico-

chemical properties of the polymer, but also by introducing low molecular weight additives as 

release modifiers.  

In order to check whether the polymer properties have any influence on the release rate of 

drug in combination with the Additive1, the microparticles are prepared with HBPE-II and 

HBPE-III. The release results are compared in Figure 52.  
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Figure 52: Release of drug from the drug loaded microparticles prepared with three polymers 
containing Additive1. 
 

The release of drug in buffer solution from HBPE-I microparticles is very high and is about 

50% in 22 hrs, where as the release from HBPE-II and HBPE-III microparticles is less than 

2% in the same period. This shows that the non specific hydrolysis of the matrix material is 

highly suppressed with the hydrophobic polymers in combination with Additive1. Hence, the 

microparticles are much more stable in the buffer solution in releasing the drug. After 22 hrs, 

the highest difference in the release of drug between buffer and lipase solutions is observed 

with HBPE-II microparticles. It is concluded that the polymer properties have a significant 

influence on the release rate of drug, when the microparticles are prepared with Additive1. 

In order to investigate the influence of additive concentration on the release of drug as well as 

on the degradation behavior of the matrix, microparticles are prepared with three different 

concentrations namely 8, 20, and 40 wt% using HBPE-II. All the microparticles are prepared 

by using Surfactant-1. The obtained release profiles of drug from the microparticles 

containing different amounts of Additive1 are presented in Figure 53.  
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Figure 53: Influence of additive concentration on the release rate of drug from HBPE-II 
 

With the increase of Additive1 concentration in the microparticles the hydrophobic nature of 

surface increases. As a result the wettability of the particles by the dissolution fluid decreases. 

Because of this, the release of drug from all the microparticles is extremely low in buffer 

solution, even with the lowest concentration of additive. On contrary, it is known that the 

more hydrophobic is the substrate the lipase is more active towards the degradation of the 

substrate. This is very well observed from the release profiles of drug from the microparticles 

in lipase solution. The release of drug in lipase solution is the result of degradation of both 

polymer as well as Additive1. 

The effect of type of lipase on the release of drug has already been shown in Figure 38 for 

pure HBPE-I microparticles. However, it is interested to study the release behavior of the 

drug from the microparticles containing additive in presence of different lipases. The release 

experiments are performed with HBPE-II microparticles containing 8 wt% Additive1 in 

presence of different lipases. The obtained release profiles of the drug are presented in Figure 

54. Among five investigated lipases, Lipomod 34P showed highest release in 22 hrs. The 

catalytic activity of the lipases towards the hydrolysis of matrix, therefore the release of the 

drug, is in agreement with the degradation results of the pure HBPE-I (see Figure 24). 
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Figure 54: Influence of the type of lipase on the release of drug from HBPE-II microparticles prepared 
with 8 wt% Additive1. 
 

4.3.2.8 Influence of particle size on the release kinetics 
Drug particle size 

It is important to see the effect of drug particle size on the release rate of drug, when dealing 

with the microparticles of 10-100µm. In order to investigate this phenomenon, the drug 

particle size is reduced to nanometer range (50-100nm) by wet milling. The drug loaded 

microparticles are prepared by HBPE-I using Surfactant-1 as surfactant and release 

experiments are performed. The obtained release profiles of the drug are presented in Figure 

55. The enhanced release of drug in buffer as well as in lipase solution is observed with the 

microparticles containing smaller size of the drug. The constant shift in the release rate is due 

to the decreased microparticles size. The results showed that the drug particle size had certain 

influence on the release behavior. So in the particulate delivery systems one has to consider 

the drug particle size, while designing the controlled release systems. In fact this problem 

should not exist in cases where the drug is dissolved in the matrix material or dispersed in the 

molecular level. 
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Figure 55: Effect of drug particle size on the release of the drug from HBPE-I microparticles 
 
Microparticle size 

In Figure 56, one can see clearly the influence of microparticles size on the release rate of 

encapsulated drug. The microparticles are prepared by HBPE-II with 8wt% Additive1 using 

surfactant-1. In general, the smaller the microparticles size the faster the release rate. This is 

due to the increased surface area of particles. In the case of pure buffer solution the effect of 

particle size is not significant as there is only 1-2% release in 22 hrs. But, in the presence of 

lipase the release of drug is largely influenced by the particles size. The result suggests that 

the degradation of polymer matrix is mainly governed by surface erosion phenomenon. 
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Figure 56: Influence of microparticle size on the release of drug from HBPE-II microparticles 
containing 8 wt% Additive1, P1: Dp<90µm, P2: 90<Dp<125µm, and P3: 125<Dp<180µm 
 

4.3.2.9 Reproducibility of the release kinetics 
In order to see the reproducibility of the particles preparation, two batches of microparticles 

are prepared with HBPE-II containing 40 wt% Additive1 using Surfactant-1. The release 

experiments are performed twice for each batch to check the reproducibility of the release 

behavior of drug as well. The obtained release profiles of drug are compared in Figure 57 and 

Figure 58. The release of drug from the microparticles of same batch is highly reproducible 

(Figure 58), only a slight deviation is observed in the release of drug from batch-to-batch 

(Figure 57). From the results is it understood that the process is highly reproducible in terms 

of particles preparation as well as release behavior of the drug. 
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Figure 57: Release profiles of drug from HBPE-II microparticles containing 40wt% Additive1 with 
two different batches 
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Figure 58: Release profiles of drug from HBPE-II microparticles containing 40wt% Additive1 release 
experiments are performed twice for same batch. 
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4.3.2.10 Summary of results of encapsulation of model drug 
 

The melt dispersion method was evaluated for hyperbranched polymers using a highly water 

soluble model drug substance. The method is based on aqueous solutions and it can readily be 

applicable for pharmaceutical applications. Other advantages of this method are: it is highly 

reproducible and easily scalable for large scale applications. The actual loading of the drug 

can be controlled by process parameters such as stirring speed, drug to polymer ratio and 

cooling rate of the emulsion droplets. 

Once the process parameters have been established for the production of microparticles the in 

vitro release expreiments are performed. It has been found that the polymer properties have 

played an important role in the release of drug in presence of lipase as well as in buffer 

solution. The non specific hydrolysis of hyperbranched polymers is influenced by the end 

groups. Increasing the alkane’s chain length on the polymer suface decreased the release of 

drug, due to the increased hydrophobicity of the matrix material.  

It has also been observed that, besides polymer properties, the presence of surfactants and low 

molecular weight additives in the microparticles also influcenced the release kinetics 

significantly. In the following sections the method is extended to further drugs. 

4.3.3 Encapsulation of other drugs 
 

In this section the feasibility of the melt dispersion method for the encapsulation of various 

other drug substances is investigated. Various drug substances including hydrophilic 

(paracetamol and guaifenesin) and hydrophobic (ibuprofen) are encapsulated to show the 

broad applicability of the method. All the batches of drug loaded microparticles are prepared 

under identical conditions and the release experiments are performed as described in the 

experimental section (see 3.2.3). The influence of the processing parameters such as drug to 

polymer ratio and continuous to disperse phase ratio on the encapsulation efficiency, particle 

size distribution, and in vitro release kinetics was evaluated systematically. The drug polymer 

interactions were assessed by FTIR and DSC analysis. Mathematical correlations for the 

prediction of drop let size in the melt dispersion method are also developed. 

4.3.3.1 Encaspulation of paracetamol and ibuprofen 
Drug loaded hyperbranched polyester, HBPE-I, microspheres were prepared at various drug 

to polymer ratios and continuous to disperse phase ratios by melt dispersion method as 

described in the experimental section. The results of the paracetamol actual loading, 

encapsulation efficiency and the yield of the microspheres preparation are summarized in 
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Table 16 and Table 17 for different drug to polymer and continuous to disperse phase ratios 

respectively.  

As paracetamol concentration increased from 10 to 20 wt% the encapsulation efficiency 

decreased slightly and increased again for 40% of paracetamol. That means, no explicit trend 

was observed with the increase of the paracetamol concentration on the encapsulation 

efficiency. Very good encapsulation efficiencies, from 60 to 65%, are obtained with a 

maximum actual loading of 26 wt%. From the results it is clear that the partitioning of the 

paracetamol from the disperse phase to the continuous phase is at a minimum level during the 

emulsification. Mean microparticles diameter increased from 175µm to 192µm with 

increasing theoretical drug loading from 10 to 40 %. It is due to the increased viscosity of the 

disperse phase, because solid drug particles are homogeneously dispersed in the molten 

polymer. The yield of the microspheres production varied from 40 to 56% without showing 

any specific trend with the theoretical loading.  

Paracetamol      

Drug:Polymer 

ratio 

Theoretical 

loading, wt% 

Actual 

loading, wt% 

Encapsulation 

efficiency, % 

Yield, % dp
1, µm 

1:9 10 5.88±0.24 58.80±2.35 53.51 175.48±0.22 

1:4 20 10.55±0.36 52.75±1.80 56.48 185.33±1.49 

2:3 40 25.98±1.25 64.96±3.13 40.38 192.21±1.52 

Table 16: Actual drug loading, yield and encapsulation efficiency of paracetamol at various drug 
polymer ratios (mean ± S.D., n=3) 
1 mean microparticle diameter 
 

With the increase of the continuous to disperse phase volume ratio the actual loading of 

paracetamol decreased, therefore the encapsulation efficiency also decreased. It is obvious 

that in the case of highly water soluble drugs the increased continuous phase volume often 

results in the decreased loading because of the dissolution of the drug into the continuous 

phase. The yield of the microspheres production increased from 40 to 56% with increasing the 

ratio of continuous to disperse phase volume from 4 to 20. No specific trend was observed 

between mean microparticle size and volume ratio of continuous to disperse phase. 
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Paracetamol      

Continuous to disperse 

phase ratio (v:v) 

Theoretical 

loading, wt% 

Actual 

loading, wt% 

Encapsulation 

efficiency,% 

Yield,

% 

dp
1, µm  

4:1 20 12.33±0.47 61.67±2.33 40.05 135.76±0.17

10:1 20 11.75±0.19 58.76±0.95 51.87 118.44±1.34

20:1 20 10.55±0.36 52.75±1.80 56.48 185.33±1.49

Table 17: Actual drug loading, yield and encapsulation efficiency of paracetamol at various 
continuous to disperse phase ratios (mean ± S.D., n=3) 
1 mean microparticle diameter 
 
Besides paracetamol, another hydrophilic drug guaifenesin was also encapsulated within 

HBPE-I microspheres by the same method. At a theoretical loading of 20 wt%, only 2 wt% 

guaifenesin was encapsulated. The encapsulation efficiency of guaifenesin was very low 

compared to the paracetamol. The reason for the low encapsulation efficiency is the large 

dissolution of the guaifenesin into the continuous phase during the emulsification because of 

its extreme solubility in water. The solubility of guaifenesin (50 mg/ml) in water is almost 

three times the solubility of paracetamol (15.9 mg/ml) at room temperature (Hughes et al., 

2008). Moreover in the microsphere’s preparation conditions, the drug is present in molten 

state, melting point 78°C, which leads to an increased contact with the continuous phase. 

Paracetamol has a high melting point (see Table 4) and is dispersed as solid particles in the 

molten polymer phase. So, they are less exposed to the continuous phase as compared to 

guaifenesin and resulted in high encapsulation efficiencies. From the results it is concluded 

that hydrophilic drugs with melting temperatures greater than 100°C could easily be 

encapsulated with high encapsulation efficiencies. The initial drug particles size determines 

the final microspheres size as well as the encapsulation efficiency. The smaller the drug size 

the higher the encapsulation efficiency, due to the formation of good dispersion and smaller 

microspheres size. Encapsulation of the hydrophilic drugs which melt at the microparticles 

preparation conditions, usually 85°C, is rather difficult and further modification of the process 

is required. 
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Ibuprofen      

Drug:Polymer 

ratio 

Theoretical 

loading, wt% 

Actual 

loading, wt% 

Encapsulation 

efficiency, % 

Yield, % dp
1, µm 

1:9 10 8.48±0.24 84.80±2.35 57.50 79.96±0.90 

1:4 20 17.52±0.36 87.39±1.80 59.90 60.68±3.38 

2:3 40 35.45±1.25 88.50±1.13 58.30 34.36±2.70 

Table 18: Actual drug loading, yield and encapsulation efficiency of ibuprofen at various drug 
polymer ratios (mean ± S.D., n=3) 
1 mean microparticle diameter 
 

The effect of the theoretical loading of ibuprofen (10 – 40% w/w) on the encapsulation 

efficiency and mean microparticle size is summarized in Table 18. The results showed that up 

to 35 wt% of actual drug loading can be achieved with an encapsulation efficiency of 88%. 

The encapsulation efficiency increased from 84.8 to 88.5% with increasing the theoretical 

drug loading from 10 to 40%. Bodmeier et al. have reported the similar result with the 

ibuprofen loaded beeswax microparticles (Bodmeier et al., 1992a). With the beeswax only a 

50% encapsulation efficicency was reported at a theoretical loading of 10 wt%. Here with 

hyperbranched polymers, even at 10% theoretical loading a very high encapsulation 

efficiency was achieved. It can be attributed to the drug-polymer compatibility, which 

minimises the drug loss to the continuous phase. The yield of microspheres production was 

about 60% and is independent of theoretical drug loading (Table 18). Mean microparticle 

diameter droped from 80µm to 35µm with increasing the theoretical loading of drug. This is 

due to the decreased viscosity of the disperse phase (see Table 6).  

 

Ibuprofen      

Continuous to 

disperse phase 

ratio (v:v) 

Theoretical 

loading, wt% 

Actual 

loading, wt% 

Encapsulation 

efficiency,% 

Yield,

% 

dp
1, µm 

4:1 20 19.54±0.69 95.48±3.45 75.06 64.36±2.81 

10:1 20 15.70±0.88 78.52±4.43 63.38 41.25±5.68 

20:1 20 17.52±0.36 87.39±1.80 59.90 60.68±3.38 

Table 19: Actual drug loading, yield and encapsulation efficiency of ibuprofen at various continuous 
to disperse phase ratios (mean ± S.D., n=3) 
1 mean microparticle diameter 
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The influence of the ratio of continuous to disperse phase volume on the encapsulation 

efficiency and mean microparticle diameter was investigated and the results are presented in 

Table 19 for the encapsulation of ibuprofen. No specific trend was found in the encapsulation 

efficiency of ibuprofen with increasing continuous to disperse phase volume ratio. A very 

high encapsulation efficiency of about 95% is obtained with a continuous to disperse phase 

ratio of four. Yield of microspheres production decreased from 75 to 60% with increasing 

volume ratio from 4 to 20. This could be due to the fact that in large volumes of continuous 

phase the droplet breakup is dominated by the coalescence and resulted in the formation of 

submicron particles. In other words, at higher volumes of continuous phase, the emulsion 

droplets had fewer opportunities to collide and fuse together to form larger particles, as shown 

by Mani et al. for the system guaifenesin – ceresin wax by salting-out method (Mani et al., 

2005). Thus, the submicron colloidal particles may not be recovered during the separation 

step and results in the low yield. Latex like milky dispersions of submicron particles were 

clearly observed during the preparations of microspheres. No significant effect was observed 

in the mean microparticle size with increasing the ratio of continuous to disperse phase 

volume. 

Time of stirring and the rate of cooling of the emulsion droplets have a significant influence 

on the encapsulation efficiency of paracetamol since it is highly soluble in the continuous 

phase. On the other hand the encapsulation efficiency of ibuprofen was not influenced by the 

above parameters. The cooling of the emulsion droplets was achieved by adding ice cold 

water at 2 °C, a typical cooling curve obtained during the preparation of microspheres is 

presented in Figure 59. 
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Figure 59: Typical cooling curve of the emulsion droplets during melt dispersion method 
 
The temperature of the continuous phase was dropped from 50 °C to 25 °C in 5 seconds, i.e., 

with a cooling rate of 5 °C/sec. As a general rule, in the case of hydrophilic drugs such as 

paracetamol the rapid cooling of emulsion droplets is very essential to achieve high 

encapsulation efficiencies, whereas with hydrophobic drugs such as ibuprofen the rate of 

cooling has no significant influence on the encapsulation efficiency. Furthermore, the rapid 

cooling of the emulsion droplets could have an impact on the crystallization of the polymer. It 

inherently influences the release kinetics of the encapsulated drugs. 
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4.3.3.2 Surface morphology 
 

 
(a) 

 

 
(b) 

 
Figure 60: Reflection electron micrographs of paracetamol (a) and ibuprofen (B) loaded HBPE-I 
microparticles  
 
REM pictures of hyperbranched polymer, HBPE-I, microspheres containing 20 wt% 

theoretical drug loading are shown in Figure 60. The surface of the microparticles looks very 
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smooth and there are spherical in shape (Figure 60a). No agglomeration was observed with 

paracetamol loaded microparticles. Few unencapsulated drug crystals were observed on the 

surface of the particles, even thogh the microparticles were washed during the preparation 

step, some of the unencapsulated drug was not completely removed. The microparticles 

loaded with ibuprofen were spherical in shape as in the case of paracetamol but, the surface 

did not look smooth (Figure 60b). The reason could be due to the decreased crystallization of 

the polymer. Even though the particles were washed with buffer then rinsed with water the 

unencapsulated drug might not be washed away.  

 

4.3.3.3 Thermal analysis 
Thermal analysis of the microspheres containing different concentrations of paracetamol was 

analyzed with DSC. The obtained thermograms are presented in Figure 61. All the 

thermograms (see Figure 61) have shown two individual peaks corresponding to the polymer 

and paracetamol. The melting event corresponding to HBPE-I is observed at 42 °C without 

any significant change in the melting behavior. The endothermic peak at 162°C is observed 

with 10 and 20% of paracetamol loading. Whereas at 40wt% of theoretical loading the 

melting event of paracetamol occurred at 166°C. The results showed that the melting 

temperature of the drug in the microparticles is decreased by 4 to 10°C compared to the pure 

substance melting point (paracetamol melting point 173°C). This effect can be attributed to 

the distribution of drug molecules in the polymer matrix (Gramaglia et al., 2005). It should be 

noted that the drug is present in the microparticles as dispersed solid particles and no physical 

changes occurred during the preparation of microparticles.  
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Figure 61: DSC thermograms of HBPE-I microspheres containing different concentrations of 
paracetamol, peak 1 and 2 are melting of HBPE-I and paracetamol respectively. 
 
Figure 62 shows the thermograms of the ibuprofen loaded microparticles with different 

concentrations. In all the thermograms a sharp endothermic peak with the peak temperature of 

41°C is observed and it corresponds to the melting of the HBPE-I. The thermal event 

corresponding to the melting of ibuprofen is disappeared in 10 wt% loaded microparticles. It 

means that the drug is completely molecularly dispersed in the polymer matrix ((Dubernet et 

al., 1991; Suttiruengwong et al., 2006). For 20 wt% loaded microparticles, a very small and 

broad melting endothermic event is observed. This shows that the solubility of ibuprofen in 

the polymer matrix might have exceeded its limit. At 40wt% of ibuprofen loading, the melting 

event of ibuprofen is clearly visible on the thermogram with a peak at 60°C. It could be 

possible that the portion of the drug exceeding the solubility limit in the polymer will then be 

able to crystallize and showed an endothermic melting peak. However, the melting event 

occurred at a temperature much lower than the melting point of pure substance. The melting 

point of pure ibuprofen is 79°C, the thermograms of pure substances can be found in the 

appendix 6.4. The decrease in melting temperature is likely due to the distribution effect of 

the drug molecules within the polymer matrix as reported previously (Gramaglia et al., 2005).  

According to the method described by Theeuwes et al. (Theeuwes et al., 1974), the fraction of 

drug solubilized within the polymer does not contribute to the melting endotherm associated 

with the dispersed drug fraction. Even though the solubility of ibuprofen in the polymer is not 

determined quantitatively, it is approximately estimated around 20wt% according to the 



Results and discussion 

 101

obtained results. For comparison, the solubility of ibuprofen in Witepsol H15 wax was 

reported to be 15 to 20 wt% by Oladiran et al. (Oladiran et al., 2007). 
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Figure 62: DSC thermograms of the HBPE-I microspheres containing different amount of ibuprofen. 
 
Thermal analysis has been performed with the physical mixtures of 10 and 40 wt% of 

ibuprofen in HBPE-I in order to describe the thermal behavior more precisely. During the first 

heating step for 10 wt% ibuprofen in HBPE-I, a very small and broad endothermic event is 

observed at a temperature range of 50 to 70°C corresponding to the melting of ibuprofen 

without changing the melting behavior of HBPE-I. Increasing the ibuprofen concentration to 

40 wt%, two changes in the thermal event of ibuprofen are observed. One is the increased 

endothermic peak intensity, which is due to the increased concentration and the other one is 

the melting temperature range from 50 to 79°C. The last crystals of ibuprofen melted at a 

temperature equal to the melting temperature of pure substance. It could be due to the fact that 

at lower ibuprofen concentrations almost all of the drug molecules might have received 

sufficient thermal energy for phase change before reaching the melting temperature of pure 

substance. But, at higher drug concentrations, some of the drug crystals might have not 

receieved sufficient thermal energy and remained in the crystalline state until the temperature 

reached the melting point of pure substance. 

When the sample was cooled to 0°C with the same rate as the heating (10°C/min) and 

reheated, only one peak was observed at a temperature much lower than the either of two 

substances melting points. This is due the formation of a metastable molecular dispersion of 

ibuprofen in hyperbranched polymer and inhibited the crystallization of the polymer for a 
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short period. However, if sufficient time is provided for the recrystallization of the polymer, 

the crystallinity is regained as it is observed with the microparticles. The thermograms of the 

physical mixtures can be found in the appendix 6.4. 

4.3.3.4 Drug - polymer interactions 
The molecular interactions between the drugs and the polymer were determined qualitatively 

by Fourier transformed infrared spectroscopy. FTIR spectra of pure paracetamol, pure HBPE-

1 and paracetamol loaded HBPE-1 microparticles are presented in Figure 63. From the IR 

spectra of paracetamol loaded hyperbranched polymer microspheres (Figure 63), it was 

observed that the intensity of the peaks corresponding to the C=O stretch and N-H stretch at 

1655 and 3325 cm-1 respectively increased with the increase of the paracetamol concentration 

in the microspheres. The characteristic peak at 1740 cm-1 is from the stretching of the 

carbonyl group of HBPE-I and C-H stretching vibrations of the polymer are observed at 2850 

and 2918 cm-1. The results showed that the drug is physically entrapped in the polymer 

matrix without any interactions. 

Figure 63: Infra red spectra of paracetamol loaded HBPE-I microparticles with different 
concentrations of paracetamol together with the pure paracetamol and pure HBPE-I spectra. 
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Figure 64: Infra red spectra of ibuprofen loaded HBPE-I microparticles with different concentrations 
of ibuprofen together with the pure ibuprofen and pure HBPE-I spectra. 
 
Figure 64 shows the FTIR spectra of ibuprofen laoded HBPE-I microparticles together with 

the spectra of pure ibuprofen and HBPE-1. The FTIR analysis of ibuprofen loaded 

microspheres revealed that there was no change in the characteristic peaks of ibuprofen at 

1721 and 2950 cm-1 corresponding to the carbonyl and hydroxyl stretching vibrations 

respectively. It means the ibuprofen is encapsulated in the polymer matrix as molecularly 

dispersed molecules without any interactions. Carbonyl stretching vibrations of ester group at 

1741 cm-1 and CH stretching vibrations at 2850, 2919 cm-1 from the HBPE-I were also not 

influenced by the presence of ibuprofen indicating that there are no interactions between 

ibuprofen and HBPE-I. Kohle et al. have reported the similar results with the encapsulation of 

ibuprofen by unmodified hyperbranched polyester (Boltorn H50) (Kolhe et al., 2003). 

4.3.4 In vitro release kinetics 

4.3.4.1 Release of Ibuprofen: 
Release profiles of ibuprofen in 0.1M pH 5.01 phosphate buffer for different concentrations of 

ibuprofen are shown in Figure 65. Release from all microparticles showed the initial burst 

release of drug followed by the constant release. Burst release in general occurs due to the 

unencapsulated drug i.e.) drug present on the outer surface of the microparticles. Here it 

should not be the reason, since the microparticles were washed two times during the 
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preparation step in order to remove the free drug and is also evidenced by the presence of few 

drug crystals on the surface of particles. However, as burst release occurred at all 

concentrations even in the absence of surface drug crystals suggest that the drug particles may 

have been distributed within the matrix near the peripheral surface of the microparticles. This 

drug is being released by the diffusion-degradation mechanism during the initial six hours 

period. Similar release behavior of ibuprofen from linear copolyester microparticles has been 

reported by Thompson et al (Thompson et al., 2007). After 6 hours nearly a constant release 

profile is obtained due to the increased path length for the drug molecules in the diffusion 

layer of matrix.  
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Figure 65: Release kinetics of ibuprofen from the HBPE-1 microparticles with different drug 
concentrations in pH 5.01 buffer at 37°C; (A) 10 wt% (B) 20 wt% (C) 40 wt% 
 
The release of ibuprofen is enhanced in the presence of lipase with all the investigated 

concentrations. It shows that the enzymatic degradation of the matrix material is the main 

governing phenomenon in releasing the drug in this case. The release of drug in buffer 
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solution is the combination of drug diffusion through the matrix and nonspecific hydrolysis of 

the matrix material. So, nearly 65% of the drug is being released irrespective of the actual 

drug loading. The results showed that the drug concentration neither influenced the 

degradation of polymer matrix nor the release rate of the drug in buffer solution. Where as in 

the presence of lipase there is a small increased release rate is observed in the microparticles 

containing 40wt% ibuprofen compared to 10 and 20wt%. With 40wt% drug loading, the 

presence of undissolved ibuprofen drug crystals in matrix material might have released faster. 

The empirical models are utilized to describe the drug release kinetics. The release of 

ibuprofen from HBPE-I microparticles is the combination of diffusion of drug through the 

polymer matrix and the degradation of the polymer matrix. Hence, the release kinetics of 

ibuprofen is best fitted by combining the empirical equations which describe the zero order, 

first order and Higuchi diffusion model.  

tkQ ht =  
Equation 4 

tkQQt 00 +=  

Equation 5 
tk

t eQQ 1
0

−=  
Equation 6 

The Higuchi model describes the dissolution of drug by a diffusion process based on Fick’s 

law. Qt (%) in all the equations represents the amount of the drug released at a time t and Q0 is 

the initial amount of drug in the solution, kh, k0, k1 are the empirical constants, which can be 

adjustable during the fitting of the experimental data. The modelling was done by using a 

table curve and the respective fitting parameters are given in the appendix 6.3.1. 
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4.3.4.2 Release of paracetamol 
Influence of pH 
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Figure 66: Dissolution profiles of Paracetamol from HBPE-I–paracetamol microparticles with and 
without the action of lipase (Lipomod 34P) in pH 5 and pH 7.2 phosphate buffer solution at 37 °C 
 

To investigate the influence of the pH on the release of paracetamol, release experiments were 

performed in pH 5.01 and pH 7.2 phosphate buffer solutions (microspheres containing 20 

wt% of paracetamol were used). The release rate of paracetamol is higher in pH 7.2 buffer 

compared to pH 5.01. Since, the aqueous solubility of paracetamol in both pH conditions is 

the same, so one does not expect any kind of solubility enhanced release. Hence, the increased 

release could be explained by the faster degradation of the polymer matrix. This is in 

consistency with the degradation results (see Figure 30), i.e., the hydrolysis of HBPE-I is 

faster in pH 7.2 than in pH 5 (Mallepally et al., 2007).  

In pH 7.2 the influence of lipase on the release of drug, that means the degradation of matrix 

material, is less significant. This can be due to the increased non specific hydrolysis of the 

matrix. The release of drug in lipase solution is higher compared to buffer solution in pH 5.01, 

indicated the influence of lipase on the degradation of matrix. Similar results have been 

obtained in both pH conditions in the case of model drug (Figure 37). However the activity of 

lipase is not so pronounced in the release of drug as in the case of model drug. This can be 

explained based on the drug particles size. In the case of paracetamol the encapsulated drug 
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particles had the size of 10-20 µm. When dealing with the microspheres in the size range 

between 10 and 100 µm the drug particle size has a strong influence on the release 

characteristics and is reported that the diffusion controlled release predominates the 

degradation or erosion controlled release (Mathiowitz et al., 1987). The channels created by 

the initial release of the drug enable the dissolution media to enter into the microparticles and 

enhance the diffusion process. The result is further confirmed by fitting the experimental data 

with the Higuchi model which is mainly based on the Fick’s diffusion mechanism.  

The release profiles of the paracetamol from the HBPE-I microspheres was best correlated 

with the Higuchi model (Equation 4) with a correlation coefficient of 0.99. The results 

suggested that the release of paracetamol is diffusion controlled. 

 

Influence of drug concentration 

 

Figure 67 shows the dissolution profiles of paracetamol from the HBPE-I microspheres 

containing different concentrations of paracetamol in a buffer solution. As the concentration 

of paracetamol increases from 10 to 20 wt%, the rate of the drug release increases due to the 

dilution effect (Suttiruengwong et al., 2006). The further increase of the drug concentration 

from 20 to 40 wt% does not result in the increase of the drug release rate, instead a decreased 

release rate is observed. This could be explained by the increased broadness of the particle 

size distribution of microparticles with the increased paracetamol concentration. The 

disappearance of the initial burst release suggests that there is no unencapsulated drug present 

on the surface of the microspheres, which is also confirmed from the surface analysis by 

electron microscopy.  
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Figure 67: Dissolution profiles of Paracetamol from HBPE-I–Paracetamol microspheres, with different 
concentration of paracetamol, in phosphate buffer solution (pH = 7.2). 
 

4.3.5 Theoretical considerations for droplet size modeling 
The mathematical correlations for the maximum droplet size in the emulsification process are 

known (Baldyga et al., 2001). Neverth less, in the literature the mathematical correlations for 

the formation of microparticles produced by melt dispersion method have not yet been 

reported. The mathematical model based on a classical theory used for modeling dispersed 

liquid-liquid systems is considered here.  

)( 5.05.06.06.08.02.1
max,

−−−−= cdcp DNfd μμρσ  

Equation 7 
 

The maximum droplet size (dp,max, m) is directly related to the speed of agitation (N, s-1), the 

diameter of impeller (D, m), the interfacial tension between continuous and disperse phases 

(σ, mN/m), viscosity of the continuous phase (μc, Pa s) and density of the continuous phase 

(ρc, kg/m3) of continuous phase, and finally the viscosity of the disperse phase (μd, Pa s). The 

Equation 7 is only valid if the hydrodynamic flow regime is turbulent. The intensity of the 

mixing can be characterized based on the Reynolds number (Re) value. Reynolds number is 

the ratio of inertical forces to the viscous forces and in the case of stirried reactors the 

mathematical expression is given by  
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c

c

μ
DNρ 2

Re =  

Equation 8 
The Reynolds numbers are calculated by Equation 8 and using the fluid properties given in 

Table 6 by varying the stirring speed from 4000 to 7200rpm. All the letters in Equation 8 

carry the same meaning as in the Equation 7. The calculated Reynolds numbers are ranging 

from 14.5 × 104 to 28.2 × 104 and clearly show that the flow regime is in turbulent region. The 

volume mean diameter is considered as the maximum droplet diameter. 

The effect of stirring speed on the mean microparticle size 

From the Equation 7 it is possible to express the mean particle size in terms of stirring speed 

by keeping all other parameters constant.  
2.1

,
−= NKd meanp  

Equation 9 
Where K is constant containing diameter of the impeller (D), interfacial tension between 

disperse and continuous phase (σ, mN/m), viscosities of both the phases (μc and μd, Pa s) and 

density of the continuous phase (ρc, kg/m3) 

By taking the logarithm on both sides the above equation takes the following form 

NKd meanp log2.1loglog , −=  

Equation 10 

y = -1.214x + 5.8427
R2 = 0.9827
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Figure 68: Logarithmic relationship between the stirring speed and mean diameter of the 
microparticles. 
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10 wt% ibuprofen loaded HBPE-I microparticles have been prepared at different stirring 

speeds and the obtained results are plotted in Figure 68 on logarithmic scale. The data was 

fitted with a linear relationship and the slope corresponds to the exponent of stirring speed in 

Equation 9. The obtained value (-1.21) is in good agreement with the theoretical value (-1.20) 

and the results suggested that the model can adequately describe the influence of stirring 

speed on the mean microparticles size. 

The effect of viscosity of polymer phase on the mean microparticle size 

The interfacial tension between disperse and continuous phase, and the viscosities of the both 

phase have also an influence on the particle size. From the surface tension measurements (see 

Table 6) it has been observed that the interfacial tension did not vary significantly either with 

the change of the polymer properties or with the change of the drug concentration. So it is 

considered as constant. The influence of viscosity of disperse phase on mean microparticle 

diameter can also be expressed from the Equation 7 as follows, by keeping all other 

parameters constant: 
5.0

1, dmeanp Kd μ=  

Equation 11 
By taking the logarithm on both sides the above equation takes the following form 

dmeanp Kd μlog5.0loglog 1, +=  

Equation 12 

y = 0.6031x + 0.2895
R2 = 0.9995
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Figure 69: Logarithmic relationship between mean particle size and viscosity of the dispersed 
(polymer) phase 
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The logarithmic relationship between mean microparticle size and viscosity of the dispersed 

phase is plotted in Figure 69. The data points are fitted with linear relationship where the 

slope corresponds to the exponent of μd in Equation 12. The obtained value (0.6) is very close 

to the theoretical one (0.5) which indicates that the model can be quite satisfactorily describes 

the influence of viscosity on mean microparticle size.  

4.3.6 Summary of results of encapsulation of drugs 
Drug substances such as paracetamol, guaifenesin and ibuprofen have been successfully 

encaspsulated within the hyperbnached polyesters by melt dispersion method. For the first 

time in the present study an organic solvent free method is developed for the fabrication of 

microparticles by utilizing synthetic polymers. The method is highly feasible to encapsulate 

both hydrophilic and hydrophobic drugs with high encapsulation efficiency. Enzyme triggered 

controlled release systems were developed for the selected drug substances using the 

hyperbranched polyesters. Based on the results, the following conclusions can be drawn: 

Hydrophilic drugs 

• A highly hydrophilic drug like paracetamol is encapsulated with an actual loading of 

25wt% with encapsulation efficiency of 65% in the hyperbranched polymer. 

• Encapsulation efficiency of paracetamol is not influenced by drug loading, whereas 

mean microparticles size increased with increasing drug concentration.  

• Volume ratio of continuous to disperse phase has negligible effect on the mean 

microparticles size and the encapsulation efficiency decreased with increasing the 

volume ratio. 

• DSC and FTIR analysis showed that paracetamol is physically encapsulated within the 

polymer matrix without making any interactions. 

• Release of the drug from the HBPE microparticles is mainly due to the diffusion and 

degradation of the matrix material. The pH of the dissolution medium has a significant 

effect on the release, due to the changes in the non-specific hydrolysis rates of the 

polymer matrix. The enzyme controlled release is negligible at pH 7.2; where as a 

small effect of the lipase is observed on the release of paracetamol at pH 5.0. 

Hydrophobic drugs 

• Sparingly water soluble drugs like ibuprofen can be encapsulated within the 

hyperbranched polymer with a maximum encapsulation efficiency of about 88%. 

• Encapsulation efficiency of ibuprofen increased slightly with increasing the theoretical 

drug loading. Mean microparticles size is decreased with increasing concentration. 
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• Encapsulation efficiency and mean microparticles size did not depend on the volume 

ratio of continuous to disperse phase. 

• Thermal and FTIR results suggested that the drug is physically encapsulated. 

• Surface morphological studies by reflection electron microscopy showed that the 

particles surface did not look smooth, which is due to the decreased crystallization of 

the HBPE. 

• The release of ibuprofen from HBPE microparticles is biphasic. It is due to the initial 

burst release followed by a constant release. Burst release of about 65% is obtained 

irrespective of the actual loading of drug. 

• Enhanced release of ibuprofen is observed in the presence of lipase compared to the 

buffer solution. The enzyme controlled degradation of the matrix materials is the 

predominant mechanism. 

 

 

 

 



Conclusions 

 114

 

5 Conclusions 
 

The present work mainly focused on the development of enzyme triggered controlled release 

systems for various drug substances using hyperbranched polyesters as carrier materials. A 

method based on emulsion technology has been firstly applied for the encapsulation of 

pharmaceutical active ingredients using hyperbranched polymers. The method is highly 

promising for pharmaceutical practice because of its simplicity, reproducibility, and is 

completely based on aqueous solvents.  

Enzymatically triggered release requires the knowledge of the enzymatic degradation of 

hyperbranched polyesters, which was investigated systematically in this work. The lipase 

catalyzed degradation of four hyperbranched polyesters esterified with long chain fatty acids 

was studied. It has been found that the source of the enzyme has a large influence on the 

degradation of hyperbranched polyesters. Two enzymes, the lipase from Candida cylindracea 

and Lipomod 34P have shown highest activity towards the degradation of the hyperbranched 

polyesters among investigated lipases. The concentration of lipase has shown a significant 

influence on the enzymatic degradation of HBPE-I, which increases with the increase of the 

lipase concentration until the saturation is reached. The increase of pH from 5 to 7 decreased 

the activity of enzyme towards the degradation of hyperbranched polymers. For the first time, 

the results showed that the type of alkane chains on the hyperbranched polyester surface can 

influence the behavior of the lipase catalyzed hydrolysis. By changing the chain length of 

ester end groups of polymer from C16 & C18 to C20 & C22 the amount of degradation dropped 

from 25 wt% to 0.5 wt%. The stereochemical hindrance of the bulky groups of polymer might 

have reduced the binding specificity of the enzyme, thereby have reduced degradation. 

Further on it has been shown that in comparison to the hydrolysis of the esterified polymers, 

the hydrolysis of the core material (Boltorn H30) is negligible. Thus, one may be able to tailor 

the rate of degradation of hyperbranched polyesters by molecular engineering. 

Based on the degradation behaviour, the most potential polyesters were chosen for the drug 

encapsulation with the melt dispersion technique. The applied melt dispersion method was 

evaluated for the encapsulation of a highly water soluble model drug substance. Process 

parameters have been optimized for the production of microparticles with maximum 

encapsulation efficiency and narrow particle size distribution. It has been found that the 

polymer properties have played an important role in the release of drug in presence of lipase 

as well as in buffer solution. The non specific hydrolysis of hyperbranched polymers is 
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influenced by the end groups. Increasing the alkane’s chain length on the polymer suface 

decreased the release of drug, due to the increased hydrophobicity of the matrix material. It 

has also been observed that, besides polymer properties, the presence of surfactants and low 

molecular weight additives in the microparticles also influcenced the release kinetics 

significantly. 

Both highly water soluble (paracetamol) and poor water soluble drug (ibuprofen) has been 

encapsulated within the hyperbranched polyesters with very high encapsulation efficiency of 

65% and 88 % respectively. It was found that encapsulation efficiency of paracetamol is not 

influenced by the theoretical drug loading, whereas the mean microparticles size increased 

with increasing the drug concentration. Thermal and infrared spectroscopic analysis revealed 

that paracetamol is encapsulated physically as dispersed solid particles inside the polymer 

matrix.  

Encapsulation efficiency of ibuprofen, which is molecularly dispersed inside the polymer 

matrix, increased slightly with increasing the theoretical drug loading. The release of the drug 

from polyester microparticles is a combined effect of diffusion of drug through the matrix and 

enzymatic degradation of matrix.  

From the results, it is concluded that as a rule of thumb, the melt dispersion method can be 

used to encapsulate both hydrophilic and hydrophobic drug substances, if the target active 

substance is thermally stable up to a temperatures of about 80 to 90°C. The drugs with low 

melting temperatures (less than 80°C) can be encapsulated as dispersed molecules inside the 

polymer matrix. On the other hand the drugs with high melting temperatures can be 

encapsulated as solid particles dispersed within the polymer matrix. 

Over all conclusions is that the modification of the physico-chemical properties of 

hyperbranched polymers can be used as a tool to control the release rate of encapsulated drugs 

and the degradation kinetics of the polymer itself. Tailor-made properties of these novel 

biodegradable hyperbranched polyesters make them as promising candidates for drug delivery 

applications.  
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6 Appendix 

6.1 Appendix I: Light microscopic pictures of microparticles 

6.1.1 Solvent evaporation method 
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Light microscopic pictures of pure polymer microparticles prepared by solvent evaporation 
method using two stabilizers 
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6.1.2 PGSS process 
 

Experiment 
number 

Temperature 
[°C] 

Pressure 
[bar] 

Nozzle dia. 
[µm] 

Figure1 Remarks 

300 A Few Spherical particles 1 44 150 
500 B No Spherical particles 

2 45 90 300 C Irregular shape 
3 43 100 300 D Irregular shape 
4 77 150 300 E Molten polymer  

and solid particles 
5 80 250 300 F Molten polymer  

and solid particles 
6 80 170 300 G Spherical particles with 

very large size 
7 80 120 300 H Spherical particles, more 

agglomeration 
Experimental conditions of PGSS process, 1 figures can be found in next page 
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Light microscopic pictures of the microparticles prepared by PGSS process, the information 
of the experimental conditions under which the particles are produced can be found in the 
table given in appendix 6.1.2. 

6.1.3 Melt dispersion method 
 

Drug particle size ~1.6µm Drug particle size ~50nm 
Influence of drug particle size on the microparticles size, HBPE-I with Surfactant-1 
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6.2 Appendix II: Microparticles preparation conditions 
 
Method Recipe Conditions 

 
MDM: Compound weight [g]   
HBPE-I - Drug 1 wt% PVA sol. 249.76 Stirring speed [rpm] 4000

 Stirring time [sec] 30
Surfactant-1 0.24 Melt temp. [°C] 85
HBPE 19.99 Aq. Phase Temp. [°C] 55
Drug 5.01   

   
Cooling: with water at 10 °C (two times to the volume of continuous phase) 
Observation:  Drying: in air at room temperature 
Result: Particle size 10-100 µm 

Drug concentration  
 Theoretical  20.04 
  UV-Vis analysis 17.41 
encapsulation efficiency 86.88 

Recipe and process conditions for drug loaded HBPE microparticles with melt dispersion 
method 
 

 
Reflection electron micrograph of drug loaded HBPE-I microparticles 
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DSC thermogram of model drug loaded HBPE-I microparticles, 1: HBPE-I melting peak and 
2, 3, & 4 are from the dehydration, melting and degradation of the drug respectively 

6.3 Release results 
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Effect of fatty acids number on the release of drug and all the particles are prepared without 
any surfactant. 
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Effect of surfactants on the release of drug from HBPE-II, the drug loaded polymer 
microparticles are prepared with different surfactants. S1 – SLES, S2 – Surfactant-1, S3 – NO 
SURFACTANT 
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Effect of surfactants on the release of drug from HBPE-III, the drug loaded polymer 
microparticles are prepared with different surfactants, S2 – Surfactant-1 and S3 – NO 
SURFACTANT 
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Release profiles of drug from the microparticles prepared by using blend (HBPE-I and HBPE-
IV) and SLES as surfactant. 

 
Dependency of encapsulation efficiency on particle size: sample ibuprofen loaded HBPE-I 
microparticles with theoretical loading of 20 wt%. Red line indicates the actual loading in the 
sample i.e. with the mixture of all the fractions 
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6.3.1 Fitting parameters of the release data for paracetamol and ibuprofen 
Paracetamol 
 

Higuchi model constant (kh) 

Concentration (wt %) Buffer (pH=7.2) Lipase (pH=7.2) 

10 17.73 17.30 

20.86 19.86 20 

11.91* 12.73* 

40 14.40 15.63 

 
 
 
Ibuprofen 
 

Concentration 

(wt%) 

 Q0 k0 kh Q1 

10 Buffer 7 -4.41 34.91 -10.51 

 Lipase 67.96 -0.72 7.97 -65.71 

      

20 Buffer 79.4 1.4 -8.43 -63.79 

 Lipase 38.09 -2.87 23.72 -32.25 

      

40 Buffer 36.77 -1.05 14.96 -37.41 

 Lipase 97.72 0.51 -2.5 -85.22 
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Crystallization of ibuprofen in a polymer matrix 
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6.4 DSC thermograms 
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DSC thermograms of HBPE-I, Ibuprofen and Paracetamol 
 

 
DSC thermogram, physical mixture of 10 wt% ibuprofen in HBPE-I  
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DSC thermogram, physical mixture of 40 wt% ibuprofen in HBPE-I  
 

6.5 Appendix III: Properties of the investigated polymers 

6.5.1 Chemical Structures 
 
1) DC7380 
 
Tm = 70 °C Mw = 3500 
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2) DC7390 
 
Tm = 115 °C Mw = ~3500 
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3) Poly (ε-caprolactone) 
 
Tm = 68 -70 °C Mw = 50000 

 

 
4 ) Poly (Lactide-co-Glycolide) 
 
Tm = 54 °C Mw = 45000 
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6.5.2 Properties of polymers 
 
Polymer Molecular  Melting Solubility Viscosity  

  Weight temperature [°C]   [Pas] 
     
PCL     
6500 R 50000 58 - 60   1500 @100°C 

6400 R 37000 " 
Insoluble in water and soluble 
in 315 @100°C 

6500 C 50000 " aromatic and chlorinated 1500 @100°C 
6800 R 80000 " hydrocarbons 8000 @100°C 
FB 100 100000 "   NA 
     
Hybrane     

H1500 1500 78 
Insoluble in water and soluble 
in   

    ethanol >500 mg/ml @20 °C   
      and chlorinated hydrocarbons   
     
HBPE     
I-IV 7600 to 42 to 59 Soluble in ethanol (~1.5 wt%)  9 at 50 °C 
  10500  Soluble in water (<0.3 wt%) 0.8 at 85 °C 
      both at 50 °C   
     
PLGA 44000 54 Soluble in acetone (~1.5 wt%)   
    Soluble in dichloromethane (~4 wt%) 
      both at 20 °C   
     
Eudragit 150000   Soluble in acetone and dichloromethane 
      upto 12.5 wt%   
     
Dynapol   100 Soluble in dichloromethane  10 at 160 °C 
S320   >= 10%   
      Virtually insoluble in toluene, ethyl acetate 
     
Dynacoll 3500 70 Soluble in dichloromethane 2 at 80 °C 
7380         
     
Dynacoll ~ 3500 115 Soluble in dichloromethane 1 at 130 °C 
7390         
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6.5.3 Molecular weight distribution of HBPE-I to IV polymers 
 

 
Concentration of polymer verses the elution volume 

 
Molar mass verses elution volume of the solution 
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Viscosity versus shear rate of HBPE-I and HBPE-II at 85°C measured as described in the 
experimental section 
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Viscosity versus shear rate of HBPE-I and with different concentrations of ibuprofen at 85°C 
measured as described in the experimental section 
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HPLC chromatograms of ibuprofen from HBPE-I microparticles in buffer and in lipase 
solution obtained during the dissolution experiments 
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