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Abstract 

Nanoparticles from biodegradable polymers are considered one of the most promising systems 

for biomedical application as drug delivery systems. Therefore, the synthesis and characterization 

of a new aliphatic biodegradable copolyester named PBS/PBDL (poly(butylene succinate-co-

butylene dilinoleate)) intended to the application as drug delivery system is reported in the thesis. 

Surfactant-free biodegradable and narrowly distributed, nanosized spherical particles (RH < 60 

nm) have been produced from the biodegradable material by applying a single-step 

nanoprecipitation protocol. The size of the generated polymer nanoparticles (PNPs) could be 

controlled by adjusting the polymer concentration, the choice of organic solvent, mixing different 

organic solvents or by changing temperature and ionic strength. By optimizing such parameters 

sub-100 nm uniform PNPs can be produced through this methodology including the advantage 

and ability to scale-up production. The nanoparticles structure was characterized in detail by 

employing a variety of scattering techniques and transmission electron microscopy (TEM). 

Combined static light scattering (SLS) and dynamic light scattering (DLS) measurements 

suggested that the nanoparticles comprise a porous core conferring them a non-compact 

characteristic. Their porosity enables water to be entrapped which is responsible for their 

pronounced stability and relatively fast degradation as followed by size exclusion 

chromatography (SEC). The polymeric nanoparticles could be loaded with the hydrophobic 

antitumoral drug paclitaxel (PTX) and doxorubicin (DOX) with a drug loading content of ~ 6–

7% wdrug/wpolymer and ~ 5% wdrug/wpolymer, respectively. The drug encapsulation and release 

modifies the inner structure of the nanoparticles, which holds a large amount of entrapped water 

in the drug-free condition. The controlled DOX release is pH-dependent and faster under slightly 

acidic conditions and the cell viability experiments demonstrated that the drug-free NPs are non-

toxic, whereas the DOX-loaded NPs exert in vitro cytostatic efficacy on EL4 T cell lymphoma. 

Finally, the successful coverage of the hydrophobic PBS/PBDL NPs by the non-immunogenic 

and non-toxic hydrophilic N-(2- hydroxypropyl)methacrylamide (HPMA) copolymer makes them 

an alternative to the biodegradable FDA-approved polyester and PEG-shielded nanoparticles for 

biomedical application as drug delivery systems. 

Keywords: paclitaxel, doxorubicin, biodegradable polyester, drug delivery systems, PHPMA, 

light scattering  
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1.1 Introduction  

 

Biomedical application of nanomaterials has emerged as one of the most significant 

trends in the area of nanotechnology.1 ,2 ,3 The research interest in the field has recently 

transferred from semiconductor chips to biomedical applications. Polymeric nanomaterials for 

biomedical applications are of research interest since the early 1990s.4 The nanometer size of 

polymeric nanoparticles, which is much smaller than that of blood cells, could readily move 

in biological environments (Figure 1.1). Encapsulation of drugs and imaging agents into 

polymeric nanoparticles through physical or chemical conjugation was found to have great 

potential in drug delivery and diagnostic applications. Polymer-based nanoparticles are the 

most extensively studied nano-sized drug carriers.5 , 6 ,7 , 8 ,9 , 10 ,11 , 12 Commonly, the present 

nanoparticles used for drug delivery have a size ranging between 1 nm and 1000 nm and 

characterized by versatile structures and morphologies.13 

 

 

Figure 1.1. Schematic example of size comparison between the man-made nanoparticles 

intended to drug delivery applications and the biological systems.14 

 

Nanoparticles from biodegradable polymers are considered one of the most promising 

systems for biomedical application as drug delivery systems7,15,16,17 Some examples of their 

versatility include; (1) the ability to cross the biological barriers to reach the target sites and 

enter the cells due to their small sizes, thus achieving an improved therapeutic effect; (2) the 

capability for protecting the drug from degradation and for sustained release of the therapeutic 
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drug in specific sites; (3) the tenability of the drug release through modulating both drug 

diffusion in nanoparticles and polymer degradation; (4) the possibility of polymer 

modification, which incorporates targeting ligands and biological active components onto the 

surface of the nanoparticles; (5) and the easy elimination of the drug carriers from the body 

after polymer degradation. 

 

1.2 Biodegradable polymer nanoparticles  

 As mentioned above, biodegradable nanoparticles have been intensely used as drug 

delivery vehicles due to their good properties such as bioavailability, better encapsulation, 

control release and lower toxicity.18 Various biodegradable nanoparticulate systems were 

reported in the literature describing the encapsulation process, controlled release and 

improvement of therapeutic value of nanoencapsulated drugs. Some examples of 

biodegradable nanomedicines for treatment of diseases like cancer19, diabetes20, AIDS21, 

malaria22 and tuberculosis23 are in different trial phases for testing and some of them are 

already commercially available.24,25,26 

The most extensively studied biodegradable polymer nanoparticles are those based on 

Food and Drug Administration (FDA) approved polymers. Some examples of the most 

commonly applied biodegradable polymer nanoparticles are poly(D,L-lactide-co-glycolide) 

(PLGA), poly(D,L-lactic acid) (PLA), poly(ε-caprolactone) (PCL), poly(alkyl cyanoacrylates), 

chitosan and gelatin.4,8,27,28,29 Shortly, a few examples related to their drug encapsulation and 

therapeutic advantages are given. 

 

1.2.1 PLGA nanoparticles 

Until today, PLGA is one of the most successfully used biodegradable nanoparticulate 

system manly because it undergoes hydrolysis in the body producing nontoxic metabolite 

monomers, lactic acid and glycolic acid.18 PLGA nanoparticles have been used in the 

development of several therapeutic nanosystems like cancer, immune diseases, inflammation, 

diabetes, schizophrenia and others.7,8,30,31 However, the effectiveness of anti-cancer agents 

such as paclitaxel,32,33,34 doxorubicin35,36,37 and cisplatin38,39,40 using PLGA nanoparticles were 

by far the most studies drug delivery systems in the literature. Although the performance of 

these nanoparticles is not completely satisfactory, the relative success of these loaded 

nanocarriers is associated to their ability to protect poorly soluble and unstable payloads from 

the biological milieu and to be small enough for capillary penetrations, cellular internalization 
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and endosomal escape.34,41 Furthermore, PLGA-based nanoparticles can increase the efficacy 

of treatments because of the sustained release of the therapeutic agent from stable 

nanoparticles which improves the pharmacokinetic and pharmacodynamic profiles.19,26,32,42 

Therefore in comparison to the others non-biodegradable systems, PLGA-based nanoparticles 

are always in a good position for clinical trials.30 

 

1.2.2 PLA nanoparticles 

 Unmistakably, PLA nanoparticles are one of the most studied biodegradable 

nanosystems for drug release applications in the general therapy.43 In the body, PLA-based 

nanoparticles are biodegraded to monomeric units of lactic acid which is a natural 

intermediate by-product of anaerobic respiration, later converted into glucose by the liver 

during the Cori cycle.44 In comparison to PLGA, the PLA nanoparticles are more hydrophobic 

and have a slower degradation rate.45,46 Nevertheless, in general they are able to load higher 

amounts of hydrophobic drug in comparison to PLGA nanoparticles.47,48 Similarly to PLGA, 

the PLA-based nanoparticles were used for encapsulate psychotic drugs,49  hormones,50 

proteins,51 anti-cancer26,52 and anti-inflammatory53 agents, and others.8,31,54 The therapeutic 

improvement of the drug loaded PLA-based nanoparticles is related mainly to the sustained 

release, prolonged blood circulation time, enhanced cell uptake and bioavailability.26,53,55,56,57 

These above mentioned therapeutic benefits of PLA-based nanoparticles make them 

promising tools for drug release application in the therapy of several diseases. Together with 

PLGA, the PLA-based nanoparticles are a reality in the current clinical application and in the 

market.26,5859 

   

1.2.3 PCL nanoparticles 

In comparison to the amorphous PLGA and PLA, nanoparticles produced from the 

semicrystalline PCL are the most hydrophobic, therefore their polymer matrix have the 

slowest degradation rate allowing drug release up to several months.60,61 Although the PLC-

based nanoparticles were extensively studied in the encapsulation of anticancer,62,63,64 anti-

diabetes,65 antidepressive,66,67 antifungical agents,68 etc, the main application in the therapy is 

related to their long term sustained release of loaded drugs.60,61,69,70 Therefore, the application 

as injectable nanocarries in the therapy is limited mainly because of the slow degradation 

rates of the PCL-based nanoparticles in comparison to PLGA and PLA. 
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1.3 Drug loading in biodegradable nanoparticles 

 A successful nanoparticle system is characterized by a high loading capacity which 

reduces the quantity of the carrier required for administration.4,27 Higher drug loadings into 

nanoparticles are achieved by incorporating the drug at the time of nanoparticle production.71 

In general, the drug is dissolved with the polymer in a common solvent and the resulted 

solution is exchanged against a bad solvent for both components.72 In general, the result is the 

encapsulation of the drug in the polymer matrix which can be physically dissolved or 

dispersed.73 

When discussing drug loading into the polymer matrix, it is assumed that the two 

components are mixed homogeneously at the molecular level.74 This important assumption is 

directly related to the solubility (for the crystalline host molecules) and/or miscibility (for the 

amorphous load) of the polymer matrix. The solubility is defined by the thermodynamic 

equilibrium parameter δ, at which the chemical potential of the solute in the solid phase is the 

same as that in the liquid (solution) phase.75,76 In general, the miscibility of a small drug 

molecule in a polymer matrix is a complex equilibrium, since the amorphous drug is usually 

meta-stable in comparison to the crystalline state and shows an inclination to crystallize.744 

 The lattice-based Flory–Huggins theory of polymer solutions proposes an expression 

for the calculation of overall free energy of dissolution per mole of lattice site and has been 

successfully applied to predict the behavior of polymer-solvent systems. It is expected that the 

degree of dissolution will increase when the value of the Flory-Huggins interaction parameter 

(χdp) decreases. The greatest degree of solubilization occurs when high compatibility exists 

between the polymer matrix and the drug, according to 

 

��� =
�����	


�
��


�
        (1) 

 

where ��  and ��  are the Scatchard-Hildebrand solubility parameters of the drug and the 

polymer, respectively, �� is the molar volume of the solubilized drug, R is the gas constant 

and T the Kelvin temperature. As noticed, the highest compatibility is achieved when �� and 

�� are every close. 

 Although the lack of studies focused on the influence of polymer crystallinity, glass 

transition (Tg) and morphology on the drug loading of nanoparticles makes difficult to have 

conclusive assumptions, the evaluation of the mentioned parameters should not be neglected. 
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In some cases, a reduction in the loading of drug in the nanoparticles was observed with the 

increase of the polymer crystallinity and Tg, whereas in others no significant changes could 

be observed.77,78,79,80 Furthermore, several studies demonstrates that the drug loading capacity 

of the nanoparticles can be significantly enhanced only when the hydrophobic effect between 

the polymer and drugs is combined with hydrogen bonding, electrostatic interaction and 

dipole–dipole interactions.81,82,83,84  

 Other crucial parameter involved in the efficiency of the drug entrapped in the 

nanoparticles is the preparation technique.71 Since our studies are focused on the solvent 

displacement technique (nanoprecipitation), the highest entrapment efficiency is reached at 

the lowest molecule solubility in the aqueous phase, the fastest rate of polymer precipitation, 

the largest amorphous-state solubility of the molecule in the polymer and the highest affinity 

between the organic solvents and the aqueous phase.71,733,85 

 

1.4 General methods of preparation of biodegradable nanoparticles 

Nowadays, several methods for preparing submicron particles from preformed 

polymers are available.711,86 They can be divided into two groups depending on the steps 

involved in their preparation.87 Examples of the first group are emulsification-diffusion (also 

called emulsification-solvent displacement), emulsification-evaporation and emulsification- 

coacervation. In general they are based on two steps, in which the first is characterized by 

preparation of an emulsion while the second is based on particle formation by polymer 

precipitation or cross-linking. The second group of methods does not require the emulsion 

preparation step in order to obtaining the particles. The nanoparticles preparation is based on 

polymer precipitation under conditions of spontaneous dispersion.88 Therefore, in this case the 

particles are formed from a polymer solution or the self-assembly of macromolecules, or the 

synthesis of polyelectrolyte complexes. One example of the most extensively applied 

procedure of this type is the solvent displacement (also termed nanoprecipitation, solvent 

diffusion or interfacial deposition).86,87,88,89 

 

1.4.1 Solvent displacement technique (nanoprecipitation) 

 As mentioned above, the nanoprecipitation is a representative example of one of the 

most commonly used techniques for the preparation of polymer nanoparticles for biomedical 

applications. It is characterized by procedural simplicity, high encapsulation efficiency, high 

reproducibility, low possible contaminant content (eg. low amounts of stabilizing agents), low   
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cost and easy up-scaling.88,89,88,90,91,92 Furthermore, it uses preformed polymers as starting 

materials rather than monomers and toxic solvents which makes clinical translation much 

easier.93,94 

 Since the production of nanoparticles by solvent nanoprecipitation technique is 

characterized by a low-energy mixing process based on self-diffusion, it requires miscibility 

between the solvent and nonsolvent phases.95 The solvent phase consists of a solution of the 

drug and the polymer. The nonsolvent phase is composed by nonsolvent or a mixture of 

nonsolvents for the polymer, which can be supplemented or not with one or more 

surfactants.71,88,89 In general, solvent and nonsolvent phases are called organic and aqueous 

phases, respectively, because the solvent is an organic medium while water is mainly the 

nonsolvent. One example of polymer nanoparticles preparation by nanoprecipitation is given 

in figure 1.2. The organic phase is mixed with the stirred aqueous phase in one shot, stepwise, 

dropwise or by controlled addition rate.96  The polymer nanoparticles are formed 

instantaneously and the solvent is removed from the system by using evaporation under 

reduced pressure. 

 

 

Fig. 1.2. Laboratory set-up for preparing polymer nanoparticles by nanoprecipiation.  

 

 The operating conditions involved in the nanoprecitation technique are shown in 

Figure 1.3.  
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Figure 1.3. Schematic procedure and operating variables involved in the nanoprecipitation 

technique. 

 

The influence of some of these parameters such as phase mixing method, the organic 

phase addition rate, the organic/aqueous phase ratio, stirring rate and temperature on the final 

size distribution of the nanoparticles were extensively studied.71,87,88,89,96  However, as will be 

discussed along the thesis, the mechanics involved in the particles formation by 

nanoprecipitation is still an open debate. Therefore, studies related to the physicochemical 

parameters involved in the nanoprecipitation technique are essential for the biomedical 

applications. 
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2.1 Goals of the Thesis 

 

The main objective of my Thesis is to prepare aliphatic polyester-based nanoparticles for drug 

delivery applications. Taking into account the significance of the application strict request 

such as biocompatibility, biodegradability, controlled size distribution and drug release are 

basic concepts which must be fulfilled. Therefore, the work was divided into chapters which 

contain the background with the detailed description of each particular goal and the resulting 

achievements. The specific goals are listed below: 

 

- Synthesis and characterization of poly(butylene succinate-co-butylene dilinoleate 

(PBS/PBDL) copolyester as an alternative to FDA approved polyesters. 

- Evaluation of the influence of the physicochemical parameters (eg. polymer 

concentration, solvent nature and ratio, etc) on the particle size distribution of the 

polyester nanoparticles prepared by nanoprecipitation technique.  

- Loading the polyester nanoparticles using the hydrophobic paclitaxel as drug model 

- Loading the PHPMA covered PBS/PBDL copolyester nanoparticles with doxorubicin   

and tests its in vitro cytotoxicity on cancer cells. 
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3. General synthetic approaches and 
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3.1 Introduction 

This chapter describes the general methods utilized in this thesis for the preparation 

and characterization of the polymers and the nanoparticles studied as well as the reasons 

behind the selection of the applied methodology. Due to the comprehensive description of 

synthetic and characterization methodologies in the publications attached, the following 

chapter only aims at introducing the reader to the main synthetic concepts behind polymer 

design and nanoparticles preparation. Precise description of the methodologies of synthesis, 

characterization and preparation can be found in the Appendices attached. 

 

3.2 Synthesis of the aliphatic polyesters 

Aliphatic polyesters constitute one of the most important classes of synthetic 

biodegradable and biocompatible polymer intended for biomedical applications.1,2,3 They are 

commercially available in several types. Some examples of FDA-approved aliphatic 

polyesters mentioned in the thesis are polycaprolactone (PCL)4,5, poly(L-lactide) (PLA)6,7 and 

poly(lactic-co-glycolic acid) (PLGA)8. They have been extensively studied for their 

biocompatibility9,10,11,12, biodegradability13,14 and bioresorbability15. It was found that they are 

highly biocompatible materials16, easily hydrolysable into human body17,18,19 and therefore 

they can be used for biomedical applications in the production of drug carrier devices for 

controlled release20,21,22,23. Among the FDA-approved polymers, polybutylene succinate 

(PBS) is also an important commercially available biodegradable aliphatic polyester derived 

from fatty C-4 compounds.24,25,26,27 The absence of cytotoxic degradation products, [e.g. 

succinic acid is an intermediate in the TCA cycle (tricarboxylic acid cycle, citric acid cycle)] 

makes PBS copolyesters prospective candidates aiming at the development of drug delivery 

structures.28,29,30,31 Furthermore, the fatty acids (FA) such as dilinoleic acid (DLA) are suitable 

components for the preparation of biodegradable polymers since they are hydrophobic 

naturally occurring body compounds32,33 and they are able to bind encapsulated hydrophobic 

drugs via hydrophobic interactions when used as drug nanocarriers.34,35,36,37 

According to Albertsson and Varma38 the three major routes for the synthesis of 

aliphatic polyesters are polycondensation, ring opening polymerization (ROP) and enzymatic 

polymerization. Polycondensation consist of a stepwise polymerization of difunctional 

monomers of the AB type, ie. hydroxyl acids, or of a combination of AA and BB difunctioanl 

monomers resulting in the formation of a small byproduct, e. g. water.39,40 In general, 

polycondensation of difunctional monomers includes the esterification of diols and diacids, 
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diols and diacid chlorides or the ester interchange reaction of diols and diesters (Figure 

3.1).35,36,39,41 

  

Figure 3.1. Polyester preparation by stepwise polycondensation. 

 

Carothers published pioneering studies on polycondensation in the 1930s42,43, and 

provided the fundamental analysis of step polymerization kinetics. His equation shows that 

high molecular weight polymers (average polymerization degree, �n > 50) can only be 

achieved at very high degree of conversions (� > 98-99%) 

 

�n	= 	 �
���      (3.1) 

 

Likewise in the polymerization of PBS/PBDL35,36,37, the ester formation is characterized by an 

equilibrium reaction (Fig 3.2) and at least two major prerequisites must be fulfilled in order to 

prepare high molecular weight polymers44,45. First the equilibrium constant of 

polycondensation (��) has to be high enough, and the second condition is that according to 

equation (3.2) the stoichiometry (1:1) must be strictly obeyed in case of 

heteropolycondensation (eg. dialcohols and dicarboxylic acids). 

 

 

Figure 3.2. Condensation equilibrium reaction of carboxylic acids with alcohols. 

 

In this case the number average degree of polymerization (�n) is related to �� through the 

derivation of equation (3.2) and for condensation reaction of aliphatic alcohols with 

carboxylic acids �� values around 10 were generally found.40 
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  �� =	 	�
��
���	����
	�
��
���	����      (3.2) 

 

 Accordingly to equation 3.3, the resulting values of �n around 4 for ��≈ 10 drives the 

polymerization reaction to the equilibrium. 

 

�n	= 	���.� + 1      (3.3) 

 

Since polyesters with �n > 50 are required for fulfilling the basic physical properties of the 

polymer, �� must be increased to values higher than 2400. Therefore, constant by-product 

removal from the reaction (eg. water and glycol)27, high temperature settings (180-250 

°C)[44,45] and the use of catalyst46,47,48 are some of the usual strategies to drive the reaction 

equilibrium toward high ��values resulting in higher conversion rates. However, equation 

(3.4) leads to one of the main drawbacks in the polycondensation, which is the increase in the 

polymer dispersity (��	
��� ) with the increase in the conversion (�). At high conversions (� > 

98-99%) the polymer dispersity  ��	
���  has the tendency to approach 2.42,49 

                                                                                                              

                                                                                                                             

(3.4) 

                                                                                                          

 

 

One of the options to circumvent the drawbacks from the polycondensation is using 

ROP polymerization of cyclic glycolide, lactides and lactones (Fig 3.3). ROP possesses 

several advantages compared to traditional condensation polymerization eg. mild synthetic 

conditions, shorter reaction times, high conversion without necessity of removal of reaction 

byproducts and the use of stoichiometric balance of monomers and allows good control of the 

polymer characteristics (predictable molecular weight and narrow molecular weight 

distribution).39,41,50 All these findings make ROP the method of choice for the preparation of 

high-molecular weight aliphatic homo and copolyesters. 

 

=	

=	
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Figure 3.3. Cyclic lactides, lactones and glycolide monomers for ROP. 

 

ROP is a flexible synthetic route where several mechanistic approaches such as 

anionic, cationic and coordinative initiators or catalyst have been reported.51,52 In general, 

ionic (non-bulky ion pairs and free ions) are much more reactive leading to inter and intra-

molecular transesterification (in case of polyester) lowering the molecular weight and 

broadening the molecular weight distribution of the polymer.53 Organometallic derivatives of 

metals with d-orbitals (Al, Sn, Ti, Mg, etc) are more energetically favorable providing control 

to the polymerization unlike their anionic counter-part. From the several mechanisms 

involved in the ROP the two major ones proceed using organometallics that are acting as 

catalysts or as initiators. In the cases where it is used as catalyst (Fig. 3.4a) the polymerization 

is initiated by any nucleophile present in the polymerization medium. When it is used as 

initiator the polymerization proceeds through “insertion-coordination” mechanism (Fig 3.4b). 

 

Figure 3.4. Mechanism of ROP of lactones using organometallics [M] as (a) catalyst in the 

presence of nucleophiles (Nu) and (b) as initiator in the “coordination-insertion” mechanism. 

The third route to obtain polyester under mild conditions, avoiding the use of toxic 

reagents and with the possibility to recycle the catalyst is using enzymatic polymerization. 
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Additionally, regional and stereo selectivity of enzymes provides attractive possibilities for 

the direct synthesis of functional polyesters avoiding the use of protected monomers and 

block copolymers. However, the major drawback of the enzymatic synthesis of polyesters is 

the relatively low molecular weight of the obtained polymers. 

 

3.3 Light scattering 

Light scattering is one of the several phenomena resulting from the interaction 

between light and matter54. It is important to realize that all photon emission mechanisms 

resulting from the interaction of photons with matter arise from accelerating electrical 

charges. In the particular case of light scattering, when the light interacts with an isolated 

molecule, the oscillating electromagnetic wave induces a dipole in the molecule that oscillates 

with the same frequency as the incident light. What characterizes an oscillating dipole is the 

acceleration of charge. When a charge is accelerated, energy is emitted in all directions into a 

plane perpendicular to the acceleration plane. It is the energy emitted from the oscillating 

dipole, induced by the interaction of the incident light with the molecule, which is referred to 

as scattered light.55 The frequency of the scattered light is equivalent to the oscillation 

frequency of the induced dipole, which is equivalent to the frequency of the incident light. 

Hence the frequency of the scattered light is the same as that of the incident beam and is well 

known as Rayleigh scattering. 

For small particles and plane-polarized incident light, the scattering intensity is equal 

in all directions within the planes perpendicular to the polarization plane. The scattering 

intensity is maximum in the perpendicular plane containing the scattering center, but is zero 

along the axis of oscillation of the induced dipole. The scattering profile can be visualized by 

centering the origin on the scattering molecule with the X axis aligned with the direction of 

propagation of the incident light, than rotating it around the axis of oscillation. An example is 

given in Figure 3.5 where a small particle is illuminated by a vertically polarized incident 

light, the scattering angle (θ) is defined as the angle between the transmitted light axis (X) and 

the detector located between the XY plane. In this case, when particles are 20 times smaller 

than incident wavelength (λ/20), the detected scattered intensity is independent of the θ and 

only dependent on the mass of the particle which is proportional to the number of scattering 

centers contained in the particle. 
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Figure 3.5. Light scattering intensity profile of small particles (reproduced from Malvern 

Instruments, FAQ). 

  

When the particles are larger than 30 nm, several oscillating dipoles are generated 

simultaneously in the particle (Figure 3.6a). As a consequence a significant phase difference 

of the emitted light waves will occur due the various scattering centers (Figure 3.6b). Thus a 

non-isotropic angular dependency of the scattering light intensity is observed for these 

particles. The interference pattern of intraparticular scattered light is characteristic for the 

particle size and shape providing quantitative information of particles in very dilute solution 

by light scattering. 

 

 

Figure 3.6. (a) the interference pattern of light scattered from small particles (left) and from 

larger particles (right). (b) light scattered from different regions of a scatterer with dimensions 

bigger than the wavelength of the scattered light. As an examples two scattering points, P1 

and P2 are shown. At plane A all the incident light is in phase. Plane B and C is drawn 

perpendicular to the light which is scattered at angle θ2 and θ1 from the incident beam. The 

length difference AP1C - AP2C at small angle (θ1) is shorter than AP2B – AP1B at larger 
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angles (θ2). Therefore, larger the observation angle greater will be the phase differences in the 

light and the interference effect on the scattering intensity. 

 

3.3.1. Static light scattering 

 According to aforementioned, scattered light is produced from an oscillating electric 

dipole due the interaction between electromagnetic waves and matter. To describe the nature 

of the intensity of the light detected in an experiment of light scattering some theoretical 

background considerations are needed. Firstly, we should start with the relation between the 

electric dipole moment and the electric field that is given by the equation 3.5. The electric 

dipole momentum ���� depends on electric field vector ��� of the incident radiation and 

polarizability α according: 

                                ���� = 	����                                     (3.5) 

 

whereas, ��� is defined as: 

 

|�|������ = ��exp	�"�2$%& − ()

                             (3.6) 

 

where % = 	 *+ is the frequency of light of wavelength λ, c is the speed of light in vacuum and 

,(��, = ( = 2$/. the length of the wave vector. Assuming a vertically polarized incident light 

propagating into x-direction, the electrical field vector of the scattered light wave emitted by 

the oscillating dipole is described by:  

 

                                  �/ =	01�213� 4
�

56*� =
�78�9�:;<

56*� 	exp	0"=2$%& − (��>?@4         (3.7) 

 

where, >?���� is the distance vector from the scattering sample to the detector. Finally |�/|2 that is 

equal the scattering intensity (Is) is detected. 

 For very dilute solutions of small particles (sizes smaller than λ/20), the scattering 

intensity is independent of the scattering angle and is only dependent on the scattering power 

of the dissolved particles b, their mass concentration c and the osmotic pressure π according 

to: 

 

A~	CD(E *
0FGFH4I,K

                                (3.8) 
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The scattering power of b2 depends on the difference in polarizability of solute and solvent 

that is related to the refractive index increment according to: 

 

0LML*4 ≃ MO�MO,<
*                        (3.9)         

 

where nD is the refractive index of the solute and nD,0 the refractive index of the solvent. b2 is 

also called contrast factor K and can be expressed as: 

 

CD = 78�MO,<� 06P6H4
�

+<QRS
= � in cm2g-2Mol       (3.10) 

 

where NA is Avogadro number, π is the mathematical constant and λ0 is the wavelength of the 

incident light. Since the scattering intensity in equation 3.7 depends on the experimental setup 

(eg. the sample-detector distance) the so-called Rayleigh ratio Rθ is used to normalize and 

eliminate any scattering dependence derived from these conditions such as scattering volume 

V or sample-detector distance rD according to:       

 

TU = CD = 78�MO,<� 06P6H4
�

+<QRS
	*VRS

= �A/WXYZ[WM − A/WX9\MZ
 5O�
]            (3.11) 

 

In the practice, Rθ is experimentally determined measuring the intensity of the scattered light 

by the solution (Isolution) and the pure solvent (Isolvent) at a specific angle θ in relation to the 

absolute scattering intensity of a standard solvent Istandard (usually toluene) and renormalize 

this value by the Rayleigh scattering of the standard, Rstandard : 

 

TU = 0A^_`a&"_�−A^_`%b�&
A^&c�dc>d

4T^&c�dc>d                (3.12) 

 

Equation 3.8 is derived from the fluctuation theory, 0LeL*4 = V<
f<

0L8L*4, where µ is the chemical 

potential of the solvent in the solution, M0 the molar mass of the solvent molecules and ρ0 the 

solvent density. According to van’t Hoff, for real solutions the molar mass (Mw) and the 

second virial coefficient (A2) can be calculated using the following equation: 
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g8
g* = (E 0 �

Vh
+ 2iDj + ⋯4     (3.13) 

 

Therefore, rewriting the equation 3.11 for real solutions according to equation 3.13 gives the 

basic equation for static light scattering of small particles in solution: 

 

  
l*
mn

= �
Vh

+ 2iDj+. ..      (3.14) 

  

 However, for larger particles (sizes bigger than λ/20) the scattering intensity is no 

longer independent of the scattering angle (see figure 3.6b, in section 3.3). The angular 

dependence of the measured scattered intensity caused by the intraparticular interferences 

from the several scattering centers gives rise to the particle form factor P(q): 

 

o�p
 = 1 − 0qmr
s 4D           (3.15) 

 

where RG is the radius of gyration and q is the scattering vector defined by 

 

p = 78M<
+< ^"� 0UD4              (3.16) 

 

n0 is the refraction index of the solution where the particles are immersed and θ is the 

scattering angle. Inserting the P(q) from equation 3.15 in equation 3.14 the very important 

Zimm equation is obtained: 

 

                                            
l*
mn

= �
Vh

01 + q�mr�

s 4 + 2iDj    (3.17) 

 

The Zimm equation provides information about the sample molar mass (Mw), radius of 

gyration (RG) and the second virial coefficient (A2). A2 provides important information related 

to the type of interactions between the solute and the solvent. When A2 presents positive 

values the solute is immersed in a good solvent, otherwise, if A2 assumes negative values the 

solute interaction is preferential and the solvent is considered to be a bad solvent. When no 

preferential interactions occur between solute and solvent the A2 assumes values around zero. 
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3.3.2. Dynamic Light scattering 

Particles in solution are constantly moving under the effect of the so-called Brownian 

motion caused by the thermal density fluctuation of the solvent. The scattering intensity 

resulted from the illumination of these moving particles fluctuates in function of time because 

of a change in the interference pattern with changing interparticle position (Fig. 3.7). 

 

 

Figure 3.7. Representation of the change in the interference pattern of scattered intensity with 

time caused by Brownian motion of two scattering particles.55 

 

 Usually, to determine the particle mobility by light scattering the intensity fluctuation 

of the scattering light is expressed in terms of correlation functions. In the experimental setup 

the number of photons that reach the detector is recorded and analyzed by digital correlator 

and the signal is captured as time correlation function. 

 

tD�&
 = limx→z {�x | A�&}
A�&} + &
d&}x
� ~       (3.18) 

      

 The subscript “2” in equation 3.18 indicates a correlation function of second order 

representing the scattering intensity proportional to the square of the electric field. The 

function g2(t) can be related with the correlation function of the electric field through the 

Siegert56 relation: 

 

                                                    tD�&
 = 1 + 	�|t��&
|D                  (3.19) 
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where � is an instrumental parameter. The equation 3.19 is valid for ergodic system at finite 

concentration where the particles do not interact. 

 In several cases, g1(t) is related to a simple exponential function: 

 

             t��&
 = exp	�−Γt
     (3.20) 

 

where Γ is the decay rate related to relaxation time of the particle movement. However, 

scattering from real systems consisting of polydisperse objects fluctuates around an average 

value. One easy method for analyzing the polydipersity of such particle systems is the 

cumulant method represented by a polynomial: 

 

                              t��&
 = ib)��−Γ�&
 01 + �
D! �D&D+	. . . 4   (3.21) 

 

where A corresponds to the amplitude of the distribution, Γ� is the average decay rate and  �D is 

the second cumulant that corresponds to width of the distribution. Through this method is 

possible to estimate the polydispersity index (o�A): 
 

                  o�A = e�
��� ≈

Vh/VP��
7                         (3.22) 

 

The method is valid for the systems where o�A<0.3 otherwise nonlinear methods of 

analysis must be employed and the correlation functions are treated using the mathematical 

operation inverse Laplace transformation according to equation 3.23: 

 

tD�&
 − 1 = �	|i��
exp	�−&/�
d�	�D							�3.23) 

  

 The inverse Laplace transformation is done by commercial software such as 

CONTIN57 or REPES incorporated in the Gendist58 program. The result of the transformation 

i(τ) is a distribution of relaxation times τ (Г = τ-1) which can present one or several peaks 

representing one or more population of particles in the sample (Fig. 3.8).  
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Figure 3.8. Time correlation function (left) and the distribution of relaxation times (right) 

obtained with REPES software. The red curve in the left picture corresponds to the fit of the 

correlation function using the method of cumulants. 

 

 From the Г value the diffusion coefficient (D) of the particle can be determined using 

the relation with the scattering vector (q): 

 

                � = �
q�                           (3.24) 

  

Finally, from the diffusion coefficient value is possible to determine the hydrodynamic radius 

(RH) of the particle, once the solvent viscosity (η) and the temperature (T) are known. In the 

equation 3.25, kB is the Boltzmann constant (1.38 × 10-23 J K-1). 

  

                T� = ��x
�8�?                          (3.25) 

 

3.3.3 The ρ-ratio 

 The so-called ρ-ratio is an experimental quantity derived from combining the particles 

size characteristics determined from static and dynamic light scattering measurements. It 

provides indication of the scattering particle topology and is simply defined as: 

 

                      � = mr
m�

                      (3.26) 
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 Table 3.1 shows the theoretical ρ values for the most important topologies. 

 

                      Table 3.1. ρ-ratio for the most-typical particle morphologies 

 

 

3.4 Electrophoretic light scattering (ELS) 

 The ELS measurements were employed in order to determine the average zeta 

potential (ζ) of the nanoparticles, which was done by using the Zetasizer Nano ZS instrument 

(Malvern Instruments, UK). The equipment measures the electrophoretic mobility (UE) and 

converts the value to ζ-potential (mV) through Henry’s equation. Henry’s function was 

calculated through the Smoluchowski approximation. The measurements were performed at 

25 °C and the reported ζ-potential values are the average of 10 measurements. 

 The fixed aqueous layer thickness (FALT) was calculated according to the Guy-

Chapman theory.59 Zeta potentials were measured in various NaCl concentrations and plotted 

against k, with k-1 being the Debye-length, that is, 3.3√j + 0.0053 (c is the concentration of 

NaCl). Therefore, by plotting ln ζ vs. k, the slope gives the thickness (L) of the adsorbed 

hydrophilic polymer layer. 

 

3.5 Small angle X-ray scatteing (SAXS) 

 The SAXS technique is used to investigate structural details in the order of 0.5 to 100 

nm. Compared with SLS, the SAXS technique presents three fundamental differences: they 

differ in the electromagnetic radiation wavelength (visible light present’s wavelength between 

380-700 nm whereas X-ray is between 0.01 to 0.2 nm); they differ in the scattering geometry 

(conventional SLS ranges from 20° to 150° whereas X-ray is from 0.5° to 4°); and in the 

origin of the nature of the scattering from the sample (once the light scattering in SLS is 

related to the differences in the refractive index between the solvent and the solute whereas 
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for X-ray the scattering intensity is related to the differences in the electron density in the 

sample system). 

  

 

Fig. 3.9. Basic geometry of a SAXS experiment. 

 

 Figure 3.9 shows a classical geometry for a SAXS experiment. A collimated and 

monochromatic X-ray beam with variable wavelength focuses on the sample and the 

generated scattering is collected by a two-dimensional detector. During the experiment the 

number of photons in function of the scattering angle is measured. For the calculations of q in 

a SAXS experiment we use the aforementioned equation 3.16, using n0 = 1. 

 The X-ray scattering intensity of a sample in function of q is given by[60]: 

 

     A/�p
 = R��q

Z� = A��.
AΔΩ�E/�.
d/ 0gƩ

1�4 �p
 + ��     (3.27) 

 

where Is(q) is the quantity measured during an experiment and corresponds to the number of 

photons (Ns) of a given wavelength scattered through the angle (θ) that arrive on a small area 

of the detector per unit time (ts). I0(λ) is the incident flux (in units of photons s-1 cm-2), A is the 

area illuminated by the beam, ΔΩ is the solid angle element defined by the size of a detector 

pixel, ε is the detector efficiency, Ts(λ) is the transmission of the sample, ds is the thickness of 

the sample, and �� is the scattering background. Finally, (�Ʃ/�Ω
	is the differential 

scattering cross section (in units cm-1); it is the quantity obtained from the absolute calibration 

of the measured intensity. 

 For a specific system the X-ray scattering intensity results from the multiplication of 

the form P(q) and structure S(q) factors according to the equation 3.28[61]. 

 

       A�p
 = �o�p
 �p
                  (3.28) 
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where N is the number of particles per unit volume. The form factor P(q) is related to the 

scattering of a single isolated particle whereas the structure factor S(q) is related to the 

scattering originating from the arrangement of the particles. 

 Generally, under the diluted regime the particles do not interact and the total scattering 

results from the sum of the scattering from the individual non-interacting particles. In this 

case significant information related to the particles shape and size can be extracted. On the 

other hand, when the system is composed of a large number of particles, the scattering 

intensity results from the contributions of P(q) and S(q). In this case, by applying 

mathematical treatment that include the theoretical profile of the contributions, P(q) and S(q) 

can be separated in the scattering spectra. 

 Taking into account that all the nanoparticles samples were measured under dilute 

regime, the structure factor P(q) was modelled geometrically as homogenous spheres 

according to: 

 

A�p
 = 	¡�2∆£2o�p,T
  

 

                 = 07s$Ts∆£4D 0s	¤¥¦�qm
�qm*W/�qm�
�qm
§ 4D         (3.29) 

 
 

and the samples polydispersity was estimated using the log-normal distribution for which the 

probability density function is given by: 

 

                  ̈�T, �, ©
 = 	 �
√D8ªm b)� − «¦	�m/e
�

Dª�           (3.30) 

 

where R is the average radius, � is the location parameter and ©D is the variance. The 

parameter © is related to the standard deviation and gives the quantitative information about 

the width of the distribution. 

 

3.6 Nanoparticles preparation 

The details of the procedures for the preparation of each system are described in the 

appendices. One example is given for the preparation of the PBS/PBDL stealth nanoparticles 
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by nanoprecipitation (Chapter 6). The PBS/PBDL copolyester (5.0 mg.mL-1) was firstly 

solubilized in acetone at 40 °C. Subsequently, the organic phase was drop-wise added (EW-

74900-00, Cole-Parmer®) into a pre-heated (40 °C) 5% v/v ethanol/water mixture (20 mL) 

containing 0.00 mg.mL-1 (NP0), 0.25 mg.mL-1 (NP1:20 wHPMA-chol/wPBS/PBDL), 0.50 mg.mL-1 

(NP1:10 wHPMA-chol/wPBS/PBDL), 0.75 mg.mL-1 (NP01:6.7 wHPMA-chol/wPBS/PBDL), 1.00 mg.mL-1 

(NP1:5 wHPMA-chol/wPBS/PBDL) or 2.00 mg.mL-1 (NP1:2.5 wHPMA-chol/wPBS/PBDL) of dissolved (RH 

= 8.0 nm) PHPMA-chol free chains (Ultra-Turrax T25, IKA, Germany). The samples were 

left at room temperature for 2 h to achieve equilibrium structures and the organic solvent was 

further removed by evaporation under reduced pressure. The remaining free polymer chains 

were removed by washing the NPs solution several times using an Amicon Ultra-4 centrifugal 

filter with MWCO 30 kDa (Millipore, Czech Republic). The aqueous solutions were 

concentrated to the desired final concentrations and used immediately or stored at 4 °C. The 

DOX-loaded NPs were prepared by using essentially the same procedure except that in such a 

case 4.3 µmol of DOX.HCl and 12.9 µmol of triethylamine were dissolved in acetone along 

with the PBS/PBDL copolyester. 

 

3.7 Paclitaxel (PTX) drug loading and loading efficiency 

The total amount of the hydrophobic model drug paclitaxel (PTX) loaded into the NPs 

(total drug feeding subtracted from the free-drug amount collect after the ultrafiltration–

centrifugation step described below) was measured by HPLC (Shimadzu, Japan) using a 

reverse-phase column Chromolith Performance RP-18e (100 × 4.6 mm, eluent water–

acetonitrile with acetonitrile gradient 0–100 vol%, flow rate = 1.0 mL min-1). To start, 100 µL 

of the drug-loaded NPs was collected from the bulk sample and diluted to 900 µL with 

acetonitrile. Afterwards, 20 µL of the final sample was injected through a sample loop. PTX 

was detected at 227 nm using ultraviolet (UV) detection. The retention time of PTX was 

11.80 min in such experimental conditions. An analytical curve with linear response in the 

range (0.5–100 µg.mL-1) was obtained and used to determined PTX contents. The free-drug 

was separated from the drug-loaded NPs by ultrafiltration–centrifugation (Ultrafree-MC 10 

000 MW, Millipore) as detailed elsewhere.62 The samples were centrifuged at 6000 rpm for 

30 min. The amount of PTX in the nanoparticles was measured in the filtrate after the 

dissolution of NPs by using acetonitrile as described earlier. The drug-loading content (LC) 

and the drug-loading efficiency (LE) were calculated by using the following equations: 
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¬­	�%
 = L5Y¯	°2WYZ	[M	M°MW�°5Z[*X\/
2°//	W±	M°MW�°5Z[*X\/ 	× 100    (3.31) 

 

           ¬�	�%
 = L5Y¯	°2WYZ	[M	M°MW�°5Z[*X\/
L5Y¯	±\\L[M¯ 	× 100      (3.32) 

 

3.8 Determination of nanoparticles density 

The average density of the nanoparticles (d) was estimated according to: 

 

                         d = sVh�K²

78RS�m�
§                                      (3.33) 

 

Where ³´�Rµ
 is the molecular weight of the nanoparticle calculated by equation 17, �¶ is 

Avogadro’s number and T� is the nanoparticle hydrodynamic radius calculated according to 

the equation 25. 

 

3.9 Cryo-Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM observations were performed to characterize the size and morphology of 

the polymeric nanoparticles. Thin liquid films of NP suspensions (0.5 wt% solid content) 

were prepared on NetMesh lacy carbon membranes (Pelco, U.S.A.) and quench-frozen in 

liquid ethane. Once mounted in a Gatan 626 cryo-holder cooled with liquid nitrogen, the 

samples were transferred to the microscope and observed at low temperature (-180 °C). The 

images were recorded on Kodak SO163 films using a CM200 Philips “Cryo” electron 

microscope operating at 80 kV. The negatives were digitized and the diameter of 650 particles 

was measured for each sample using the ImageJ software63. Number-, weight- and Z-average 

mean diameters (�R, �· and �¸, respectively), as well as a polydispersity index PTEM, were 

calculated as: 

      

                                    �R = ∑ Rº?ºº
∑ Rºº

	;  �· = ∑ Rº?ºQº
∑ Rºº ?º§

 ;  �¸ = ∑ Rº?º»º
∑ Rº?º¼º

       (3.34) 

 

 

                                                           ox;V =	?½
?K

                                (3.35) 
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4. Physicochemical aspects behind the size 

distribution of biodegradable polymer nanoparticles 
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4.1 Introduction 

According to aforementioned, polymer nanoparticles (NP) can provide a crucial 

advantage to various drugs and therapeutic biological molecules by improving their efficacy 

and reducing potential toxic and side effects, by protecting the therapeutic agents against 

degradation and by controlling their release. Among the particles physicochemical properties 

such as composition, morphology and surface properties, the size of the nanoparticle is a 

crucial parameter in systems designed for drug release applications. In intravenous 

administration the nanoparticle size strongly influences the biodistribution and 

pharmacokinetics of the drugs.1,2,3,4,5,6,7 It has been shown that the clearance of the smaller 

particles (~80 nm) from the bloodstream was slower than that of bigger particles (~200 nm). 

Moreover, filtration of nanoparticles by the spleen and trapping in the hepatic parenchyma 

also depended on size.5 Therefore, the size and the size distribution of nanoparticles need to 

be accurately controlled for efficient and safe drug delivery. 

There are several methodologies employed in the preparation of polymer nanoparticles 

intended to biomedical applications.8,9,10,11,12,13,14,15 Conventionally, they are divided in two 

general methods: (1) the polymerization and polycondensation of monomers, and (2) the 

dispersion of preformed polymers. In the dispersion of preformed polymers, the choice of the 

preparation method for nanocarriers mainly depends on the employed polymeric materials. 

For the self-assembly of polymers or copolymers in aqueous solution, the emulsion-solvent 

evaporation process and the nanoprecipitation technique (solvent shifting) are the more often 

described.16,17,18 They are characterized by procedural simplicity, high encapsulation 

efficiency, high reproducibility, low possible contaminant content, low cost and easy up-

scaling.19,20,21,22,23,24,25 As mentioned in the introduction, nanoprecipitation was the technique 

of choice to produce the nanocarriers described in this thesis. The purpose of this approach, 

e.g. easy tuning of particles size, and some physico-chemical findings are described and 

discussed throughout this chapter. 

 

4.2 The parameters involved in the nanoprecipitation of polymers 

 There are several physicochemical parameters involved in the nanoprecipitation of 

polymers that influence the final particles size and size-distribution.18,26,27 Some of the most 

relevant physicochemical parameters of nanoprecipitation were evaluated in detail using as a 

model the well-known biocompatible and biodegradable poly(lactic-co-glycolic acid) PLGA 

copolymer.28 The influence of the physicochemical properties of the aqueous and organic 
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phase during the preparation of biodegradable NPs as well as physicochemical aspects behind 

the size and size-distribution of NPs have been investigated and the results are summarized 

below. 

 

4.2.1 The influence of the polymer concentration  

 The polymer concentration was tested from 1.4 to 15 mg.mL-1 and their influence in 

the size, size-distribution and ζ-potential of the prepared NPs at preset acetone/water ratio 

(0.4) is portrayed in Fig. 4.1. As previously observed,29,30,31,32 the increase in polymer 

concentration resulted in increase in the mean particle size. The more widespread explanation 

to the particles growth are related to the classical nucleation and growth mechanism applied to 

low molecular weight compounds.33,34,35 In this mechanism, a few critical nuclei of pure 

solute are formed when the anti-solvent is added to the solvent solution causing solute super 

saturation due to the fluctuations in the solvent concentration. These critical nuclei grow by 

capturing solute molecules from the surrounding solution. The signature of the nucleation and 

growth mechanism is that the number of particles remains equal to the number of nuclei (Fig. 

4.2,).33 At the end of growth, the mass per particle equals the solute mass concentration 

divided by the number concentration of particles. Since the number of nuclei varies 

exponentially with the supersaturation, one should expect higher solute concentrations to 

yield a much higher number of nuclei and therefore smaller particles. 
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Figure 4.1. Influence of the polymer concentration on the structural features of PLGA 

nanoparticles prepared by nanoprecipitation: mean nanoparticle size (A), polydispersity index 

(B) and ζ-potential (C). The acetone:water ratio was preset to 0.4. (the read dashes expressed 

the acceptable limits for drug release systems) 
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Figure 4.2. Schematic description of nucleation and growth mechanism (above), and 

nucleation and aggregation mechanism (below).18 

 

In order to drive the nanoprecipitation process through the nucleation and growth mechanism 

homogenous supersaturation of the polymer solution must be achieved.18 To obtain a 

homogenous supersaturation the mixing process between the aqueous and organic phases, and 

the associated molecular diffusion of components, must be much faster than the rate of 

nanoparticle nucleation.36 This can be achieved just by using special devices that provide fast 

mixing conditions at very low polymer concentrations and solvent to non-solvent ratios.37 

However, the very low volumes of NPs produced by using such devices hinders the scale-up 

from laboratory to industrial application.  

Under average conditions the nanoprecipitation process using pre-formed polymers 

produce NPs in which the size grows linearly with the polymer concentration (Fig. 4.1a).29-32 

In these cases NPs grow manly through nucleation and aggregation mechanism.30 In addition 

to the nuclei growth under supersaturation, unavoidable nuclei aggregation due to the random 

encounters between the growing nuclei is also expected to occur (Fig. 4.2). Therefore, the 

increase in the number of available copolymer chains (higher concentration) leads to an 

increase in the number of nuclei and consequently in the probability of nuclei encounters.30 

Each encounter causes aggregation of nuclei thereby increasing the nanoparticle size. The 

NPs grow until the electrostatic repulsions stabilization quenches the aggregation 

process.38,39,40 Moreover, the increase in the organic solution viscosity by the increase of the 

polymer concentration results in an increase in the mass transfer resistance. This causes a 
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reduction of the polymer-solvent diffusion into the external aqueous phase, larger nuclei are 

formed and consequently larger NPs. 

The NPs size-distribution was also influenced by the polymer concentration (Fig. 

4.1b) as observed previously.31 The size-distribution became broad when bigger particles 

were obtained and it can be understood by considering the process of aggregation. At low 

polymer concentration the viscosity of the organic solution does not influence the mixing 

process and the nuclei formed during supersaturation are small and homogenous to some 

extent. When polymer concentration increases the viscosity starts to interfere in the mixing 

process increasing the nuclei size and inhomogeneity. The random aggregation of the 

heterogeneous nuclei generates a polydisperse distribution of NP sizes. Therefore, increase in 

polymer concentration increases the heterogeneity between the nuclei and the number of 

random aggregation steps resulting in bigger and more polydisperse NPs.38,39 Furthermore, 

the Oswald ripening41 cannot be ruled out in polydisperse systems since the increase in the 

polymer concentration enhances the difference between the growing nuclei. 

Taking into account that the end-groups of the PLGA copolyester used in the 

production of the NPs is carboxylic acid terminated, the nature of the charge on the particles 

surface is related to the presence of these deprotonated ionic end-groups at the polymer/water 

interfaces.40 Therefore, it is expected a negative zeta potential values of NPs prepared by 

polymers containing such end-groups.16,18,40 The values of zeta potential in function of 

polymer concentration are shown in Fig. 4.2a. It is noted that with the increase in the polymer 

concentration the zeta potential is slightly displaced towards smaller absolute values. We 

speculate that this behavior might be related to the mixing process, once opposite trend for the 

zeta potential were observed when high speed mixer (Ultraturrax® T25 basic, IKA, Germany) 

was used at same conditions (Fig. 4.3) or when a Robot micropipeting system for low 

volumes was applied in the preparation of NPs.31 Nevertheless, even for the highest 

concentration, the zeta potential is still more negative than –30 mV which is used as the limit 

for nanoparticle stability.39,40 
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Figure 4.3. Influence of polymer concentration in the zeta potential under high speed stirring 

conditions; 3500 rpm (■) and 12 000 rpm (●). 

 

4.2.2 The influence of the solvent/water ratio  

 The solvent/water ratio was varied from 0.2 to 1.0 at preset final polymer 

concentration of 1.4 mg.mL-1 (Fig. 4.4A). A small effect of the solvent/water ratio was 

observed on the size of the produced particles in the range from 0.4 to 1.0, although for 0.2 

the manufactured NPs are substantially bigger. From the low solvent/water ratio region (0.2 to 

0.8), the mean particle size decreases as the solvent/water ratio increases. The mean particle 

size was reduced from 67.8 nm to 44.0 nm as the solvent/water ratio increased from 0.2 to 

0.8. Perevyazko et al.31 investigated the influence of the organic fraction in the NPs size under 

several conditions: at constant initial concentration (1), at constant final polymer 

concentration (2), and at constant amount of the polymer in the final mixture (3). The results 

(Fig. 4.5) show that the points are similar to the parabolic shape of the curve found in our 

experiments (Fig. 4.4a). 
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Figure 4.4. Influence of acetone/water ratio on the structural features of PLGA nanoparticles 

prepared by nanoprecipitation: mean nanoparticle size (A), polydispersity index (B) and ζ-

potential (C). The polymer concentration was preset to 1.4 mg.mL-1. 
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Figure 4.5. Dependence of the mean sizes of the formed particles on the solvent/non-solvent 

ratio where (1) the initial polymer concentration was kept constant at 3.57 mg.mL-1, (2) 

polymer concentration in the final mixture was kept constant at 0.1 mg.mL-1, and (3) amount 

of the polymer in the final mixture was kept constant at 0.1 mg (reproduced from reference 

31). 

 

The interpretations of the results were based on nucleation and aggregation and 

nucleation and growth mechanism. At low solvent/water ratios (< 0.2) the low amount of 

organic solvent hampers the formation of nucleation sites, thus the number of nuclei formed is 

small and the particle size is bigger. The increase in the volume fraction of the organic phase 

increases the number of nucleation sites, which leads to the formation of smaller particles. For 

our experimental setup the maximum number of nucleation sites appears close to the 

solvent/water ratio ∼0.6–0.8. Beyond this ratio the NPs growth is no longer governed by 

nucleation and aggregation, since the superstation is very low and the nucleation events are 

rare. These nuclei are far apart from each other and their encounters are rare, therefore the few 

nuclei grow by collecting the remaining polymer chains by the nucleation and growth 

mechanism.30 

 In our case the polydispersity seems not to be affected by the solvent/water ratio since 

the produced PNPs are narrowly distributed in size as judged by the polydispersity index 

values always below 0.15 (Fig. 4B). In a similar way, no significant changes were observed in 

the zeta potential of the prepared PLGA NPs within the solvent/water ratio range studied (Fig. 

4.4c). The determined values ranged randomly in a narrow window from −30.0 mV to−40.0 

mV. The high surface charge of the NPs (ζ < −30.0 mV) suggests good dispersion stability of 

the produced NPs and prevents their aggregation due to the existence of electric repulsion 
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forces. Consequently, the NPs prepared under these conditions showed good stability for 

months when stored at 4◦C. 

 

4.2.3 The influence of the organic solvent 

 Many authors investigated the influence of the organic solvent on particle 

size.42,43,44,45,46 They studied the influence of the physicochemical parameters such as the 

organic solvent dielectric constant,42 solvent/water interactions,43 solvent/water solubility 

parameter difference44 and polymer–solvent interactions.45,46 

In order to investigate the influence of the organic solvent the nanoprecipitation 

procedures were performed by using the following water miscible solvents: DMSO, DMF, 

acetone, acetonitrile and THF. The most relevant physicochemical parameters of these 

solvents are listed in Table 4.1. Fig. 4.6c depicts an example of the visual appearance of the     

suspensions for several solvents. The suspensions are fully transparent for DMF, weakly 

opalescent for acetone and completely opalescent for THF. As expected, the increase in 

suspension opalescence correlates well with the increase in the NPs size in function of the 

solvent type (Fig. 4.6b). Furthermore, the cumulant expansion fitted the curves reasonably 

well suggesting a monomodal distribution of nanoparticles (µ2 /Γ 2 < 0.15, Fig. 4.6a). The 

values of NPs sizes, polydispersity index and zeta potential are shown in Fig. 4.7. 

     

Table 4.1. Physicochemical properties of solvents (at 25 oC) and polymers employed in the 

nanoprecipitation protocols: η (viscosity), ε (dielectric constant), δ (solubility parameter) and 

γ (surface tension). 
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watersolvent

water
water-solvent )  - (

  δδχ
RT

V=

 The comparison between the experimental data and the solvent physicochemical 

parameters (table 4.1) reveals that there is no correlation between the viscosity of the solvent 

and the final dimension of the NPs since by employing the solvent of highest viscosity 

(DMSO and DMF) the smallest NPs were produced (Fig. 4.8). Likewise, we could not find 

proper correlation between particle size and water-solvent interfacial tension (Fig. 4.9). 

Similar conclusions were described in a review by Mora-Huertas et al.16 where several 

experimental data from the literature related to solvent properties such as density, viscosity 

and surface tension were compared with the particle size. On the other hand, for the 

thermodynamic solvent-water interaction parameter (χsolvent-water) the authors, in some cases, 

could found correlation with the particle size.47,48 Some explanation was given in terms of 

total solvent-water miscibility which guarantees fast phase mixing making the impact of 

solvent diffusion irrelevant. Therefore, we evaluated the solvent-water compatibility through 

the χsolvent-water parameter based on the Hildebrand solubility parameter (δ) (Table 4.1)  

  

                                                                                                                         (4.1) 

 

 

The parameter χsolvent-water describes the interaction between the molecules of water and 

the molecules of the organic solvent and Vwater stands for the molar volume of water 

(calculated based on its molar mass and density), R being the gas constant, T the absolute 

temperature and δwater and δsolvent the solubility parameters of the water and organic solvent 

respectively. Fig. 4.7A shows the plot of mean particle size as a function of the interaction 

parameter. A consistent tendency was observed of size increase as a function of χsolvent-water, 

where the lower the χsolvent-water the smaller the NPs. The mean particle size increases in the 

order: DMSO < DMF < acetonitrile < acetone < THF, from the smallest towards the highest 

χsolvent-water. The high water-solvent affinity allows higher water-solvent mixing rate leading to 

formation of smaller NPs. Since the diffusion-stranding phenomena between water-solvent 

mixture is a key parameter in the nucleation process, the water-solvent miscibility expressed 

by the χsolvent-water is a direct indication of the quality of the solvent mixing involved in the 

process. It seems that lower the χsolvent-water the smaller and faster are the formed nuclei during 

the nanoprecipitation. This confirms that water-solvent miscibility is of chief importance in 

the diffusion-stranding phenomenon and thus in the formation of NPs by nanoprecipitation. 
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Figure 4.6. Autocorrelation functions measured at 173○ and 25.0 ○C (A), respective 

distributions of RH revealed by the REPES algorithm (B) and the visual appearance of PLGA 

NPs produced from different organic solvents (C): DMF (●), acetone (○) and THF (■). The 

polymer concentration and the solvent/water ratio were preset to 1.4 mg mL−1 and 0.4. The 

solid lines in (A) correspond to the cumulant fittings. 
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Figure 4.7. Influence of the water-organic solvent interaction parameter (χwater-solvent) on the 

mean nanoparticle size (A), polydispersity index (B) and ζ-potential (C) of PLGA 

nanoparticles prepared by nanoprecipitation. The polymer concentration and the solvent/water 

ratio were preset to 1.4 mg.mL-1 and 0.4, respectively. 
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Figure 4.8. Influence of the solvent viscosity on the size of PLGA nanoparticles prepared by 

nanoprecipitation. 

 

 

 

 

 

 

 

 

 

Figure 4.9. Influence of ∆γwater-solvent on the size of PLGA nanoparticles prepared by 

nanoprecipitation. 

 

 When the polymeric NPs were manufactured using PCL and PBS/PBDL polymers 

(Fig. 4.10) at the same conditions using DMF, acetone and THF the particles size increases in 

the same order (DMF < acetone < THF, Table 4.2). We consider these results of fundamental 

importance because they clearly confirm that solvent–water interaction is one of the main 

factors affecting the mean NPs size independently of the nature of the biodegradable polymer. 

 

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1
20

40

60

80

100

120

DMSO

DMF

Acetonitrile

Acetone

R
H
 (

nm
)

η
solvent

 (mPa.s)

THF



Chapter 4 

 

 
53 

 

O

O

n
DP

O

O

O
O

O

O

O

O

poly(butylene succinate-co-butylene dilinoleate)

poly(ε-caprolactone)

n

O
O

CH3

O

O

x y

poly(D,L-lactide-co-glicolide)

 

 

Figure 4.10. Polymer strucuture of PLGA, PCL and PBS/PBDL. 

 

 Regarding the polydispersity (Fig. 4.7B) and the ζ-potential (Fig. 4.7C) of the 

produced NPs no significative changes were observed as function of the nature of the organic 

solvent. The average values were always below 0.15 and -30 mV, respectively. 

 Although the correlation between intercation parameter (χ) and mean particle size not 

linear, we have found that the size of the NPs can be easily and precisely tuned in a linear way 

by using mixtures of solvent. For example, by mixing DMF and THF we were able to linearly 

tune the size of PLGA NPs from ~ 30 nm to ~100 nm keeping constant the polymer 

concentration. The same profile has been observed in mixtures of acetone and THF and the 

results are given in Fig 4.11. The same behavior was also evidenced in the manufacturing of 

NPs starting from different biodegradable polymers. The representative example for 

PBS/PBDL NPs is given in Figure 4.11c. These experimental evidences strongly suggest that 

the mean particle size depends chiefly on solvent/antisolvent interactions rather than on the 

other parameters, eg. solvent-polymer interactions. 
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Table 4.2. Mean particle size (RH), polydispersity index and ζ-potential of a variety of 

polymeric nanoparticles prepared by nanoprecipitation from different starting organic 

solvents (polymer concentration 1.4 mg.mL-1; solvent/water 0.4). 

 

Polymer Solvent RH (nm) Polydispersity 
Index 

ζ (mV) 

 
PBS/PBDL 

DMF 25.1 0.23 -36.8 

Acetone 49.1 0.03 -33.9 

THF 103.8 0.13 -37.4 

 
PLGA 

DMF 29.9 0.27 -38.5 

Acetone 52.1 0.12 -39.4 

THF 109.7 0.05 -49.1 

 
PCL 

DMF 63.9 0.24 -28.7 

Acetone 88.6 0.10 -23.0 

THF 212.1 0.28 -52.5 
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Figure 4.11. RH of PLGA polymeric NPs prepared by nanoprecipitation as a function of the 

φTHF in DMF/THF (A) and acetone/THF mixtures (B). RH of PBS/PBDL polymeric 

nanoparticles prepared by nanoprecipitation as a function of the φTHF in acetone/THF mixtures 

(C). 
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4.3. Conclusion 

 Some of the most relevant physicochemical parameters related to NPs size produced 

by nanoprecipitation process such as polymer concentration, solvent/anti-solvent ratio and the 

nature of the organic solvent were investigated in detail. NPs with hydrodynamic radius 

ranging from 28 to 128 nm were successfully produced through nanoprecipitation by 

manipulation of these parameters. Besides polymer concentration and solvent/anti-solvent 

ratio, the nature of the organic solvent seems to be the most relevant physicochemical 

parameter, because the size of the NPs can be precisely and linearly tuned in a wide size range 

by using solvent mixtures as organic phase without affecting the polydispersity and the ζ-

potential. 
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5.1 Introduction 

The search for new biomaterials intended for biomedical applications has considerably 

intensified in recent years. The most promising applications are the ones focused on the 

development of controlled drug delivery systems.1 The use of biocompatible and 

biodegradable polymers is very attractive because controlled drug release can be optimized by 

suitable degradation strategies and it allows clearance of the polymeric material from the 

body, avoiding its accumulation and possible toxicity.2,3 

Among the FDA-approved polymers, polybutylene succinate (PBS) is also an 

important commercial available biodegradable aliphatic polyester derived from fatty C-4 

compounds.4,5,6,7 The absence of cytotoxic degradation products, e.g. succinic acid is an 

intermediate in the TCA cycle (tricarboxylic acid cycle, citric acid cycle) makes PBS 

copolyesters prospective candidates aiming the development of drug delivery 

structures.8,9,10,11 Furthermore, the fatty acids (FA) such as dilinoleic acid (DLA) are suitable 

components to the preparation of biodegradable polymers since they are hydrophobic 

naturally occurring body compounds12,13 and they are able to sustain encapsulated 

hydrophobic drugs via hydrophobic interactions when used as drug nanocarriers.14,15,16,17 

 Some of the potentialities of the combination of polybutylene succinate with fatty 

acids in the development of new materials for drug delivery applications are explored in this 

chapter. The aliphatic biodegradable copolyester named PBS/PBDL (poly(butylene succinate-

co-butylene dilinoleate)) was synthesized by melt polycondensation and characterized by 1H 

NMR, 13C NMR, GPC, DSC and DLS.15 The surfactant-free PBS/PBDL nanoparticles (NPs) 

were produced by using the single-step nanoprecipitation protocol (Chapter 4) and 

characterized by employing SLS, DLS, SAXS and transmission electron microscopy (TEM). 

The most relevant results related to the PBS/PBDL NPs are showed and discussed in this 

chapter. Methodological description and detailed discussion, when not mentioned in the 

chapter can be found in the appendices. 

 

5.2 Nanoparticles characterization 

 The molecular structure of PBS/PBDL copolyester is shown in Fig. 5.1. The detailed 

information related to the copolyester synthesis and characterization is given in appendix II. 
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Figure 5.1. Molecular structure of poly(butylene succinate-co-butylene dilinoleate 

(PBS/PBDL) copolyester. 

 

After evaporation of the organic solvent the PBS/PBDL NPs were investigated by 

using several scattering techniques (DLS, SLS and SAXS) and TEM. 

 Fig. 5.2 shows DLS results of the PBS/PBDL NPs prepared at different polymer 

concentrations. Fig. 5.2a shows the autocorrelation function measured at 90° and the 

respective normalized distributions of relaxation times τA(τ). 

 

 

Figure 5.2. (a) Autocorrelation functions g2(t)-1 measured at scattering angle 90° and the 

respective distributions of the relaxation times τA(τ) revealed by REPES analysis for 

PBS/PBDL NPs at starting polymer concentrations 2.5 mg.mL-1 (○), 5.0 mg.mL-1 (●) and 10 

mg.mL-1 (□). (b) Variation of the relaxation frequency Г = 1/τ as a function of q2. 

 

 The diffusive behavior of the produced PBS/PBDL NPs is shown in Fig. 5.2b and was 

confirmed by the linear q2 dependence of the decay rate (Chapter 3, equation 3.24). Table 5.1 

shows the hydrodynamic radii (RH) determined by the Stokes-Einstein equation (Chapter 3, 

equation 3.25). The distributions of relaxation times exhibit an unimodal particle size 

distribution with the sizes ranging from 34.5 to 56.7 nm (i.e. mean diameters from 69.0 to 

113.4 nm) as the polymer concentration increases from 2.5 to 10 mg.mL-1. The increase in 

nanoparticle size as a function of the polymer concentration is explained by the nucleation-
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aggregation mechanism. An extensive and detailed discussion related to the nucleation-

aggregation mechanism is presented in the chapter 4 (section 4.2.1). 

 The transmission electron microscopy (TEM) was used to confirm the formation of 

spherical nanoparticles (Fig. 5.3a). The size distribution histogram resulting from the image 

analysis18 (Fig. 5.3b) gives a number average mean diameter (DN, equation 3.34) and 

polydispersity index (PTEM, equation 3.35) equal to 72.4 nm and 1.12, respectively (polymer 

concentration of 5 mg.mL-1). Usually the particle sizes measured by TEM present smaller size 

values in comparison with those measured by DLS.19 This difference in the particle size 

measurement was observed also here and is related to the size-distribution reported in each 

technique. DLS reports an intensity-average size distribution whereas TEM reports a number-

average size distribution. Therefore, TEM images generally give lower values relative to DLS 

data. 

 

Table 5.1. Physico-chemical characteristics of the produced PBS/PBDL nanoparticles. 

Entry  
cpolymer 

(mg.mL-1)  
RH 

(nm) 
RG 

(nm) 
RG / RH

 
Mw(NP)  
(108 

g.mol-1) 

d 
(g.mL-1) 

dispersity ζ 
(mV) 

NP1 2.5 34.5 40.5 1.17 0.78 0.38 0.067 -36.0 

NP2 5.0 46.7 52.6 1.13 1.03 0.39 0.083 -37.0 

NP3 10.0 56.7 59.0 1.04 1.74 0.35 0.094 -35.0 

 

 

Figure 5.3. (a) SAXS data (circles) and corresponding curve fitting (red line) for PBS/PBDL 

nanoparticles produced from starting polymer concentration of 5.0 mg.mL-1. The inset 
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portrays the TEM image in the same conditions. (b) Size distribution histogram of the TEM 

image of the PBS/PBDL nanoparticles. 

 

SAXS measurements were also performed to probe the size of the PBS/PBDL 

nanoparticles and Fig. 5.3a shows a representative example. The resulting I(q) vs. q scattering 

curves were fitted by using the form factor of homogeneous spheres and log-normal 

distribution for polydispersity. Detailed information related to the fitting procedures is 

described in the Chapter 3 (section 3.5) and the software used is described in appendix II. The 

fitting procedure provides a value of D = 2R = 79.8 nm and polydispersity (δ) of 0.144, which 

is in well agreement with the experimental data. It is also important to emphasize that the high 

quality of the fitting, particularly at the low-q range of the SAXS profile, indicates the 

absence of aggregating nanoparticles due to their electrostatic stabilization as discussed 

below. 

SLS measurements were performed in order to investigate detailed information related 

to the physicochemical properties of PBS/PBDL NPs. The partial Zimm plot (appendix II, 

equation 2) results are reported in Fig. 5.4a (Table 5.1) and one example of the full Zimm plot 

(Chapter 3, equation 3.17) of NP3 PBS/PBDL NPs is showed in Fig. 5.4b. The very similar 

results allow the use of the partial Zimm plot version in which only one single concentration 

is used to perform the experiments. The partial Zimm analysis is only valid for very dilute 

solutions of strong scattering intensity.20 The dn/dc value of the copolyester nanoparticles in 

water was experimentally measured (appendix II) and found to be equal to 0.153 mL.g-1. 

 

 

Figure 5.4. (a) Partial Zimm plot of static light scattering (Kc/Rθ vs. q2) for PBS/PBDL 

nanoparticles prepared at 2.5 mg.mL-1 (○), 5.0 mg.mL-1 (●) and 10 mg.mL-1 (□) polymer 

concentrations. (b) Zimm plot of the sample NP3 (polymer concentration = 10 mg.mL-1). For 
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the partial Zimm analysis the concentration of polymeric nanoparticles in all the samples was 

fixed at 0.1 mg mL-1 and for Zimm plot were 0.05, 0.1, 0.15 and 0.2 mg mL-1. 

 

 Considering the reasons involved in the nucleation and aggregation mechanism 

(section 4.2.1, Chapter 3) the Mw of the PBS/PBDL NPs increases as a function of the 

polymer concentration (Table 5.1). 

As previously mentioned in Chapter 3 (Section 3.3.3), the ρ-ratio (RG/RH) is an 

experimental quantity derived from the particle size characteristics determined from static 

(RG, equation 3.17, Chapter 3) and dynamic light scattering measurements. It provides 

indication of the scattering particle conformation in solution. Regarding the polymer 

concentration, RG/RH values found for PBS/PBDL NPs within 0.977-1.127 (Table 5.1), is in 

the range for spherical nanoparticles made from regular branched polymer or statistical 

random polycondensates.21,22,23 These values suggest that the particle structure follows the 

soft sphere model21,24 and the assemblies contain high amounts of water entrapped 

inside.24,25,26 The average density (d) of the NPs could also be determined using equation 3.33 

(Chapter 3, section 3.8). The calculated d values of PBS/PBDL NPs within the range of 0.37-

0.39 g.mL-1 (Table 5.1) are also a strong indication that the particles are water swollen. 

Furthermore, the water entrapment inside the PBS/PBDL NPs could explain the particle 

stability without addition of stabilizers. The water entrapment reduces the particles density 

and increases the surface charge. The particles negative ζ-potential (Table 5.1) was attributed 

to the presence of negative charges related to the carbonyl group in the ester bounds and to 

the remaining carbolxyl terminal groups in the surface of copolymer nanoparticles.24,27,28 

 

5.3 Drug-loading and efficiency 

The capacity of a nanocarrier to load a specific drug is given by the loading content 

(LC) and it is related to its mass (Chapter 3, equation 3.31) whereas the drug-loading 

efficiency (LE) is related to the total drug feeding (Chapter 3, equation 3.32). Therefore, an 

ideal nanoparticulate system should present high LC in order to reduce the quantity of 

polymer material for administration and a high LE to avoid drug losses during the therapy. In 

order to investigate the LC and LE of PBS/PBDL nanocarriers, paclitaxel (PTX) was used as 

the hydrophobic drug model and loaded to the copolyester NPs. The loading of the 

copolyester NPs with the drug was done using the nanoprecipitation procedure previously 

described except that in such a case known amount of PTX was dissolved in acetone with the 
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PBS/PBDL copolyester. The LC of the PBS/PBDL NPs was investigated in the range 1-10% 

wdrug/wpolymer and the stability of the drug-loaded PBS/PBDL NPs was limited to ~ 6-7% 

wdrug/wpolymer drug feeding. In order to compare the LE and LC of PBS/PBDL, two well-

known FDA-approved polyesters (PLGA and PLA) were used to prepare PTX-loaded NPs. 

The drug feeding for all polyester NPs was preset to 2.5% wdrug/wpolymer. LC and LE found for 

PBS/PBDL were 2.5% wdrug/wpolymer and 100 %, respectively. However, PLGA NPs presented 

a PTX LC of ~ 0.90% wdrug/wpolymer and LE of ~89 % and for PLA NPs the LC and LE were ~ 

0.73% and ~70%, respectively. The higher LC and LE values for PBS/PBDL copolyester 

suggest that this polymer presents stronger hydrophobic interactions with the PTX drug in 

comparison to PLGA and PLA polyesters. This is confirmed by the enthalpy values of the 

interaction parameter (χdp) between the PTX and the polyesters given by equation 1.1 

(Chapter 1). The values of χdp for PLA, PLGA and PBS/PBDL were calculated from the 

respective solubility parameter of the polyesters (��) and PTX (��). The solubility 

parameters for PLA, PLGA and PTX were taken from literature29,30,31 and for PBS/PBDL was 

estimated by using the group contribution method from Van Krevelen and Hoftyzer.32 The χdp 

values found were 0.983, 1.328 and 0.0000287 for PLA, PLGA and PBS/PBDL, respectively. 

Therefore, these results indicate that PBS/PBDL copolyester nanoparticles are an interesting 

alternative for the encapsulation of hydrophobic drugs intended to biomedical and drug 

delivery applications. 

 

5.4 Drug release experiments 

In order to act on their target the drug molecules need to be dissolved in the aqueous 

environment in the body of the patient.33,34 Therefore, it is expected that the nanocarrier 

releases the drug in a temporal controlled manner in the biological media. The temporal drug 

release in polyester nanoparticles is controlled by the drug diffusion from the polymeric 

matrix and from the polymer degradation.33,35 The controlled diffusion release is dependent 

on the effective diffusion coefficient throughout the polymer matrix, which is related to the 

porosity and tortuosity.36,37  

According to the stability of the drug-loaded PBS/PBDL NPs the release experiments 

were done by setting the loading content at LC = 5.0% wdrug/wpolymer. At this loading content 

the LE shows constant values of approximately 95%. The drug release as a function of time 

was monitored by HPLC and light scattering (DLS and SLS) and the results are shown in 
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Figure 5.5. It was found that approximately 40 % of the encapsulated PTX is released within 

the first 24 h whereas only 10% remains entrapped in the particles core after 120 h (Fig. 5.5a). 

 

 

Figure 5.5. Drug release profile from PTX-loaded PBS/PBDL NPs prepared using cpolymer = 

5.0 mg mL-1 (a) RG and RH (b) and RG/RH and nanoparticle density (c) vs. time during PTX 

release. 

 

The relative slow PTX release regime observed for the PBS/PBDL NPs might indicate that in 

this case the drug release is controlled by the diffusion of the drug through the polymer matrix 

and by the hydrolysis of the PBS/PBDL copolyester. Both parameters are related to the 

polymer hydrophobicity. It was observed that PLGA NPs loaded with PTX release more than 

60% of the drug in 24 hours.38 Taking into account the higher hydrophobicity of the 

PBS/PBDL copolymer in comparison to PLGA a slower release is expected of the PTX from 

the NPs prepared with the former copolyester. Moreover, the slower release of PTX in 24 h 

indicates that PBS\PBDL can sustain higher amounts of loaded drug in the circulation in 

comparison to PLGA. This increases the amount of the therapeutic drug in the target sites. 

 In order to follow the particles behavior during the drug release process DLS and SLS 

measurements were applied to the PBS\PBDL NPs loaded with PTX under release conditions 

(Fig. 5.5a and b). Additionally, besides DLS/SLS the drug encapsulation was also followed 

by SAXS measurements (Fig. 5.6). DLS/SLS and SAXS clearly indicate that the drug 

encapsulation reduces the dimensions of the NPs. The reduction observed in the 

hydrodynamic dimension RH was from 46.7 (drug-free NPs, Table 5.1, cpolymer = 5.0 mg.mL-1) 

to 44.0 nm (drug-loaded NPs) whereas their radius of gyration (RG) has been reduced from 

52.6  to 35.0 nm. The observed reduction is more pronounced in RG than in RH. This reduction 

is reflected in the ρ value which decreases from 1.13 (drug-free NPs) to 0.79 (drug-laded 

NPs). Similar behavior was observed for SAXS of the unloaded and PTX-loaded NPs with 
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fitting the data using the form factor of homogenous spheres (Fig. 5.6). The reduction of the 

of the NPs the average radius (R) change from 39.9 (drug-free NPs) to 35.2 nm (drug-loaded 

NPs) confirms the results observed by light scattering. 

 

Figure 5.6. SAXS data (circles) and corresponding curve fitting (red line) for unladed (□) and 

5.0 % wdrug/wpolymer PTX-loaded (○) PBS/PBDL nanoparticles produced from starting polymer 

concentration of 5.0 mg.mL-1. 

 

Another interesting feature observed by DLS/SLS was the increase in the particles density 

from 0.39 to 0.51 g.mL-1 after the loading of PTX into the PBS/PBDL NPs. The increase in 

the NPs density associated with the reduction in the ρ-ratio (from soft to hard sphere) clearly 

reflects the transition of the inner particle structure from a water-swollen condition (drug free 

NPs) to a higher degree of compactness (drug-loaded NPs). The process involving the 

particles swelling-collapse induced by the PTX drug is schematically depicted in Fig. 5.7. 

 

 

 

 

 

 

   

Figure 5.7. Schematic representation of the PTX-loading effect. Unloaded (a) and PTX-

loaded PBS/PBDL NPs (b). The PTX drug is represented as filled circles and the islands of 

water are represented in blue. 
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However, in comparison to PBS/PBDL NPs loaded with PTX the PLA and PLGA 

nanoparticles loaded with 2% wdrug/wpolymer presented an opposite behavior as reported in the 

table 5.2. It was observed an increase in RG and RH as PTX is loaded in the PLA and PLGA 

NPs. The increase was also confirmed by fitting the SAXS data of such systems (Figure 5.8) 

by using the form factor of homogeneous spheres. Although the NPs are more polydisperse, 

the shift towards the right-hand side of the p(r) maximum as PTX is present fully confirms the 

size increase of the supramolecular aggregates (Fig. 5.8b and d). Furthermore, no changes in 

the PLA and PLGA NPs density could be detected after drug loading (Table 5.2). These 

differences observed between PLA and PLGA in comparison to PBS/PBDL NPs under the 

presence of PTX might be related to the hydrophobicity of the PBDL monomer units in the 

copolyester (Appendix III). The PBDL monomer unit, which is basically a branched 

hydrocarbon chain and therefore it is extremely hydrophobic, provides to the PBS/PBDL 

copolyester a much higher hydrophobic characteristic in comparison to PLA and PLGA 

polyesters. As aforementioned, under gest free conditions this is reflected in a much more 

compact and dense PBS/PBDL NPs in comparison to PLA and PLGA NPs (table 5.2). The 

interaction between the PBS/PBDL copolyester chains during the particle formation 

(nucleation-aggregation) might be stronger in comparison to PLA and PLGA polyester thus 

much more densely packed NPs are observed for PBS/PBDL. Taking into account that PTX is 

highly hydrophobic (water solubility ~ 0.1 µ/mL)39 it is expected that its presence favors the 

interactions between PTX and PBS/PBDL chains leading to water draining out of the particles 

during the aggregation-nucleation process. Since the primary nuclei are more hydrophobic 

under the presence of PTX, larger amounts of water are draining out of the particle and their 

overall density increases. In the case of PLA and PLGA NPs the absence of a highly 

hydrophobic and flexible monomeric unit limits the strength of the hydrophobic interactions 

between the polymer chains as well as between the polymer and paclitaxel. This structural 

difference between the polyesters is reflected in a less densely packed and highly hydrated 

PLA and PLGA nanoparticles in comparison to the PBS/PBDL nanoparticles. Therefore, the 

addition of PTX to the PLA or PLGA nanoparticles system causes only an increase in the 

particles sizes (Table 5.2). 
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 Table 5.2. Physicochemical characteristics of the guest-loaded NPs        

    a estimated by using the Cumulant method; b g.cm-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. SAXS patterns of guest-free (�) and 2.0 % wPTX/wPLA guest-loaded NPs (�) (A) 

and respective p(r) vs. r (B). Analogous data for PLGA NPs (C and D). 

 

 

Entry 
RH 

(nm) 
dispersitya ζ 

(mV) 
Mw(NP) 

(107 g.mol-1) 
RG  

(nm)  
RG/RH 

dNPs 

(g.cm-3) 
d b (bulk 
polymer) 

PLGA 31.3 0.10 -37.0 1.7 26.7 0.85 0.06 1.34 

PLGA 2.0% 38.2 0.12 -30.0 3.2 32.1 0.84 0.05  

PLA 32.1 0.10 -35.0 4.7 26.0 0.81 0.06 1.32 

PLA 2.0% 34.7 0.11 -32.0 10.7 31.3 0.90 0.05  

PBSBDL 46.7 0.10 -37.0 10.3 52.6 1.13 0.39 1.08 
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The result of the drug release from PBS/PBDLA nanoparticles followed by DLS/SLS 

is characterized by a continuous increase of RG/RH and decrease of nanoparticles density (Fig 

5.5c). The increase in the RG/RH is mainly related to the reduction in the RH since RG remains 

nearly constant during the first half of the experiment. We observed a reduction of RH within 

the first 96 h followed by a slight increase after 144 h (Fig. 5.5b). The initial reduction in RH 

might be related to the PTX diffusion from the core of the PBS/PBDL NPs toward their 

surface. When PTX diffuses from the core in direction to the shell the water remaining drains 

towards the surface of the particle. This causes an increase in the hydrophobicity along the 

particles and to the shrinking of the polymer matrix which is experimentally observed by the 

reduction of the hydrodynamic dimension of the PBS/PBDL NPs during the first 96 h. In this 

case the PTX diffusion and water draining towards the surface of the particle are faster than 

water draining towards the core. Near the end of the experiment (after 192 h) the RG increases 

and approaches the initial values (Fig. 5.5b) whereas the particles density decreases to ~ 0.41 

g.mL-1 (Fig 5.5c). The overall results suggest that the particles acquire their initial soft 

characteristics when the hydrophobic PTX is totally released once the inner core is again 

water-swollen due the reduction in its hydrophobicity caused by the drug release. These 

results show that the release of the PTX from PBS/PBDL NPs is mainly governed by drug 

diffusion and water draining through the polymer matrix. 

 

5.5 Degradation behavior of the copolyester nanoparticles 

An important prerequisite for a potential biomedical application of hydrophobic 

biodegradable polymers is the knowledge of their biodegradation behavior. Two main 

degradation mechanism can be involved, depending on relative rates of water diffusion into 

the polymer matrix and degradation of the polymer.40,41 When the rate of polymer degradation 

is faster than the rate of water diffusion into the polymer matrix the mechanism is called 

surface degradation. On the contrary, when diffusion of water into the matrix is faster than 

polymer degradation and the whole matrix is affected by degradation and erosion, the process 

is called bulk degradation. Under biological conditions (in vitro and in vivo) the degradation 

of polyesters proceeds by random hydrolytic cleavage of ester linkages.42,43 It was previously 

shown that PLA and PLGA nanoparticles degrade by bulk mechanism.44,45 Therefore is 

expected that for the PBS/PBDL nanoparticles the water diffusion into the polymer matrix 

would be faster than the cleavage of ester bonds and the most probable mechanism will 

involve bulk degradation. 



Chapter 5 

 

 
71 

 

Figure 5.9 shows the results for the degradation of PBS/PBDL NPs when followed by 

SEC and DLS during 8 weeks.  A constant decrease was observed of the weight-average 

molar mass during the first week followed by a pronounced reduction in the second week (Fig 

5.9 a). During this period only slight changes in the nanoparticle size were observed by DLS 

(Fig 5.9 b). Starting after the second week a slower degradation profile was observed with 

smaller reductions in the molecular weight which persist until the end of the experiment. DLS 

measurements during this period show that at the end of the third week the nanoparticles 

collapsed and only aggregates were detected (Fig 5.9 b). Similar degradation profile was 

observed also for PLGA nanoparticles (~ 100 nm) prepared by double emulsion-solvent 

evaporation.43 The authors claim that the initial fast loss in the molecular weight during the 

first weeks is related to the autocatalysis caused by the degradation products generated from 

the hydrolysis of the copolymer. The initial dense and compact structure of the polymer 

nanoparticles hinders and slows the outward diffusion of the degradation products, which can 

catalyze the degradation of the remaining polymer present in the particles. When the particles 

become more porous the diffusion of the degradation product is easier and the effect of 

autocatalysis vanishes. This might be the explanation for the fast degradation of the 

PBS\PBDL NPs since the particle density is higher in comparison to the PLGA NPs. In this 

case the outward diffusion of degradation products is expected to be even more hindered and 

therefore the autocatalysis effect is stronger. 

The complete degradation process of the PBS/PBDL nanoparticles was followed by 

SEC (Fig. 5.9c). It was observed that the SEC curve shifts towards longer elution time as 

degradation proceeds. At the second week it was observed that the monomodal main peak 

starts to decompose into a bimodal distribution peak with is shifted to higher elution times 

(lower molecular weight) and the molar mass distribution becomes broader. These are clear 

indications of the presence of the degradation products with lower molecular weight 

(oligomers and monomers) derived from the hydrolytic cleavage of ester bonds.46 
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Figure 5.9. Weight-average molar mass (Mw) of polymers fragments (a), 

hydrodynamic radius (RH) of the nanoparticles (b) as a function of time during incubation in 

PBS (pH 7.4) and respective SEC profiles (c). 
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5.6 In vitro cytotoxicity 

 The determination of cell viability in vitro is a crucial experiment in order to evaluate 

the cellular toxicity of a compound.47 A toxic compound may initiate two distinct events: 

apoptosis or necrosis, two forms of cell death with clearly distinguishing morphological and 

biochemical features.48 Therefore, the measure of the in vitro proliferation of the cells under 

the contact with the compound to be analyzed in function of time is a good indicator of its 

toxicity. 

 The in vitro cell proliferation was determined ref by incubation of the PBS/PBDL 

nanoparticles in mice splenocytes cell lines C57b/6 and Balb/c. The results show an increase 

in the cell proliferation which was concentration dependent for the NPs with both types of 

mice splenocytes cells evaluated (Fig. 5.10). 

 

 

Fig. 5.10. In vitro effect of PBS/PBDL NPs (mg.mL-1) on mice Balb/c and B6 splenocytes 

cell proliferation. 

 

Similar dependence on the concentration in the cell proliferation was observed on 

surfactant-containing systems at low surfactant concentrations ref. However in this case, 

disruption of the cell membrane and high levels of cytotoxicity were observed at surfactant 

concentrations higher than 0.1 mg.mL-1. In the current case, the enhanced in-cell proliferation 

was observed at much higher polymer concentration in comparison to those described for 

polymer surfactants. The most probable explanation for the increase in the cell proliferation is 

related to the metabolization of the fatty acids from the copolyester chains by the cells.49 

Weiss et al. observed similar in vitro behavior when steraoyl-poly(glycerol adipate) was 

incubated with human hepatoblastoma cells (HepG2).50 The cell proliferation was observed 
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only when steraoyl was present in the poly(glycerol adipate) backbone. In this case the stearic 

acid fractions were primarily metabolized by the cells. 

  

5.7 Conclusion 

 Novel biocompatible and biodegradable PBS\PBDL copolyester nanoparticles based 

on monomers derived from renewable sources were successfully produced. General 

characterization by TEM and SAXS reveals that the particles are spherical in shape and 

narrowly distributed. DLS measurements showing particles sizes around 120 nm indicates 

favorable conditions for drug delivery applications. Information related to the particle density 

and inner structure revealed by the combination of SLS and DLS measurements (ρ = RG/RH) 

suggest that they are water-swollen with a soft behavior. The water entrapped in the NPs 

seems to be crucial for the particle stability without surfactant. PBS/PBDL NPs were able to 

encapsulate between 3 to 5 times more hydrophobic drug PTX in comparison to the very 

well-known standard FDA approved polyester nanoparticles of PLA and PGLA. The drug 

encapsulation and release was followed by HPCL and for the first time by light scattering 

measurements (DLS and SLS). The drug encapsulation modifies the inner structure of the 

NPs leading to the shrinking and to higher degree of compactness due to hydrophobic 

interaction between the polymer and the drug. After the release of the drug the particles are 

swollen by water returning to their initial soft state. The degradability (about 8 weeks) and the 

absence of cell toxicity make PBS/PBDL NPs an interesting polyester alternative for 

biomedical applications in nanomedicine. 
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