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1. Sustained and local delivery using polymer-based particulate 

systems  

Controlled drug delivery systems have been extensively investigated as 

means to prolong the action of drugs in the body [1]. In this regard, a drug is 

incorporated into a carrier (e.g., polymeric material) in such a way that the 

drug is released from the matrix in a controlled manner for an extended 

period of time [2]. As of 1970th, the Food and Drug Administration (FDA) 

has approved >70 new products based on the drug delivery systems [3]. In 

particular a number of biodegradable polyesters, such as poly(lactic-co-

glycolic acid) (PLGA), has been frequently used for the development of 

controlled drug delivery systems [4]. PLGA-based particulate systems (i.e., 

nanoparticles and microparticles) are suitable systems for controlled release 

of small molecules as well as macromolecular biotherapeutics. In general, 

nanoparticles with the size range of 10 – 200 nm can reach e.g. tumor tissue 

after systemic administration by passive or active targeting [5]. The 

accumulation of nanoparticles by passive targeting occurs because of the 

anatomical irregularities of the tumor blood vessels which is known as the 

enhanced permeability and retention (EPR) effect. In the active targeting, 

apart from the EPR effect, a targeting ligand is attached on the surface of the 

nanoparticles that binds to receptors which are overexpressed on the surface 

of tumor cells and therefore facilitates the accumulation of drugs in tumor 

cells after their internalization. Although passive targeting plays a main role 

in accumulation of drug loaded nanoparticles in tumors, active targeting is 

exploited for drugs that are unable to enter cells by passive diffusion and 

which need to show their activity in the cytoplasm or e.g. the nucleus of 

cancer cells [6]. Lastly, drug loaded nanoparticles can be used as drug 
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depots for local drug delivery (e.g., intravitreous injection or topical 

instillation in the eye). Contrary to nanoparticles, which generally are 

designed for short-term applications, drug-loaded microspheres are not 

aimed for injection in the systemic circulation and have been mainly 

investigated to enable sustained release of drugs after local administration 

[7,8]. For systemic application, such drug-depots will be injected 

extravascularly (e.g., by intramuscular or subcutaneous injection) and the 

released drug can reach its target after distribution via the systemic 

circulation. For local drug delivery, on the other hand, the drug-loaded 

microspheres will be injected directly in/or close to the targeted organ to 

increase loco-regional effective drug concentrations and to reduce systemic 

drug exposure [9-12]. Polymer-based local drug delivery systems can serve 

in the treatment of many diseases including cancer [13], bacterial infections 

[14], inflammations [15] and ocular diseases [16].  

 

2. Poly(lactic-co-glycolic acid) and its derivatives 

Poly(lactic-co-glycolic acid) PLGA is a random copolymer of lactic 

acid and glycolic acid (Figure 1). This aliphatic polyester has been the 

preferred choice for the development of polymeric controlled drug delivery 

systems [17] because of commercially availability of this polymers with 

different molecular weights and different copolymer compositions which 

translates in different degradation times [18]. Hence, PLGA has been used 

for the preparation of various FDA-approved drug delivery devices [19]. It 

has been shown that an increase in glycolic acid content of PLGA 

accelerated the degradation of the polymer. The explanation for this 

phenomenon is that glycolic acid is more hydrophilic than lactic acid which 

results in an increase in the hydrophilicity of the final copolymer and thus in 
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a higher water absorbing capacity. This in turn will translate into a faster 

degradation since water is necessary for hydrolysis of the ester bonds in the 

polymer chains. Furthermore, because by steric hindrance of methyl groups, 

lactic ester bonds are less susceptible for hydrolytic degradation than 

glycolic ester bonds [20-22]. Besides the copolymer composition, the 

degradation of PLGA is also dependent on the terminal capping groups. It 

has been shown that nanoparticles and microspheres based on an acid 

terminated PLGA (i.e., COOH end group) showed a faster degradation rate 

compared to an end-capped PLGA (e.g., lauryl end group) [23]. In the 

present thesis, apart from PLGA, a diblock copolymer of PLGA-PEG 

(Figure 2) and multi-block copolymers (Figure 3), consisting of rigid, semi-

crystalline, poly(L-lactide) blocks (PLLA) and soft, amorphous, blocks 

containing poly(DL-lactide), and poly(ethylene glycol) (PEG) (PDLLA-

PEG-PDLLA) were used to prepare drug-loaded microspheres. By varying 

the composition of PLGA-PEG and [PDLLA-PEG-PDLLA]-b-[PLLA] 

multi-block copolymers the hydrophilicity/hydrophobicity, glass transition 

temperature (Tg) as well as the degradation kinetics can be tailored which 

allowed to obtain controlled release of the encapsulated drug [24-26]. 

 

 

Figure 1. Chemical structure of poly(lactic-co-glycolic acid). X is the mole fraction of glycolic 

acid, Y is the mole fraction of lactic acid and R can be either H (acid terminated), or a capping 

group such as methyl, ethyl or lauryl ester.  
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Figure 2. Chemical structure of poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol). X 

is the mole fraction of glycolic acid, Y is the mole fraction of lactic acid and m represents 

the number of ethylene glycol units. 

 

 

Figure 3. The chemical structure of [PDLLA-PEG-PDLLA]-b-PLLA polymers used in this 

study. m represents mole fraction of DL-lactide, n shows the number of ethylene glycol 

units and p represents mole fraction of L-lactide. Polymer A (10% X, 90% Y), polymer B 

(20% X, 80% Y) and polymer C (30% X, 70% Y).  

 

3. Aim of the thesis 

This thesis focuses on the preparation of particulate systems based 

on biodegradable aliphatic polyesters (Figure 1-3) and their application for 

sustained and local delivery of low molecular weight hydrophilic and 

amphiphilic drugs. 

 

4.  Outline of the thesis  

Chapter 2 gives an overview of strategies for efficient encapsulation 

of small molecule drugs into polymeric microspheres. This chapter 

addresses the challenges and formulation-related aspects for efficient 
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encapsulation of small hydrophilic and amphiphilic molecules into PLGA 

microspheres using conventional as well as novel emulsification methods.  

Chapter 3 reviews the localized drug delivery approaches using 

polymeric drug-depots for the treatment of various cancers including brain, 

lung, peritoneum, and liver.  

Chapter 4 describes formulation of imatinib-loaded PLGA 

microspheres and investigates the in vitro release of this small amphiphilic 

drug from the microspheres.  

In Chapter 5 a series of novel multi-block copolymers composed of 

amorphous blocks of poly-(D,L-lactide) (PDLLA) and poly(ethylene glycol) 

(PEG) and of semi-crystalline poly-(L-lactide) (PLLA) blocks were 

synthesized. Sunitinib, an antiangiogenic multitargeted tyrosine kinase 

inhibitor, was loaded into microspheres by a single O/W emulsion method. 

A chicken chorioallantoic membrane (CAM) assay was performed to study 

the effect of sunitinib-loaded microspheres on angiogenesis.  

In Chapter 6 PLGA and PLGA-PEG copolymers were used for 

preparation of sunitinib microspheres. The effects of polymer blend as well 

as different preparation methods (O/W and W1/O/W2) on the 

physicochemical properties and release kinetics of the microspheres were 

investigated.  

Chapter 7 describes the improved ocular retention and aqueous 

humoral drug availability of ganciclovir when administered via topical 

instillation of chitosan-coated PLGA nanoparticles into the rabbit eye.  

Chapter 8 summarizes the findings and conclusions of this thesis. 

Furthermore, perspectives and suggestions for future research are given. 
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Abstract 

Poly(lactide-co-glycolide) (PLGA) microparticles are efficient delivery 

systems for controlled release of low molecular weight drugs as well as 

therapeutic macromolecules. The most common microencapsulation 

methods are based on emulsification methods, in which emulsified droplets 

of polymer and drug solidify into microparticles when the solvent is 

extracted from the polymeric phase. Although high encapsulation 

efficiencies have been reported for hydrophobic small molecules, 

encapsulation of hydrophilic and/or amphiphilic small molecules is 

challenging due to the partitioning of drug from the polymeric phase into 

the external phase before solidification of the particles. This review 

addresses formulation-related aspects for efficient encapsulation of small 

hydrophilic/amphiphilic molecules into PLGA microparticles using 

conventional emulsification methods (e.g., oil/water, water/oil/water, 

solid/oil/water, water/oil/oil) and highlights novel emulsification 

technologies such as microfluidics, membrane emulsification and other 

techniques including spray drying and inkjet printing. Collectively, these 

novel microencapsulation technologies afford production of this type of 

drug loaded microspheres in a robust and well controlled manner. 

 

Keywords  

Polymeric microspheres, PLGA, microencapsulation, encapsulation 

efficiency, sustained release 
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1. Introduction  

Small drug molecules of biopharmaceutical classification type I and III 

(hydrophilic or amphiphilic drugs) have good water solubility and are 

extensively used for the treatment of various diseases. Their clinical 

application can however be restricted due to fast clearance or unfavorable 

biodistribution necessitating frequent dosing [1,2]. The therapeutic value of 

such compounds can be improved by encapsulating these drugs into 

delivery systems, for example polymeric microparticles, which allow 

sustained release and hence a more patient-friendly dosing regimen. 

Biodegradable polymeric microparticles possess several attractive features 

that contribute to their widespread use in controlled drug delivery for a 

variety of drugs, ranging from small molecules to proteins and plasmid 

DNA. Microparticles can be administered relatively easily via subcutaneous 

or intramuscular injection, without the necessity of surgery. Such locally 

injected depots provide long-term sustained drug release, thus enabling the 

safe dosing of drugs with pharmacokinetics issues like rapid systemic 

clearance or with a narrow therapeutic window [1,2]. Drug loaded 

microparticles have also been administered with the intention to overcome 

poor local distribution of drugs, for instance by intracranial local injection 

or via administration in the eye [3-6].  

PLGA is a widely used biodegradable polymer for preparation of drug-

loaded microparticles [7-9]. It is commercially available in different 

copolymer compositions, molecular weights and capping groups which 

offers possibilities to tune degradation and drug release kinetics [10,11]. 

The common technology for the fabrication of drug-loaded PLGA 

microparticles is emulsification e.g., oil/water (O/W), water/oil/water 

(W1/O/W2), water/oil/oil (W/O1/O2), or solid/oil/water (S/O/W). Apart from 
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these conventional methods, novel emulsification technologies such as 

microfluidics and membrane emulsification have also been applied for the 

manufacturing of PLGA microparticles [11-17]. Other techniques of 

microparticle preparation, including spray drying and inkjet printing are also 

discussed in this review [18,19]. These novel technologies allow the 

production of drug loaded microspheres in a robust and well controlled 

manner. Most of the examples discussed in this review are PLGA-based 

microspheres loaded with small hydrophilic and amphiphilic molecules 

(Figure 1). Due to the novelty of their processing methods, some 

hydrophobic small molecules loaded microspheres or microspheres based 

on polymers other than PLGA have also been exemplified. Encapsulation of 

small hydrophilic and amphiphilic molecules in PLGA microspheres using 

emulsification is challenging due to the partitioning of the drug from the 

organic droplets to the larger volume of the external water phase [11,20-22]. 

High encapsulation efficiency and drug loading capacity are critical 

particularly for expensive drugs and depots that provide prolonged drug 

release. In the first part of this study, state-of-the-art technologies in 

microencapsulation are reviewed. In the second part, process-related 

parameters that are critical for obtaining high encapsulation efficiency of 

small hydrophilic and amphiphilic molecules into PLGA microparticles 

with a focus on emulsion solvent extraction/evaporation-based 

methodologies.  
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Figure 1. Chemical structure of amphiphilic and hydrophilic small 

molecules used in this review. The images are arranged based on the order 

of mentioning in the text. Some hydrophobic small molecules are also 

included. 
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2. Methods and strategies to encapsulate small hydrophilic and 

amphiphilic drugs in PLGA microparticles  

2.1. Aqueous emulsion solvent evaporation based methods 

Hydrophobic drug molecules are often encapsulated in PLGA 

microspheres by O/W solvent evaporation/extraction method [23,24]. Both 

the polymer and the drug are dissolved in a volatile organic solvent, 

commonly dichloromethane (DCM), and the resulting organic phase is 

emulsified under mechanical force in a continuous aqueous phase which 

contains an emulsifier such as for instance poly(vinyl alcohol) (PVA). 

Subsequently, as a result of solvent extraction and evaporation, the primary 

droplets shrink and transform into finally solid polymeric particles. To 

facilitate the encapsulation of drugs that are poorly soluble in DCM, a 

variety of co-solvents (e.g., dimethyl sulfoxide, acetone, acetonitrile, 

dimethylformamide or (m)ethanol) have been added to the polymer-DCM 

solution [14,20,25]. Utilizing water miscible cosolvents along with DCM 

results in a relatively fast mass-transfer from the organic solvents into the 

water phase and in a quick solidification of the particles. In a study of Al-

Maaieh et al. it was shown that the EE of quinidine increased from 31% to 

61%, resulting in a LC of 11% by using ethanol/DCM (1:5) instead of DCM 

which only achieved a LC of 5% [20]. The microparticles prepared using 

ethanol/DCM or DCM as organic solvent were spherical with a non-porous 

surface which released the drug in a sustained manner for about one month. 

Additionally, the burst was higher for microspheres prepared with only 

DCM instead of ethanol/DCM (about 60% and 30% of the loading, 

respectively). Confocal microscopy images of the fluorescent microparticles 

(quinidine is fluorescent) showed that the drug was homogeneously 

distributed in the polymer matrix when ethanol was used as a cosolvent, 
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while quinidine was heterogeneously distributed within and close to the 

surface of the microparticles when only DCM was used. This resulted in a 

higher burst release for microparticles prepared by only DCM compared to 

DCM/ethanol. Sah et al. prepared PLGA microparticles loaded with 

risperidone, an antipsychotic amphiphilic drug, using methyl dichloroacetate 

(water solubility of 4.6 g/l) instead of DCM (water solubility of 13 g/l) as 

solvent for the dispersed phase. Methyl dichloroacetate will be hydrolyzed 

rapidly into methanol and dichloroacetamide in diluted ammonia solutions, 

which will enhance the speed of solvent extraction from the formed 

emulsified droplets. This approach resulted in microspheres with nearly 

100% LE and 40% LC [26]. 1HNMR, TGA and mass spectroscopy analysis 

showed that the microspheres did not contain any significant amount of 

residual methyl dichloroacetate demonstrating completely aminolysis of the 

organic solvent. The cross-sectional view of the SEM images displayed that 

the microspheres had a number of small inner cavities. The authors did not 

investigate the in vitro drug release from the microspheres, nor was it shown 

whether adding ammonia to the aqueous phase causes hydrolysis of PLGA 

or not. This is a concern since it has been suggested that aliphatic polyesters 

are more susceptible to hydrolysis at alkaline pH [27].  

W1/O/W2 double emulsification is a practical approach to encapsulate 

water-soluble drugs [11,17,28]. First, an aqueous solution of the drug is 

dispersed in the organic phase which contains the polymer. The resulting 

primary W/O emulsion is subsequently dispersed into a large volume of an 

emulsifier-containing external water phase. Solidified microparticles are 

formed upon extraction and evaporation of the organic solvent. The initial 

W1/O emulsion’s stability is of primary importance for obtaining high EE of 

the resulting microparticles and is mostly governed by the volume ratio of 
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the inner water droplets (W1) to the volume of the organic phase. When the 

inner water volume approaches the volume of the organic phase the primary 

emulsion will break during subsequent double emulsification and step 

solvent extraction steps, resulting in polymeric particles with a low drug 

entrapment and a high burst release [29]. Keeping the outer water phase’s 

volume (W2) constant, the EE of 5-fluorouracil increased from 28% to 35% 

when the W1 volume decreased from 1.25 ml to 0.75 ml per 10 ml of 

organic phase [30]. 

As an alternative to double emulsification, solid drug particles can be 

mixed into a polymer solution forming the initial drug-containing dispersed 

phase. The S/O suspension can subsequently be emulsified into polymeric 

droplets using similar procedures as reported for the earlier discussed 

methods for preparing microparticles. It is worth to mention that the drug 

particles have to be in the lower micrometer range to enable their 

encapsulation in PLGA microparticles, for instance by grinding, spray 

drying, spray freeze-drying, lyophilization and/or utilizing supercritical 

fluids technology [31]. Microparticles loaded with amoxicillin were 

prepared with either W1/O/W2 emulsification or by S/O/W technique [32]. 

EE of amoxicillin improved using the S/O/W technique from 35% to 61% 

with an increase in LC from 7% to about 12% [32]. Moreover, this method 

has been applied to encapsulate lornoxicam into PLGA microspheres with 

high EE (82%) and LC (12%) aimed for intra-articular drug delivery [16].  

 

 2.2. Non-aqueous emulsification methods  

Aqueous emulsification of hydrophilic and amphiphilic molecules in 

polymeric particles can be compromised by relatively high drug flux into 
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the continuous phase during the encapsulation process. To circumvent this, 

emulsion systems with non-aqueous external phases have been explored. In 

so-called W/O1/O2 emulsification methods, a primary emulsion of an 

aqueous solution of drug and the polymer/organic solution is dispersed into 

a large volume of a non-mixable organic oil which contains a suitable (e.g. 

cotton oil/lecithin). Using this method, betamethasone reached an EE of 

78% in PLGA microparticles, while its encapsulation was less than 15% 

using an aqueous W1/O/W2 emulsion method [33]. The EE of sodium 

alendronate, an inhibitor of bone resorption, improved from 1% for 

W1/O/W2 versus nearly 100% for W/O1/O2 and 86% for S/O1/O2 

emulsification with liquid paraffin as external organic phase and 4% Span 

85 as emulsifier [34]. The poor encapsulation of alendronate using W1/O/W2 

was attributed to the high water solubility of this hydrophilic drug which 

favored its partitioning into the external water phase before hardening of the 

polymeric particles.  

S/O1/O2 method employs micronized drug particles, similar as described 

above for S/O/W preparation of polymeric microparticles. While double 

emulsion methods with external water phases (W1/O/W2, S/O/W) failed to 

encapsulate sufficient amounts of pamidronate-disodium, a hydrophilic 

bisphosphonate drug for preventing osteoporosis, the S/O1/O2 method 

resulted in a high EE (~87%) and LC (~30%) of the drug [35]. Similar 

approaches, using emulsion systems with external organic phases, have been 

applied to encapsulate ciprofloxacin [36] and ganciclovir [37] into PLGA 

microspheres. The S/O1/O2 method resulted in a high EE (98% and 95%) 

and LC (9.8% and 8.5%) of ciprofloxacin and ganciclovir loaded 

microspheres, respectively. 
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2.3. Membrane emulsification procedures for preparation of monodisperse 

microspheres 

The particle size and size distribution are important for controlling the 

microparticle degradation as well as release kinetics of an encapsulated drug 

[38,39]. The particle size distribution is also an important factor in the in 

vivo fate of the particles by influencing the foreign body reaction. Small 

microspheres (~5 µm) are phagocytosed, while large microspheres (~30 

µm) are not [40-42]. Therefore, controlling the average particle size and size 

distribution can result in a better batch-to-batch reproducibility and 

optimized therapeutic efficacy. Recent advancements in microsphere 

manufacturing technology permit the preparation of monodispersed 

microspheres with controlled particle size distribution [39,43-45]. 

One of the novel approaches for the fabrication of monodisperse 

microparticles is membrane emulsification [46]. The basic principle of 

microencapsulation using membrane emulsification (ME) is similar to the 

previously described emulsification methods. In ME, small droplets of the 

organic phase are formed at the membrane pore openings and detach from 

the membrane surface by the shear stress of continuous phase. Depending 

on the process, microparticles can be formed by either O/W or W1/O/W2 

methods (Figure 2). In the O/W membrane emulsification approach, a 

continuous phase (emulsifier containing water) is flowing over the 

membrane through which the dispersed phase (drug dissolved in polymer 

solution) is pumped, resulting in the formation of emulsified droplets of 

uniform size. In double W1/O/W2 membrane emulsification method, the 

primary emulsion (W1/O) is formed by mixing the aqueous drug solution 

into an organic solution (e.g., PLGA in DCM) using a homogenizer. The 
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W1/O emulsion is subsequently processed over the membrane to generate 

monodisperse droplets [47,48].  

Figure 2. Schematic representation of membrane emulsification techniques for fabricating 

monodisperse microparticles. Upper panel: O/W membrane emulsification approach. An 

organic phase containing drug and polymer is dispersed over the membrane into a 

continuous water phase. Bottom panel: double W1/O/W2 membrane emulsification 

approach. A primary W/O emulsion is formed by mixing the aqueous drug solution into an 

organic solution using conventional homogenizer. The W1/O emulsion is subsequently 

processed over the membrane to generate monodisperse droplets. Modified from Kazazi-

Hyseni et al, Pharm. Res. 31 (2014) 2844-2856 with permission from Elsevier. 

Shirasu Porous Glass (SPG) is the most commonly used membrane for 

the preparation of monodisperse microspheres [49]. The membranes are 



Strategies for encapsulation of small hydrophilic and amphiphilic drugs in PLGA 

art and challenges-the-of-microparticles: state   

22 

designed by a phase separation process of calcium aluminum borosilicate 

glass heated at 1350°C and subsequent acid leakage to form the membrane 

[39]. The membranes are compatible with different emulsions (O/W, 

W1/O/W2, S/O/W, and S/O1/O2) by changing the surface chemistry to tune 

the hydrophilicity/hydrophobicity balance of the membrane surface [39]. 

Using SPG membrane technology rifampicin loaded PLGA microparticles 

with a narrow size distribution was obtained [50]. The EE of rifampicin 

ranged from 50-67% and it was independent of the microsphere size. 

However, the release of rifampicin was faster for microparticles of about 2 

µm compared to particles with average size of 9 µm. Nanomi company has 

developed novel silicone-based membranes (Microsieves™) fabricated by 

photolithographic technique [51]. The surface properties of this type of 

membranes can similarly be altered as reported for SPG membranes. In a 

recent study of Falke et al. using Microsieves™ technology, rapamycin-

loaded monodisperse microparticles based on a novel multi-block 

copolymer of PDLLA-PEG-PDLLA-b-PLLA were fabricated by membrane 

sieving technology. The resulting rapamycin-loaded microparticles had an 

average particle size of (35±5 µm) and 14% LC of rapamycin [13]. The 

microspheres released rapamycin for about 12 days in an in vitro study. 

2.4. Microfluidics for preparation of monodisperse microspheres 

Monodisperse polymeric microparticles have also been produced by 

microfluidic technologies [52,53]. The microfluidic devices can be 

classified into co-flow capillary devices, flow-focusing capillary devices 

and the combination of these two principles as depicted in Figure 3 [54]. 

This figure shows a schematic drawing of microfluidic devices for 

preparation of monodisperse particles using either single or double emulsion 
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techniques. In co-flow capillary devices (Figure 3A), the aqueous phase 

(e.g., PVA in water) is introduced into the two side channels and the organic 

phase that contains drug and polymer is directed into the central channel of 

the device, using syringe pumps with constant flow rates. Monodisperse 

emulsion droplets are continuously formed at the junction points of the 

combined microfluidic channels. [53,54].  

Figure 3. Schematic demonstration of microfluidic devices for fabricating monodisperse 

microparticles. A: co-flow capillary device, B: flow-focusing capillary device and C: 

combination of co-flow and flow focusing for fabricating particles with W1/O/W2 emulsion 

method. Modified with permission from Shah et al, Materials Today. 11 (2008) 18-27. 

 

Xu et al. used a co-flow capillary device for preparation of 

microparticles loaded bupivacaine, an amphiphilic local anesthetic drug 

http://en.wikipedia.org/wiki/Local_anaesthetic


Strategies for encapsulation of small hydrophilic and amphiphilic drugs in PLGA 

art and challenges-the-of-microparticles: state   

24 

[12]. In their study, microparticles with defined sizes, ranging from 10-50 

µm depending on the applied flow rates were engineered by co-flow 

microfluidics emulsification, with very low polydispersity, while 

conventional emulsification produced particles with a broad size range. 

More importantly, striking differences were observed in the bupivacaine 

release profile of the microparticles produced by these techniques, with 

lower burst release and also overall lower release rates for the fluidics-based 

microparticles. The authors suggested that a more homogenous distribution 

of the drug in the microparticles prepared by microfluidics contributed to 

the lower burst release, as well as the absence of very small particles that are 

normally present in microparticles prepared by conventional emulsification.  

In flow-focusing capillary devices, the two fluid phases (i.e., organic 

phase containing drug and polymer and continuous water phase) are 

introduced from opposite directions into the microfluidic mixing cell 

(Figure 3B). The internal organic phase is flow focused hydrodynamically 

by the external aqueous fluid through the orifice. As the organic phase 

enters the orifice, it breaks up (by dripping or under jetting conditions) to 

generate monodisperse emulsion droplets [39]. Compared to the 

conventional O/W emulsion method, blank PLGA microparticles that 

fabricated by flow focusing technique were narrower in particle size 

distribution [53].  

Double emulsion based microparticles have also been prepared by 

microfluidic flow focusing techniques with the combination of a co-flow 

and flow focusing apparatus (Figure 3C). Briefly, the inner water phase (i.e. 

the phase that contains the drug dissolved in water) is pushed through a 

narrowing circular tube delivering small water droplets into the organic 
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phase that is processed in a flow-focusing device, thus forming W1/O/W2 

emulsion droplets [54-56]. Utada et al. used such a microfluidic device for 

preparing monodisperse microparticles that contained a single inner droplet 

in a core-shell geometry [57]. Despite the limited production scale of a 

single microfluidic device (~50–300 mg/h), scaling up of this technology is 

certainly possible by operating multiple microfluidic devices in parallel 

simultaneously. 

2.5. Ink jet printing for manufacturing microparticles with desired shape 

Inkjet printing (IJP) is a method for manufacturing differently shaped 

devices [18,58,59] and can be classified into continuous and drop-on-

demand approaches. In the continuous approach, using a high-pressure 

pump, a liquid ink (drug and polymer solution dissolved in an organic 

solvent) is released through an orifice with defined diameter (typically 50-

80 μm) creating a constant current of ink. The stream of ink breaks down 

into micro-droplets using a piezoelectric crystal or by heating. In thermal 

IJP, small volumes of the ink solvent are vaporized by a micro-heater 

creating the pulse that ejects droplets from the printer head. In piezoelectric 

inkjet printing, an electric current is applied to the ink in the nozzle by a 

piezoelectric actuator causing a shock wave that pushes out the ink through 

the nozzle (Figure 4A). Ink viscosity and surface tension will affect the 

geometry and size of the final particles. The viscosity of the ink should be 

low (< 20 cP) as the piezoelectric printer used for preparation of such 

particles has only low jetting power [58,60]. Moderate surface tension (30–

70 mN/m) of the ink is required for obtaining well defined printed 

microparticles [54]. Low surface tension causes dripping of the ink from the 

outlet and high surface tension is not good for proper distribution of the ink 
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over the substrate. In drop-on-demand method, drops of ink are only ejected 

as required while in continuous mode printers, droplets are propelled in 

constant manner. In the drop-on-demand method, thermal elements or 

piezoelectric crystals are also used to break down the ink to particles.  

 

 

Figure 4. Production of drug-

loaded PLGA microstructures by 

inkjet printing technology. A: 

schematic representation of the 

inkjet system which contains a 

Piezo element for controlling ink 

flow. B: Fluorescence microscopy 

images of paclitaxel-loaded PLGA 

microparticles with different 

shapes. The scale bar is 500 µm. 

C: In vitro release profiles of 

printed microparticles. Modified 

from Lee et al, Int. J. Pharm. 427 

(2012) 305-310 with permission 

from Elsevier. 
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Printing technology allows the production of well-defined structures 

with unique control over the three-dimensional properties of the obtained 

products. Although best known for production of larger constructs, 3D 

printing has also been applied for the preparation of drug-loaded 

microparticles. Lee et al. printed paclitaxel loaded with PLGA 

microparticles with diverse shapes as shown in Figure 4 using a continuous 

mode piezoelectric printer [58]. The ink used for printing of these 

microparticles consisted of paclitaxel and PLGA dissolved in N,N-

dimethylacetamide (DMAc), a non-volatile solvent. The resulting 

microparticles with 10% LC showed a fairly uniform shape and size for 

each of the chosen geometries (Figure 4B). It is worth noting that the 

authors did not check the residual content of organic solvent in the formed 

microparticles. According to the United States Pharmacopeia (USP), DMAc 

is classified as class 2 solvent and its content in formulations should be 

limited to 1090 ppm. One of the attractive findings of the above study is that 

the release rate of paclitaxel correlated nicely to the total surface area of the 

printed particles, as determined using a surface profilometer. It was found 

that the drug release was highest for particles with a relatively larger surface 

area, with lowest release for spherical particles (circle) and highest release 

for relative open microstructures like grid and honeycomb printed 

microparticles. (Figure 4C) [58].  

Regarding the ‘ink’ formulation, it is worth to mention that the viscosity 

and surface tension plays a crucial role in the printing process. As 

mentioned above, ink viscosity and surface tension will affect the geometry 

and size of the final particles. There is no optimum value for the viscosity 

and surface tension in inkjet printing as they are dependent on the printer 

devices. Compared to volatile solvents, organic solvents with high boiling 
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points such as DMSO [61] and isobutanol [62] are shown to prevent nozzle 

clogging during printing. 

 

2.6. Spray drying techniques for preparation of microspheres 

Spray-drying has intensively been studied for the production of protein 

and plasmid DNA loaded microparticles [17,19,63,64]. This technology has 

also been applied for the encapsulation of small molecules [33,65-67]. 

Microdroplets of W/O emulsions (i.e. emulsions containing the drug in the 

inner water phase and the polymer in the organic phase) can be spray dried 

using an appropriate nozzle, with a proper inlet/outlet temperature, to form 

microspheres. Such an approach is also feasible for or any of the other types 

polymeric formulations discussed, like dispersions of micronized drug 

particles in the polymer-containing organic phase. Since no outer solvent 

phase is used in such a spray drying process, high EE can be reached for 

hydrophilic and amphiphilic drugs, as was demonstrated for betamethasone 

(EE >90%, as compared to only 15% when emulsified by conventional 

W1/O/W2 method) [33]. Similarly high EE (90-98%) and LC (~50%) were 

achieved for spray-dried PLGA microparticles of triamcinolone [65]. 

Moreover, spray drying technique was utilized to encapsulate carmustine 

(BCNU), an anti-cancer drug, into PLGA microspheres with about 90% 

encapsulation efficiency [66]. BCNU was released in vitro (pH 7.4 

phosphate buffered saline) from these microparticles up to 8 weeks.  

Spray drying is a relatively simple and versatile method for large-scale 

production of microparticles. However, it has its drawbacks for temperature-

sensitive drugs and for small batch production (i.e., lab scale) as in this case 

the yield is usually low. 
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3. Optimization of formulation parameters to improve drug 

encapsulation efficiency using emulsification methods 

 

The solidification time is one of the mostly discussed factors regarding 

encapsulation efficiency of drugs in PLGA microparticles prepared using 

emulsion solvent evaporation methods [21,68,69]. The solidification of 

microspheres occurs in two steps, namely extraction and evaporation. Since 

drug partitioning in the continuous phase substantially retards when the 

polymer droplets have solidified, process and formulation parameters which 

accelerate the solidification of the particles will improve the EE of 

amphiphilic and hydrophilic drugs [21,68]. Important factors that contribute 

to the rate of solvent extraction/evaporation are the solubility of the organic 

solvent in water, its boiling point and the volume ratios of the dispersed 

phase and continuous phase. The effect of several other factors that play a 

role in microparticle solidification and consequently in drug encapsulation 

are addressed in the following sections.  

 

3.1. The influence of polymer concentration, molecular weight and 

composition  

 

Polymer molecular weight and concentration are positively correlated to 

the organic phase’s viscosity that subsequently correlates to the drug 

diffusion constant [69]. A high viscosity of the organic phase, either by 

using a polymers of relatively high molecular weight or by using high 

concentrations of the polymer will result in high EE. Chaisri et al. showed 

that increasing the PLGA concentration in DCM from 10% to 15% resulted 

in an increase in gentamicin EE from 17% to 68%. A higher polymer 

concentration does not only increase the viscosity of the organic phase but 
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also result (at the same solvent evaporation kinetics) in a faster solidification 

of the PLGA droplets [70]. 

It has been shown that for PLGA, an increase in lactide/glycolide ratio 

and a decrease in polymer molecular weight increases its solubility in DCM 

[68]. Furthermore, PLGA is commercially available with either a terminal 

free carboxylic group or an ester terminated (‘end-capped’ PLGA) group 

[71]. End-capped PLGA usually has a methyl, ethyl or lauryl ester and has a 

better solubility in DCM as compared to acid terminated polymers [68]. 

Budhian et al. loaded haloperidol, an amphiphilic antipsychotic drug, into 

PLGA using O/W emulsion solvent evaporation [72]. The encapsulation 

efficiency was 30% using acid terminated PLGA as compared to 10% in 

particles based on capped PLGA. The authors proposed that the interaction 

of haloperidol with the carboxylic acid end groups of PLGA results in 

slower drug diffusion from the polymeric particles prepared with acid 

terminated PLGA. Based on the molar ratio of acid terminated PLGA to 

haloperidol (1/3), about 30% of the loaded drug had the ability to interact by 

hydrogen bonding with PLGA. However, the authors did not verify the 

presence of hydrogen bonding between the drug and the polymer by means 

of analytical techniques such as FTIR spectroscopy [73].  

 

3.2. The effect of adding salt to the external water phase on EE 

Different approaches have been applied to decrease the efflux of 

amphiphilic drugs into the external water phase. The encapsulation of 

quinidine sulfate increased by adding different salts (NaCl, NaBr, NaSCN, 

NaClO4 and Na2SO4) to the external medium [20]. The EE of quinidine 

sulfate was 31% without adding salt in the outer phase, whereas it increased 

up to 100% by adding 0.5 M NaSCN to the external water phase. Adding 
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Ca2+ as counter ion of alendronate to the external phase improved the EE of 

alendronate from 4.5% (without using Ca2+) to 83.4% (by using ½ 

alendronate/calcium ratio) [74]. The High EE can be explained by the 

reduced alendronate solubility in the organic/aqueous interphase. Ca2+ most 

likely neutralizes the drug charge by coupling to the phosphate groups of 

alendronate. The bis-alendronate calcium salt is more hydrophobic than 

sodium alendronate, thus explaining its efficient partitioning into the 

organic phase. 

 

3.3. The effect of emulsifiers  

In the double emulsion method, the stability of the initial W1/O 

emulsion is an important factor in achieving high EE of water soluble drugs. 

The stability of the inner W1/O emulsion can be enhanced by adding 

emulsifiers such as PVA to the primary emulsion. Such emulsifiers can 

however also increase the solubility of drugs in the external W2 phase, thus 

leading to low encapsulation efficiencies especially when concentrations 

above their critical micelle concentration (CMC) are used [76]. For 

example, increasing lecithin concentrations from 0.05% to 2% in the W2 

phase resulted in a decrease in EE of 5-fluorouracil from 79% to 35% [77].  

 

3.4. The effect of inner/outer water phase pH on encapsulation of ionizable 

drugs  

The aqueous solubility of ionizable drugs is highly dependent on the 

pH [14]. For efficient encapsulating of such drugs, one should use an 

external buffer with pH that favors a high logD of the drug, i.e. a pH at 

which the drug carries no net charge and thus has the lowest aqueous 
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solubility. On the other hand, the pH of inner water phase has to be adjusted 

to a pH at which the drug is charged. A charged drug has a higher water 

solubility and this results in microparticles with high LC [11,20,78]. 

Imatinib, a bcr-abl kinase inhibitor, was formulated in PLGA microspheres 

with high EE and LC by optimizing the pH of the internal (W1) and external 

(W2) water phases [11]. The W2 consisted of buffers with pH values ranging 

from 5.0-9.0 which contained 1% PVA as emulsifier. It was found that the 

EE of imatinib was significantly pH dependent: the EE was 10% at pH 5.0 

which increased to 90% for a pH 9.0 of W2 phase while the pH of W1 phase 

was rather acidic (pH 5.0). Interestingly, only 4% of mesylate, its counter 

ion, was encapsulated in the microspheres at the same situation (W2 of pH 

9.0). It was concluded that since mesylate is extremely water soluble, it will 

not partition into the organic phase. Conversely, imatinib, with a pKa of 

about 8, is uncharged at pH 9.0 which can explain its high EE when the 

particles were prepared using an external water phase of pH 9.0. To avoid 

possible hydrolysis of the ester bonds of PLGA during preparation of 

microspheres at high pH [27,79], the external buffer was replaced by a 

buffer of pH 7.0 after solidification of the microparticles. In conclusion, 

adjusting the pH of water phase is a key in improving the encapsulation 

efficiency of ionizable drugs 

 

4. Conclusion  

The present article provides an overview of methodologies for the 

encapsulation of small hydrophilic and amphiphilic drugs into PLGA 

microparticles. Furthermore, formulation-related parameters which are 

important for efficient encapsulation of small hydrophilic and amphiphilic 

molecules into PLGA microparticles are discussed. Hydrophobic small drug 
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molecules, due to their inherently high logP, typically have a high EE in 

emulsion solvent extraction/evaporation methods. On the other hand, 

hydrophilic and amphiphilic compounds, with low to intermediate logP, 

have a tendency to distribute into the excess of the external water phase, 

which often results in low encapsulation efficiency. Therefore, the 

development of new methods or improving the existing methods for 

improving the encapsulation of small hydrophilic and amphiphilic drugs in 

PLGA microparticles is of great interest. The main factors involved in the 

preparation of PLGA microparticles with high encapsulation efficiency are 

the PLGA concentration in the organic phase, PLGA molecular weight and 

composition, the water miscibility of the organic solvent and/or cosolvents 

that have been utilized to dissolved the polymer or the drug, the type and 

concentration of emulsifier and the pH of internal/external water phases in 

case of ionizable drugs. In addition, water-free methodologies such as 

emulsion with external organic phases, spray drying and inkjet printing can 

produce microparticles with high encapsulation efficiency. Novel double 

emulsion procedures using microfluidics devices that can produce 

microparticles in a robust and well controlled manner with controlled inner 

droplets size are promising for efficient encapsulation of water soluble 

drugs. These technological advancements in the field of particle production 

can increase the number of long-acting small molecules formulations 

entering the market in the near future.  
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Abstract 

Polymer-based drug delivery depots have been investigated as a means to 

improve the efficacy and minimize the adverse effects associated with 

intravenous chemotherapy. Administration of drug depots intratumorally or 

adjacent to the tumor can provide long-term local drug exposure. In many 

cases such drug depots are used for prevention of tumor recurrence after 

surgery to eradicate remaining tumor cells. The objective of this article is to 

review the literature on localized drug delivery systems for the treatment of 

various cancers including brain, lung, peritoneum, and liver. Furthermore, 

challenges for the treatment of these cancers using polymer-based drug 

depots are discussed.  
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1. Introduction  

Cancer remains one of the world's most overwhelming diseases, and 

according to the world health organization (WHO), it is about to overtake 

cardiovascular disease as the main cause of death worldwide, accounting for 

more than 8 million deaths annually (see: http://www.who.int). Systemic 

chemotherapy has an important place in the clinical management of cancer. 

However, due to exposure of normal tissues to anticancer drugs which are 

typically administered at high drug doses, severe dose-dependent toxicities 

are unavoidable [1]. Moreover, inefficient treatment of tumors using 

systemic chemotherapeutics (e.g. exposure of tumor to sub-lethal drug 

concentrations) will result in the selection of drug-resistant tumor cells 

which will make effective anticancer therapy even more problematic [2]. 

Surgery is the preferred treatment for most solid tumors. However, 

complete surgical resection is not possible in many cases as occult tumor 

nodules may remain undetected which can result in tumor recurrence. 

Consequently, loco-regional recurrence of tumors after surgery has been 

reported for many cancer types including brain [3], colon [4] and lung [5]. 

Therefore, to overcome the lack of specificity of conventional 

chemotherapeutic drugs and to prevent tumor recurrence after surgery, 

localized chemotherapy using polymeric drug depots is considered a 

valuable approach. Polymeric drug delivery depots offer several advantages 

over conventional dosage forms, such as improving duration of action for 

short half-life drugs, the possibility of bypassing different biological barriers 

in the body by direct administration into the target organ (e.g. via 

intratumoral implantation or adjacent to the tumor) and sustained action of 

the drug over a long period of time [6-9]. Figure 1 shows the rational for 

loco-regional chemotherapy over conventional systemic chemotherapy for 
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the treatment of solid tumors. High drug concentrations at the site of disease 

and less drug distribution to the surrounding healthy tissues are basic 

concepts behind intratumoral injection or implantation of a drug depot close 

to the cancerous lesions [10,11]. Table 1 provides an overview of the drug 

depots which are discussed in this review. 

 

Figure 1. Advantages of loco-regional chemotherapy using drug depots over conventional 

systemic chemotherapy for the treatment of various solid tumors. Panel A: systemic 

chemotherapy. The chemotherapeutic drug is distributed into the tumor nodules as well as 

healthy tissues; panel B: local chemotherapy. High drug concentrations in the tumor 

nodules are effectuated by the local depot, while less chemotherapeutic is distributed to 

normal tissues. B1, local drug delivery for the treatment of brain cancer by drug-loaded 

polymeric microparticles and wafers. B2, local drug delivery for the treatment of lung 

cancer by inhalation of drug-loaded microparticles. B3, intraperitoneal chemotherapy using 

drug-loaded microparticles for the treatment of abdominal cancers. B4, transarterial 

catheter chemoembolization with drug-loaded microparticles for the treatment of liver 

cancer.  
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2. Localized anticancer therapy of brain cancer by intratumorally 

injected depots  

The blood-brain barrier (BBB) is a huge obstacle for treating brain 

tumors, as it prevents drugs from entering the brain parenchyma by its 

tightly connected cell layers that express a multitude of multi-drug 

resistance proteins [12,13]. Surgical resection, radiotherapy and 

chemotherapy are current treatments for malignant gliomas [12]. Resection 

is not efficient for long-term tumor control as recurrences often happen 

within centimeters of the original resection cavity suggesting that tumor 

cells have invaded deep into the surrounding brain tissue. Carmustine is a 

frequently used drug to treat brain cancer. However, upon intravenous 

administration, carmustine has a circulation half-life of only 12 min and its 

systemic levels cause damage to other, non-target, organs [14]. Therefore, 

locally controlled release of carmustine was investigated by Langer and 

Brem in the early 1980’s. They developed Gliadel® wafers, which are drug 

depots based on a matrix of a biodegradable polymer (PCPP-SA; poly[1,3-

bis(carboxyphenoxy) propane-co-sebacic-acid] 20:80) loaded with 

carmustine [14]. The drug was first loaded into PCPP-SA microspheres 

using spray-drying and subsequently the drug-loaded microspheres were 

compression-molded to form wafers for filling the resection cavity. 

 Gliadel® wafers released carmustine both in vitro (buffer 37°C) and 

in vivo (rat brain) over a period of approximately 7 days [15,16]. Domb et 

al. investigated the degradation of radiolabeled Gliadel® wafers in the rabbit 

brain [16]. It was shown that 74% of carmustine and 80% of SA were 

released from the polymer matrix in about 7 days, leaving behind the water-

insoluble CPP copolymer. After a lag phase of about 9 days, the CPP 

copolymer started to degrade and about 60% of the CPP was cleared from 
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the implantation site within 3 weeks. It was suggested that the anhydride 

linkages in the more hydrophilic SA containing blocks degrade faster than 

the anhydride linkages in the blocks containing the more hydrophobic CPP 

diacids. It was further shown that PCPP-SA was completely eliminated in 

vivo over a period of 6 to 8 weeks [15,16]. Following surgical removal of 

the primary brain tumor, about 8 Gliadel® wafers can be deposited in the 

brain of patients within the resection cavity [17]. In a clinical study, 

Gliadel® wafers (along with surgery and in some cases radiotherapy) 

showed 29% death risk reduction in the patients (n = 240) with high-grade 

glioblastoma multiforme (GBM), the most aggressive form of brain cancer 

[18]. Median survival improved from 11.6 months in placebo-treated 

patients to 13.8 months in patients treated with Gliadel®. The survival 

advantage compared to the placebo was maintained at the first (59% vs 

49%), second (16% vs 8%) and third year (9% vs 2%), and was statistically 

significant at the third year. Of all patients, two patients from the Gliadel® 

treated group survived after 56 months of follow-up study.  

The efficacy of Gliadel® can be further improved by the combination 

with either radiotherapy or chemotherapy [19]. McGirt and colleagues 

compared the combination of Gliadel® plus radiation with that of Gliadel® 

plus radiation plus oral administration of temozolomide (TMZ), after 

primary resection of the brain tumor. It was found that the combination 

therapy with TMZ prolonged the median survival of patients (n = 30) up to 

21.3 months while the control group (n = 70) showed 12.4 months median 

survival [19]. The authors suggested that systemic TMZ, an alkylating 

antineoplastic agent, is most effective in the vascularized regions of the 

tumor, whereas local delivery of carmustine using Gliadel® wafers allows 

direct access of the drug to the tumor, independent of vascularization. In 

http://www.ncbi.nlm.nih.gov/pubmed?term=McGirt%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=19046047
http://www.ncbi.nlm.nih.gov/pubmed?term=McGirt%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=19046047
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another study, PCPP-SA wafers loaded with minocycline, an antibiotic that 

also showed antiangiogenic activity in vitro, were combined with either oral 

TMZ or radiotherapy [20]. Local delivery of minocycline in this 

combination therapy approach improved the median survival in rats bearing 

9L gliomas by 38% and 139% compared to oral TMZ and radiotherapy 

alone, respectively.  

Recently, in rats implanted with intracranial 9L gliosarcoma, local 

delivery of paclitaxel using microspheres based on polylactofate 

(a copolymer of polylactide and a phosphoester), following radiotherapy, 

demonstrated a synergistic improvement in survival compared with other 

treatments, including radiotherapy alone, paclitaxel-loaded microspheres 

alone, and radiotherapy followed by paclitaxel-loaded microspheres 

treatment. It was concluded that pretreatment with locally injected 

paclitaxel-loaded microspheres is effective as radiosensitizer for malignant 

gliomas [3].  

Some studies indicated that the platelet-derived growth factor 

receptor (PDGFR) contributes significantly to angiogenesis associated with 

malignant gliomas, and inhibition of PDGFR results in tumor growth arrest 

[21]. Imatinib mesylate (Gleevec®) is a molecularly targeted drug which is 

known to block the activity of PDGFR and has been approved by FDA for 

the treatment of chronic myeloid leukemia as well as gastrointestinal 

stromal tumors [22]. To show the feasibility of a local release formulation of 

imatinib for the treatment of brain cancer, Benny et al. prepared imatinib-

loaded poly(lactide-co-glycolide) (PLGA) microspheres [9]. PLGA is a 

frequently used biodegradable polymer for the development of sustained 

release drug depots because of its biodegradability and biocompatibility [23-

25]. Imatinib-loaded PLGA microspheres were evaluated in both 



Loco-regional cancer therapy using polymer-based drug depots  

50 

subcutaneous (s.c.) and orthotopic human glioblastoma xenografts and 

syngeneic murine tumor models [9]. Five days after tumor inoculation, a 

single dose of microspheres with a dose of 1.25 mg imatinib, was injected at 

two sites into the tumor. This local administration of imatinib microspheres 

resulted in a significant reduction of tumor size 88% and 79% in s.c. human 

(U87-MG) and murine (GL261) glioma tumors in mice, respectively. Apart 

from s.c. tumor models, intracranial administration of imatinib microspheres 

resulted in 79% reduction in tumor (human U87-MG cells inoculated in 

mice) size 14 days post injection. In addition, no signs of toxicity were 

observed in harvested organs (liver, kidney, brain, heart, muscle, spleen) 

upon administration of PLGA–imatinib microspheres. In comparison to a 

previous study by Kilic et al. who studied systemic efficacy of imatinib in 

glioma models, a significantly lower total dose (1.25 mg single dose after 

local delivery, versus 30 repeated doses of approximately 1.5 mg after 

systemic dosing) achieved similar anti-tumoral effects in the study of Benny 

et al. [26]. From these studies it can be concluded that possible systemic 

toxicity can be minimized by local drug delivery. 

A major hurdle regarding local treatment of brain cancer is the 

limited drug penetration into the cancerous tissue. Fung et al. noted only a 

short diffusion distance (< 0.3 mm) for carmustine encapsulated in a 

monolithic implant in rat brains [27]. Wang et al., using a mathematical 

model, established that carmustine gets drained out of the implantation site 

before being able to diffuse to an appreciable distance which was ascribed to 

the high transvascular permeability for the drug [28]. Roullin et al. studied 

the distribution of the antimetabolite 5-fluorouracil in the brain tissue of rats 

implanted with 3H-labeled drug that was loaded into PLGA microspheres 

[29]. They showed that drug diffusion was limited to the vicinity (~3 mm) 
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of the implantation site. One way to compensate for the short diffusion 

distance of drug molecules from their injection site is multi-point 

administration of drug-loaded microparticles which will maintain a 

therapeutic concentration of the drug within the resection margin.  

 

3. Localized anticancer therapy by inhalable drug depots in lung 

cancer 

Accounting for about 27% of all cancer deaths, lung cancer is by far 

the leading cause of cancer-related deaths among both men and women (see: 

http://www.cancer.org), and ≥90% of lung cancer death is attributed to 

metastases [30]. In addition, lung cancer is associated with a high 

percentage of local recurrence after surgical resection [31]. Therefore, local 

pulmonary delivery of anticancer drugs by inhalation may offer important 

advantages including high local drug concentration and better patient 

compliance compared to systemic administration. Nevertheless, frequent 

drug administration via the pulmonary route can be inconvenient for lung 

cancer patients who normally encounter problems with breathing. Thus, the 

development of inhalation delivery systems that prolong the release of a 

cytotoxic drug is of great importance. For deposition of particles in the 

lungs, they should have special characteristics such as a suitable mass 

median aerodynamic diameter and a proper fine particle fraction [32]. 

Particles with low density (<0.4 g/cm3) and mean particle size of 

approximately 3 μm show deep lung deposition [33]. However, such 

particles can be easily taken up by lung macrophages [32]. For these 

reasons, large porous particles with mean particle size of 5 to 30 µm are 

preferred for pulmonary delivery [34]. Recently, Kim et al. developed 

highly porous doxorubicin-loaded PLGA microparticles (Dox-PLGA-Ms) 

http://www.cancer.org/
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with good aerosolization characteristics (mean particle size was 14 µm and 

median aerodynamic diameter was 3 µm) using ammonium bicarbonate as 

gas-forming porosigen in the formulation [30]. An in vitro study showed 

that these microspheres released doxorubicin (Dox) over 14 days (Figure 

2A). When administered to mice, the deposition of the particles in the lungs 

and the subsequent redistribution of doxorubicin was visualized using a 

Maestro 2 in vivo imaging system by making use of the intrinsic 

fluorescence of Dox. The microspheres were deposited in the central lungs 

(i.e., bronchi to bronchioles) and then gradually spread throughout the lungs 

of C57BL/6 mice and remained there over 14 days (Figure 2D). However, it 

is debatable whether the observed fluorescence belongs to the drug-loaded 

microparticles or the drug which has been released from the microparticles. 

Pulmonary administered Dox-PLGA-Ms significantly reduced both the 

tumor mass and the number of metastasizes in a mouse model of B16F10 

melanoma metastasis [30]. It should however be mentioned that the authors 

did not evaluate the effect of free Dox, administered systemically, as 

positive control group. Kim et al. also developed Dox-PLGA-Ms that were 

coated with the tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) [35]. TRAIL initiates apoptosis by binding to proapoptotic 

receptors named as death receptors which are expressed in several malignant 

cell types [36]. TRAIL, a positively charged protein at pH 7, was adsorbed 

onto the surface of PLGA particles by ionic interactions. For this purpose 

the microspheres were prepared using poly(ethylene-alt-maleic anhydride) 

as emulsifier that resulted in particles with a negative zeta potential due to 

the hydrolyzed anhydride groups. It was shown that Dox-PLGA-Ms 

(11 µm) coated with TRAIL released this protein faster than Dox; about 

90% of TRAIL was released within 3 days while 60% of Dox released at the 
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same time. Tumors in H226-implanted mice treated with TRAIL-coated 

Dox-PLGA-Ms were significantly smaller and fewer in umber than those in 

groups treated with TRAIL or P-Dox-PLGA-Ms alone. This improved 

efficacy was ascribed to the synergistic apoptotic effects between TRAIL 

and Dox.  

 

Figure 2. Doxorubicin -

loaded porous 

microparticles for 

pulmonary delivery to 

the lung cancer. (A) In 

vitro doxorubicin 

release from porous 

microparticles (B) 

scanning electron 

microscopy images of 

porous doxorubicin-

PLGA microspheres at 

different times of the 

release study; (C) 

Confocal laser scanning 

fluorescence 

microscopy images of 

the same microspheres 

showing doxorubicin in 

the microparticles (D) 

Lung deposition of 

doxorubicin-PLGA 

microspheres in 

C57BL/6 mice by in 

vivo imaging using a 

RGB spectrum until 14 

days post-

administration. At 3 h 

after administration, 

microspheres appeared 

to be located at the center of lungs, and then spread throughout the lungs. Reprinted, with 

permission, from [30]. 
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4. Localized anticancer therapy by intraperitoneally injected 

depots  

In recent years, physicians used intraperitoneal chemotherapy for a 

better treatment of peritoneal carcinomatosis, which is the local recurrence 

of primary abdominal cancers such as colorectal, ovarian, gastric and 

pancreatic carcinoma [11]. For the treatment of peritoneal carcinomatosis in 

the clinic, chemotherapy of cisplatin, paclitaxel or carboplatin is often 

performed by administration of the drugs via intraperitoneal perfusion [37]. 

Intraperitoneal perfusion has major limitations including infection 

complications, as well as mechanical bowel obstructions [38,39]. Therefore, 

researchers have focused on developing drug-loaded polymeric 

microparticles which can be administered as intraperitoneal single injection 

[11,40,41]. The ideal drug delivery system for intraperitoneal chemotherapy 

must expose all cancerous areas or residual tumor cells to sufficient drug 

levels for a prolonged period of time. Recently, Gunji et al. developed 

cisplatin (CDDP) loaded gelatin microspheres (GM-CDDP) with a size of 

20 – 70 µm which were prepared by cross-linking (using glutaraldehyde) of 

gelatin in a water-in-oil emulsion method [11]. Since cisplatin is a small 

molecule drug with good aqueous solubility (log P: -0.98) , its release from 

strongly hydrated gelatin microspheres is expected to be governed mainly 

by diffusion. However, the release of cisplatin from these gelatin 

microspheres (after the small burst) was governed mainly by collagenase 

triggered gelatin degradation. Most likely, there were a strong physical 

interactions between the drug and the matrix. Mice with peritoneal 

carcinomatosis that had been injected with GM-CDDP intraperitoneally 

lived longer than mice treated with free cisplatin (median survival of 74 vs 

40 days). Furthermore, the mice treated with GM-CDDP showed no weight 

http://www.ncbi.nlm.nih.gov/pubmed?term=Gunji%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24008088
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loss and less nephrotoxicity as compared to control mice treated with free 

cisplatin who lost approximately 20% body weight. The lower systemic 

toxicity of the GM-CDDP formulation was attributed to its lower peak drug 

concentration in the kidney and blood. In another study, Lu et al. showed 

that the intraperitoneal treatment with paclitaxel-loaded PLGA microspheres 

in a mouse model of ovarian cancer overcame the limitations of free 

paclitaxel therapy. In comparison to the commercial paclitaxel/cremophor 

formulation, the microspheres showed a 16 times higher drug concentration 

in peritoneal tumors, lower toxicity to intestinal crypts and less body weight 

loss with longer survival at equal milligram doses [40].  

The size of microparticles are crucial for the treatment of peritoneal 

carcinomatosis as small particles (<5 µm) can be phagocytized by 

macrophages or may be drained from the peritoneal cavity through the 

lymphatic capillaries as subdiaphragmatic lymphatic openings are about 3 

µm in mice [42]. To illustrate this, Lu et al. studied the effect of particle size 

of PLGA microspheres (4 and 30 µm, labeled with acridine orange) on their 

distribution after intraperitoneal injection in tumor-free mice. They found 

that 4 µm particles deposited over mesentery, omentum, diaphragm and 

lower abdomen, whereas the 30 µm particles were mainly localized in the 

lower abdomen near the injection site [40]. Kohane et al. investigated the 

effect of size on residence time of PLGA particles (265 nm – 250 µm) upon 

injection into the peritoneum of mice. They found that PLGA microparticles 

(>5 µm) remained there for at least 2 weeks, whereas nanoparticles of 265 

nm were cleared from the peritoneum within 2 days and transported to the 

liver and spleen, where they were found in foamy macrophages [43]. Based 

on these observations, larger microparticles seem most suitable for sustained 
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drug release within the peritoneum since they are big enough to stay in the 

peritoneal cavity and are not drained via the lymphatics. 

 Tsai et al. showed the advantages of paclitaxel PLGA microspheres 

(6 µm) over both paclitaxel gelatin nanoparticles (0.9 µm) and the 

paclitaxel/cremophor formulation after intraperitoneal injection in mice. In 

comparison to cremophor and gelatin nanoparticles, the microparticle 

formulation showed slower drug clearance from the peritoneal cavity and 

slower absorption into the systemic circulation (about 5-times lower peak 

plasma concentration and area under curve (AUC) at 24 h post i.p. 

injection). Moreover, the median survival (after i.p. injection of equal dose 

of 40 mg/kg) of mice that received microparticles was significantly higher 

than mice treated with gelatin nanoparticles, cremophor formulation or non-

treated animals [42].  

These preclinical studies suggest that polymer drug depots are 

efficient in delivering chemotherapeutics after intraperitoneal injection. In 

this respect, drug carriers which cause less tissue reaction with good 

biocompatibility and longer residence time after intraperitoneal 

administration are preferred.  

 

5. Localized anticancer therapy by transarterial 

chemoembolization in liver cancer 

Hepatocellular carcinoma (HCC) accounts for approximately 5% of 

all cancers. Liver transplantation is considered as the best treatment option 

for HCC. However, when patients are not good candidates for curative 

surgical therapy, they can also be treated with transarterial 

chemoembolization (TACE) [44,45]. TACE is a minimally invasive 

targeted therapy for the treatment of various types of liver tumors [46,47]. In 
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the conventional setting, using a thin catheter and X-ray imaging for 

guiding, a mixture of chemotherapy (e.g. doxorubicin or epirubicin) and a 

radio-opaque contrast agent (lipiodol) are injected into the vessels that 

supply the tumor. This is followed by injecting embolic particles (40 – 1000 

µm) to induce hypoxia of the tumor by blocking its blood supply [44,46,48]. 

Polymers such as polyvinyl alcohol, starch, gelatin, PLGA, chitosan and 

hydroxyethylacrylate are currently used for the preparation of embolic 

particles in both preclinical studies and clinical studies [49]. 

Recently, drug eluting beads (DEBs), which are embolic particles 

loaded with cytostatic drugs, have been developed to improve the efficacy 

of conventional TACE. Commercially available DEBs (DC Beads®, 

Biocompatibles UK, Ltd., Surrey, UK) are microgels (100-1000 μm) based 

on a cross-linked copolymer of vinyl alcohol and 2-acrylamido-2-

methylpropanesulphonate sodium salt, prepared using an inverse suspension 

polymerization method [50]. These negatively charged microspheres can 

load protonated drugs such as Dox by displacing the sodium ions and 

binding through electrostatic interactions to the sulphonate groups. Once 

localized in the liver, the loaded drug is eluted from the beads to locally 

exert its cytostatic activity [51]. Dox-DEB released 43% of their initial 

payload after 28 days and 89% after 90 days in a pig model [52]. It has been 

demonstrated that treatment with Dox-DEB TACE provided a survival 

advantage over conventional TACE (C-TACE), that are beads plus free Dox 

[45,53]. For example, in a clinical study by Dhanasekaran et al., 71 patients 

with unresectable HCC were treated, including 45 patients who received 

therapy with Dox-DEB-TACE and 26 patients who underwent C-TACE. 

The size of beads were varied (from 300–500 and 500–700 µm) depending 

on the tumor burden, vascular supply and macrovascular invasion. Median 

http://en.wikipedia.org/wiki/Radio-opaque
http://en.wikipedia.org/wiki/Contrast_agent
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survival times of patients in Dox-DEB-TACE treated group and those in the 

group treated with C-TACE were 610 and 284 days, respectively [53], 

indicating that Dox-DEB-TACE formulation was superior to C-TACE. [53]. 

Furthermore, in another clinical study of Nicolini et al. on 38 liver 

transplant candidates with HCC, the three-year recurrence-free survival after 

liver transplantation was higher in patients who were treated with Dox-

DEB-TACE compared to C-TACE (87.4% vs 61.5%) [45]. On the other 

hand, a randomized clinical study (177 HCC patients divided into two 

groups) performed by Golfieri et al. showed that C-TACE and Dox-DEB-

TACE were equally effective: 1- and 2-year survival rates were 86% and 

56% after Dox-DEB-TACE and 83% and 55% after C-TACE treatment 

[54]. In this study as compared to the previous studies of Dhanasekaran et 

al. and Nicolini et al. the number of patients was higher. Moreover, a recent 

meta-analysis based on seven studies (total 693 patients) revealed that there 

was no difference in tumor response between the two procedures [55]. 

Therefore, the routine use of Dox-DEB-TACE in clinical practice is 

debatable, and further studies are, consequently, needed to show the 

advantage of Dox-DEB-TACE over C-TACE.  

Incomplete killing of the tumor cells and hypoxic conditions induced 

by embolization may transform cancer cells into even more aggressive types 

[56,57]. Therefore, administration of DEBs that release anti-angiogenic 

drugs might be an option for the treatment of liver cancer. Recently, 

sunitinib, an inhibitor of tumor vessel growth, was loaded into negatively 

charged PVA-based DC Bead® (100-300 µm) by charge interaction 

(sunitinib (pKa ~ 9) [58]. Drug loading was almost 100% and the DC Bead® 

released sunitinib for about 8 hours in an in vitro study in saline. As 

expected, after administration of the sunitinib-loaded PVA beads via a 
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catheter to hepatic artery of healthy rabbits, sunitinib concentrations in the 

liver were relatively high for 6 hours (14.9 µg/g) and 24 hours (3.4 µg/g) 

when compared to orally administered sunitinib (4.2 µg/g after 6 hours and 

2.6 µg/g after 24 hours). The therapeutic efficacy of sunitinib-loaded PVA 

beads in liver cancer models has to be evaluated in the future studies.  

Future advances in material science and pharmaceutics will open 

new avenues for research in the field of chemoembolization. For example, 

image-able DEB-TACE (using contrast agents that are chemically attached 

or physically loaded into the beads) may provide a better understanding of 

the distribution of the bead in the target organ/tumor and, therefore, allows 

tailoring the procedure to a specific patient. It has been reported that tumor 

blood vessel diameters are different suggesting a need for tailoring beads 

size to the tumor arterial anatomy [59]. Furthermore, combination of other 

novel chemotherapeutics such as idarubicin, which was more potent than 

Dox on HCC cell lines [60], or anti-angiogenic agents (to reduce hypoxia 

induced angiogenesis by embolization), in combination with cytostatic 

drugs can be possible options to further improve the treatment of liver 

cancers.  
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Table 1. Examples of polymeric drug depots for the treatment of different types of cancer 

in clinical and preclinical studies. 

Types 

of 

cancer 

Drug Type of 

carrier  

Route of 

administra

tion 

Clinical 

trial/Animal 

Model 

Remarks Refe

renc

es 

Brain 

cancer 

Carmustine Gliadel® 

Wafer 

i.c. Clinical trial  -Improving survival from 

11.6 months (placebo) to 

13.8 months 

 

[18] 

 

 

Carmustine + 

Temozolomide 

Gliadel® 

Wafer 

i.c. and oral Clinical trial Combination of local 

Gliadel® with oral 

temozolomide was more 

effective than monotherapy 

[19] 

Minocycline + 

Temozolomide 

PCPP-SA 

Wafer 

i.c. and oral Sprague–Dawley 

rats 

Combination of local 

minocycline with oral 

temozolomide was more 

effective than monotherapy 

[20] 

Paclitaxel + 

radiotherapy 

Polilactofat

e Ms 

i.c. Sprague–Dawley 

rats 

Paclitaxel was an effective 

radiosensitizer 

[3] 

Imatinib PLGA Ms s.c./ i.c. 

 

Swiss nude mice Significant reduction in 

tumor size without any signs 

of toxicity  

[9] 

Lung 

cancer 

Doxorubicin PLGA Ms Inhalation  C57BL/6 mice Reduced the tumor mass and 

number of metastasizes 

[30] 

Doxorubicin/ 

TRAIL 

PLGA Ms Inhalation Balb/c nu/nu mice Synergistic effect by 

combination therapy using 

doxorubicin microspheres 

coated with  Apo2L/TRAIL 

[35] 

Peritone

al 

carcino

matosis 

Cisplatin Gelatin Ms i.p. Balb/c mice Higher survival compared to 

treatment with free drug 

[11] 

Cisplatin PLGA Ms i.p. Balb/c nu/nu mice Significant tumor growth 

inhibition  

[38] 

Paclitaxel  PLGA Ms i.p. Balb/c nu/nu mice Higher drug concentration in 

peritoneal tumors and lower 

toxicity compared to 

paclitaxel/cremophor 

-Slower distribution into 

systemic circulation and 

higher survival compared to 

nanoparticles 

[40] 

 

 

[42] 

Doxorubicin  DEB TACE Clinical trial Higher survival compared to 

conventional TACE 

[53] 

Sunitinib DEB TACE Rabbits High local drug 

concentration till 24 hours  

[58] 

Norcantharidin Gelatin Ms TACE Sprague–Dawley 

rats 

Higher survival rate 

compared to either drug 

solution or embolization of 

blank microspheres  

[48] 

Abbreviations: intracranial (i.c.), subcutaneous (s.c.), intraperitoneal (i.p.), drug eluting beads (DEB), transarterial 

chemoembolization (TACE), microspheres (Ms). 
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6. Conclusion 

This review shows that different cancers including lung, brain, 

peritoneum, and liver can greatly benefit from local delivery of 

chemotherapeutics by sustained release depots. Loco-regional chemotherapy 

using polymeric drug depots has proven to enhance therapeutic efficacy and 

diminish systemic toxicity associated with chemotherapeutics. Local drug 

administration can kill cancer lesions remaining at the resection margins 

thus reducing the rate of tumor recurrence. Further clinical studies are, 

however, needed to establish approaches for accurate and preferably 

minimally invasive implantation to reach desired sites. 
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Abstract 

The aim of this study was the development of imatinib-loaded poly(D,L-

lactide-co-glycolide) (PLGA) microspheres with high loading efficiency 

which can afford continuous release of imatinib over a prolonged period of 

time. Imatinib mesylate loaded PLGA microspheres with a size of 6 - 20 μm 

were prepared by a double emulsion (W1/O/W2) method using 

dichloromethane as volatile solvent. It was found that the microspheres were 

spherical with a non-porous surface; imatinib loading efficiency (LE) was 

highly dependent on the pH of the external water phase (W2). By increasing 

the pH of W2 phase above the highest pKa of imatinib (pKa 8.1), at which 

imatinib is mainly uncharged, the LE increased from 10% to 90% (pH 5.0 

versus pH 9.0). Conversely, only 4% of its counter ion, mesylate, was 

retained in the microspheres at the same condition (pH 9.0). Since mesylate 

is highly water soluble, it is unlikely that it partitions into the organic phase. 

We demonstrated, using differential scanning calorimetry (DSC), that 

imatinib was molecularly dispersed in the polymeric matrix at loadings up 

to 8.0%. At higher drug loading, imatinib partially crystallized in the matrix. 

Imatinib microspheres released their cargo during three months by a 

combination of diffusion through the polymer matrix and polymer erosion. 

In conclusion, we have formulated imatinib microspheres with high LE and 

LC. Although we started with a double emulsion of imatinib mesylate, the 

obtained microspheres contained imatinib base which was mainly 

molecularly dispersed in the polymer matrix. These microspheres release 

imatinib over a 3-month period which is of interest for local treatment of 

cancer.  

Keywords: Imatinib mesylate, double emulsion (W1/O/W2), PLGA 

microspheres, log D, loading efficiency, drug release   
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1. Introduction 

 

Protein tyrosine kinases (PTKs) contribute in signal transduction 

pathways that regulate various cellular processes such as growth, 

metabolism, differentiation, adhesion and apoptosis. Deregulation of PTK 

activity has been associated with the pathogenesis of various cancers as well 

as other inflammatory diseases [1-4]. Imatinib is a multi-targeted tyrosine 

kinase inhibitor (TKI) that is used as molecularly targeted therapy in 

different types of cancer. It acts through competitive inhibition of the ATP 

binding site of the PTKs, thus blocking autophosphorylation and subsequent 

intracellular signal transduction [5-7]. Imatinib is now the standard treatment 

for patients with chronic myeloid leukemia as well as gastrointestinal 

stromal tumors. It is marketed as Gleevec® which is a film-coated tablet 

formulation that contains imatinib mesylate equivalent to 100 or 400 mg of 

imatinib free base for oral administration [8].  

Recently, a new way of administration of imatinib has been 

described, in which imatinib-loaded polymeric microspheres were injected 

in close proximity to the tumor [9,10]. Benny et al. evaluated the local tumor 

inhibition of imatinib-loaded PLGA microspheres in a glioblastoma 

xenograft mice model [9]. A single dose of imatinib-loaded microspheres, 

corresponding to 1.5 mg imatinib was injected intracranially at the site of 

the tumor and resulted in a 79% reduction in the tumor volume 14 days post 

injection. In another study of Karal-Yilmaz et al., imatinib-loaded PLGA 

microspheres were studied for their inhibition of angiogenesis in 

craniopharyngioma (a type of brain tumor) [10]. A more recent publication 

of the same group reported on the development of imatinib-loaded 

polystyrene-g-poly(lactide-co-glycolide) microspheres for local sustained 
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delivery of imatinib [11]. These studies clearly show that imatinib-loaded 

PLGA microspheres hold potential for local inhibition of cancer. However, 

the physicochemical properties of these microspheres have not been studied 

well. For example, an ideal microparticles formulation should have 

reasonably high drug loading efficiency (LE), loading capacity (LC), and 

sustained (preferably zero-order) release of the loaded drug for desired 

period of time [12]. The high LE and LC are critical, especially for 

expensive and less potent drugs. Imatinib is one of the exceptionally 

expensive cancer drugs for the treatment of chronic myeloid leukemia [13]. 

Therefore, decreasing the drug loss during the formulation and improving its 

LE is of great importance. In the previous studies, maximum LE and LC 

which was achieved for imatinib-loaded PLGA microspheres was about 

57% and 0.23%, respectively. In addition to the low LE and LC, the initial 

drug release (burst) was rather high in the previous studies [9,10]. The 

present study therefore aims at developing an efficient procedure for loading 

imatinib into PLGA microspheres and to study the effect of formulation 

parameters such as pH of external water phase, volume of inner water phase, 

and theoretical drug loading on microsphere characteristics for developing 

microspheres with sustained (preferably zero-order) release of imatinib.  

 

 

 

 

 

 

 

 



Formulation and characterization of microspheres loaded with imatinib for 
sustained delivery  

73 

2. Materials and Methods 

2.1. Materials 

poly(D,L-lactide-co-glycolide) (PLGA, 50:50 lactide:glycolide ratio, 

end-capped, intrinsic viscosity 0.4 dL/g) was obtained from Purac, the 

Netherlands. Imatinib mesylate was obtained from LC laboratories, USA. 

Polyvinyl alcohol (PVA; Mw 30,000-70,000; 88% hydrolyzed) was 

obtained from Sigma Aldrich, Germany. Dichloromethane (DCM), 

acetonitrile and tetrahydrofurane (THF) were purchased from Biosolve 

(Valkenswaard, the Netherlands).  

 

2.2. Preparation of imatinib-loaded microspheres 

 Imatinib-loaded microspheres were prepared using a double emulsion 

solvent evaporation technique (W1/O/W2) as described in literature [9]. 

Briefly, inner water phase (1-50 mg imatinib mesylate in 250 µl reversed 

osmosis (RO) water) was added to 500 µl of DCM in which 200 mg PLGA 

was dissolved. The inner water phase (W1) was emulsified into the polymer 

solution using an IKA homogenizer (IKA Labortechnik Staufen, Germany) 

for 30 second at maximum speed (30.000 rpm). This primary emulsion 

(W1/O) was subsequently emulsified at maximum speed (30.000 rpm) for 30 

s in 1 ml buffer with different pH (pH 5.0 [0.25 M sodium acetate buffer], 

pH 7.0 [0.25 M sodium potassium phosphate buffer] and pH 9.0 [0.25 M 

Tris hydrochloride buffer]) also containing 1% PVA. The obtained 

W1/O/W2 emulsion was then transferred into 40 ml of the same PVA-

containing buffer and stirred for 3 hours using a magnetic stirrer (500 rpm, 3 

hours) at room temperature (formulation 1-3 table 1). For other 

formulations, the primary emulsion (W1/O) was emulsified in 6 ml of Tris 
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buffer pH 9.0 PVA 1% as external water phase. After 40 minutes the 

emulsion was transferred into 44 ml of 1% PVA phosphate buffer (pH 7.0) 

under magnetic stirrer (500 rpm, 3 hours). The formed microspheres were 

centrifuged (Laboratory centrifuge, 4 K 15 Germany) at 4000 g for 3 min 

and washed 2 times with 100 ml tween 20 (0.025%) followed by two times 

washing with 100 ml RO water and lyophilized. The obtained microspheres 

were stored at -25°C. Besides the pH of W2, variables in this study were the 

volume of W1 ranging from 5 to 350 µl and theoretical drug loading (weight 

of initial drug / weight of both drug and polymer×100) ranging from 0.4% 

to 19% w/w. All the microspheres batches were prepared in triplicate. 

 

2.3. Preparation of imatinib free base 

Imatinib free base was prepared as follows: about 100 mg imatinib 

mesylate was added to 1 ml of pH 9.0 Tris buffer and the solution was 

vortexed for 10 min. The precipitated imatinib base was separated from 

mesylate salt by centrifugation (13000 rpm, 5 min) and washing with 3 ml 

RO water. The imatinib base (precipitant) was then freeze dried overnight 

and stored at room temperature.  

 

2.4. Characterization of the microspheres 

The average size and size distribution of the microspheres were 

measured using an Accusizer 780 (Optical particle sizer, Santa Barbara, 

California, USA). The volume weighted mean diameter (vol-wt mean) of 

microspheres is reported as particle size, and the span value (SP) was 

calculated with the following formula: SP = (d90−d10)/d50, where d90 is 

the particle diameter at 90% cumulative size, d10 is the particle diameter 

at 10% cumulative size and d50 is the particle diameter at 50% cumulative 
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size. The size distribution is considered as narrow for span values <0.45 

[14]. The morphology of the microspheres was studied by scanning 

electron microscopy (Phenom™, FEI Company, The Netherlands). 

Microspheres were glued on 12 mm diameter aluminum sample holder 

using conductive carbon paint (Agar scientific Ltd., England) and coated 

with palladium under vacuum using an ion coater. 

The imatinib content of microspheres was investigated by dissolving 5 

mg of drug-loaded microspheres in acetonitrile and measuring the 

absorbance at 266 nm using a UV-vis spectrophotometer (Shimadzu UV-

2450). Calibration was done with imatinib dissolved in acetonitrile 

(concentration ranging from 5 - 40 μg/ml). Loading capacity (LC) was 

expressed as the encapsulated amount of imatinib divided by the total dry 

weight of the microspheres. Loading efficiency (LE) of imatinib in 

microspheres was reported as the encapsulated drug divided by the total 

amount of drug used for encapsulation. The microspheres yield was 

calculated as percentage of the weight of the obtained product divided by 

the initial weight of the solid materials.  

The mesylate content of the microspheres was derived from the sulfur 

content as determined by the Schöniger oxidation method [15]. Briefly, 

samples were burned in a platinum-coated flask. After combustion of the 

samples in pure oxygen, sulfate was produced which was subsequently 

detected by ion chromatography (Metrohm® 883 Basic IC). Sulfanilic acid 

was used as standard and the method was validated with non-formulated 

imatinib mesylate.  

Thermal gravimetric analysis (TGA) was performed using a Q Series™ 

(Q50) instruments to determine the percentage of residual organic solvents. 
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Approximately 10 mg of freeze-dried microspheres were loaded into 

aluminum pans and heated from 0 °C to 230 °C at a heating rate of 2 °C/min.  

Differential scanning calorimetry (DSC) analysis was done using a Q 

Series™ (Q2000) DSC, USA. Approximately 5 mg of freeze-dried 

microspheres were loaded into aluminum pans and heated in a single 

heating cycle from 0 °C to 230 °C at a heating rate of 2 °C/min and 

temperature modulation ±1 °C/30s. The melting temperature (Tm) was 

determined from the total heat flow and the glass transition temperature (Tg) 

was determined from the reverse heat flow. Imatinib mesylate and imatinib 

free base were exposed to a three cycle heating/cooling protocol. Briefly, 

the samples were heated from 0 °C to 230 °C with the heating rate of 2 

°C/min. Next, the molten materials were rapidly cooled down to 0 °C with 

the rate of 100 °C/min. After being isothermal for 5 min the samples were 

heated again with the heating rate of 2 °C/min and temperature modulation 

±1 °C/30s. The Tm was determined from the first heating ramp and the glass 

transition temperature (Tg) was determined from the second heating ramp.  

 

2.5. In vitro degradation studies  

  Samples of freeze dried imatinib-loaded microspheres (~10 mg) 

were transferred into Eppendorf tubes and dissolved in 1.5 ml of PBS (pH 

7.4, 0.033 M NaH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl) supplemented 

with 0.05% (w/w) NaN3. The microspheres suspensions were incubated at 

37 °C while gently shaking. Samples of microspheres were taken out at 

predetermined time points, centrifuged and washed twice with 1 ml RO 

water and lyophilized. Dry masses were weighed and samples were 
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dissolved in THF (2 mg/ml) while gently shaking overnight. Gel permeation 

chromatography (GPC) was used to analyze the change in polymer 

molecular weight during degradation. GPC was carried out on a Waters 

Alliance system, with a Waters 2695 separating module and a Waters 2414 

Refractive Index detector. Two PL-gel 5 μm mixed-D columns fitted with a 

guard column (Polymer Labs, Mw range 0.2–400 kDa) were utilized. THF 

(1 ml/min) was used as mobile phase and calibration was done with 

polystyrene standards. 

 

2.6. In vitro release studies 

Samples of approximately 10 mg of imatinib-loaded microspheres were 

dispersed in 1.5 ml of phosphate buffered saline (for the buffer composition 

see section 2.5) and incubated at 37 °C under mild agitation. Samples were 

collected at specific time points after centrifugation by removing 1 ml of the 

supernatant and replacing it with 1 ml of fresh buffer. The imatinib 

concentration in the supernatant was measured by high performance liquid 

chromatography (HPLC) using a C18 column (4.6 × 150 mm, 5 µm particle 

size; Sunfire™, Ireland). A gradient elution method was used with a mobile 

phase A (95% H2O, 5% ACN and 0.1% TFA), a mobile phase B (95% 

ACN, 5% H2O and 0.1% TFA) and a flow rate of 1 ml/min [2]. The eluent 

linearly changed from 5% to 95% ACN in 6 min; imatinib retention time 

was at 6.5 min. Imatinib standards (0.3-40 µg/ml dissolved in 10 µl PBS 

buffer) were used for calibration and detection was done at 266 nm. In vitro 

release data were fitted to empirical sigmoidal equations by nonlinear 

regression (Graphpad Prism version 4) an empirical model for sigmoidal 

drug release curves according to equation (1) in which Q stands for 
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cumulative drug release, t stands for the time since start of the release 

experiment, while constants A and B stand for the relative fractions of initial 

release phase and late release phase, K1 and K2 represent the rate constants 

of the initial release phase and late release phase and T50 stands for the time 

to reach 50% drug release [16].  

 

𝑄 = 𝐴 ∗ (1 − 𝑒−𝐾1∗𝑡) + 
𝐵

1+𝑒−𝐾2∗(𝑡−𝑇50)   

 (Equation 1) 
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3. Results and discussion 

 

3.1. The effect of external water phase pH on loading efficiency of imatinib 

microspheres  

Imatinib mesylate (figure 1) is a polyvalent base with pKa values of 8.1, 7.8, 

3.7, 2.5, and 1.5. The water solubility of imatinib is highly dependent on the 

pH; imatinib has an excellent aqueous solubility at low pH (>200 mg/ml) 

but it is nearly water-insoluble at pH 8 [7]. Consequently, the distribution-

coefficient (log D) of imatinib increases from 1.2 at pH 5.0 to 4.3 at pH 9.0 

(MarvinView software 5.11.5). Imatinib is only slightly soluble in most 

organic solvents [7], including DCM (<1mg/ml). Hence double 

emulsification is the preferred method for the preparation of this class of 

drugs [17]. In this study, imatinib mesylate solutions of 4 mg/ml and 200 

mg/ml in RO water were used as inner water phase, which displayed a pH of 

5.3 - 4.9; the concentration of PLGA in DCM was 23% (w/w). 

 

 

Figure 1. Chemical structure of imatinib mesylate. 

 

To study the effect of pH of the W2 phase on the LE of imatinib, 

PLGA microspheres were prepared by the W1/O/W2 double emulsification. 

The W2 contained PVA 1% dissolved in different buffers with the pH range 

of 5.0-9.0. The characteristics of the obtained microspheres are shown in 
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Table 1. The table shows that with increasing the pH of W2 phase, the LE 

increased from 10% at pH 5.0 (formulation 1) to 90% at pH 9.0 

(formulation 3). Consequently, choosing a proper pH of the W2 phase is 

necessary in achieving high LE of imatinib into the PLGA microparticles. 

A possible concern of exposure of the microspheres to alkaline pH 

of the external aqueous phase is the hydroxyl anion driven hydrolysis of the 

ester bonds in aliphatic polyesters [18,19]. To study this potential problem, 

the molecular weight change of the PLGA was monitored by GPC upon 

preparation of microspheres using W2 with different pH (5.0, 7.0 and 9.0). 

However, after 3 hours exposure to W2, the Mw of PLGA remained 40 kDa 

for all the formulations. The morphology of the prepared microspheres is 

shown in the supplementary data, figure S1. The figure shows that imatinib-

loaded microspheres regardless of their method of preparation (different pH 

of W2) had a spherical shape with a non-porous surface.  

Similar LE was achieved for microspheres which had been prepared 

with either W2 phase of pH 9.0 and stirred for 3 hours or microspheres 

which had been prepared with W2 phase of pH 9.0 and stirring for 40 min 

followed by additional stirring at pH 7.0 for 3 hours (compare formulations 

3 and 4, table 1). It is indeed known that once primary microsphere droplets 

are solidified, additional drug loss hardly happens [20,21].  

To obtain microspheres with high LC, the theoretical loading 

(weight of initial drug / weight of both drug and polymer×100) was 

increased from 0.4% to 9.5% and 19% by increasing the concentration of 

imatinib in the same volume of W1 (formulation 4, 5 and 6 in table 1). 

Increasing the theoretical loading (TL) resulted in microspheres with only 

slightly decreased LE and thus correspondingly increasing LC of the 

microspheres.  
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In the study of Benny et al., imatinib microspheres were prepared with 

similar W1/O/W2 emulsion method except that W2 was PVA 0.1% 

containing 5% (v/v) 2-propanol solution most likely to accelerate the 

extraction of DCM from the particles; the pH of W2 was not adjusted. The 

pH of PVA solutions can vary due to impurities such as polyvinylacetate 

and this may explain the highly variable LE that was observed in their study 

(LE of 54%, 15% and 57% were achieved for PLGA50:50, PLGA75:25, 

and PLGA85:15, respectively) [9]. In another study of Karal-Yilmaz et al. 

similar polymers (PLGA50:50, PLGA75:25, and PLGA85:15) were used to 

encapsulate imatinib into PLGA microspheres (W2 in this method was PVA 

1%). The LE was about 36%, 21%, and 19%, respectively [10]. The lower 

LE in this case can be partly explained by their use of a lower polymer 

concentration in DCM (11% versus 23% w/w). High polymer concentration 

in dichloromethane not only increases the viscosity of the organic phase but 

also results in a faster solidification of the PLGA droplets, which in turn 

improve the LE [22,23].  
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Table 1. Characteristics of imatinib-loaded PLGA microspheres. Microspheres were 

prepared using external W2 phases of different pH values. The concentration of PLGA in 

DCM was 23% (w/w) and the internal W1 volume was 20% in all formulations. Data are 

expressed as mean ± SD (n=3). 
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F1 5.0 0.41 63 ± 2 20 ± 2 1.4 ± 0.1 0.042 ± 0.006 10 ± 2 

F2 7.0 0.41 67 ± 3 20 ± 2 1.2 ± 0.1 0.226 ± 0.007 54 ± 2 

F3 9.0 0.41 67 ± 4 22 ± 1 1.2 ± 0.2 0.378 ± 0.002 90 ± 4 

F4 *9.0 0.41 72 ± 3 16 ± 1 1.4 ± 0.2 0.378 ± 0.006 90 ± 2 

F5 *9.0 9.50 60 ± 4 6 ± 1 1.4 ± 0.1 8.1 ± 0.7 86 ± 7 

F6 *9.0 19.0 59 ± 4 9 ± 1 1.6 ± 0.2 16.0 ± 0.4 84 ± 3 

 *The microspheres F4-F6 were prepared with the external water phase of pH 9.0 for 40 

min. and subsequently transferred to pH 7. Mean ± SD values were calculated from the data 

of three independent batches and represent reproducibility between batches. TL1 = 

theoretical drug loading; Recovery2 of microspheres as percentage of drug and polymer 

starting weight; Particle size3 expressed as volume weighted mean diameter; span value4 = 

(d90−d10)/d50 which reflects the polydispersity within an individual batch; LC5 = loading 

capacity of imatinib and LE6 loading efficiency of imatinib expressed as free base.  

 

3.2. The effect of imatinib loading on the microsphere size and size 

distribution 

Table 1 shows that the size of microspheres with low drug loading 

(0.41% TL) was approximately 20 µm (Formulation 1 to 4, table 1) and 

decreased to around 6 µm for microspheres with high drug loading 

(Formulation 5 and 6, respectively). A plausible explanation for this 

difference in size is that imatinib due to its amphiphilic character acts as an 

emulsifier which decreases the interfacial tension between the organic phase 
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and water phase, which leads to a reduction in the initial droplet size of the 

W1/O/W2 emulsion.  

The span value shows that imatinib microspheres are in general 

polydispersed. Typically, imatinib-loaded PLGA microspheres had a 

smooth and non-porous surface. However, as can be seen in panel C of 

figure 2, scanning electron microscopy analysis (SEM) revealed that 

formulation 6 with 16% LC of imatinib contained particle aggregates which 

do not have the microsphere appearance that can be seen in the other 

preparations. We therefore concluded that 8% imatinib LC was optimal for 

this type of microspheres.  

 

 

Figure 2. SEM images and particle size distribution of microspheres with different imatinib 

loading. A and a: Formulation 4 (0.4% LC); B and b: Formulation 5 (8% LC) and C and c: 

Formulation 6 (16.0% LC). Magnification 1200×, scale bar is 100 µm.  
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3.3. The effect of inner water phase volume on LE of imatinib and its 

counter ion (mesylate)  

As can be calculated from the molecular formula, the 1:1 imatinib 

mesylate salt ratio corresponds to 83.7% w/w imatinib base and 16.3% 

mesylate, which further corresponds to 5.4 % w/w sulfur. Hence, when 1 

mg of imatinib mesylate is loaded into 200 mg PLGA (i.e. 0.498% w/w), 

this corresponds to a TL of 0.41% imatinib base and 0.081% w/w mesylate. 

Since the mesylate ion is the only source of sulfur in the imatinib 

microspheres (sulfur is not present in the buffer or PLGA), the sulfur 

content of the microspheres can be used to estimate the mesylate ion 

loading. The LE of imatinib was analyzed by UV spectrophotometry and the 

sulfur content was determined by means of the Schöniger oxidation method. 

Table 2 shows that while imatinib was efficiently encapsulated at an 

external W2 pH of 9.0, the encapsulation of the mesylate was poor, 

especially when larger inner water volumes were used in the W1/O/W2 

emulsification. The table shows that formulations prepared with different 

volumes of W1 resulted in microspheres with particle size of 17-20 µm and 

LE of 63-72%. However, increasing the volume of W1 from 1% to 41% 

yielded microspheres with mesylate loading of 42% and 2%, respectively.  
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Table 2. The effect of inner water phase volume W1 on the loading efficiency of imatinib 

and its counter ion (mesylate). Theoretical loading for all the formulation was 0.49% 

imatinib mesylate which corresponds to 0.41% imatinib (base) and 0.08% mesylate. The 

concentration of PLGA in DCM was 23% (w/w). Data are expressed as mean ± SD (n=3). 
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F7 1/500 

(0.2%) 

69 ± 4 20 ± 1 1.3 ± 0.2 0.30 ± 0.01 72 ± 3 0.042 ± 

0.001 

52 ± 2 

F8 125/500 

(20%) 

78 ± 3 19 ± 2 0.9 ± 0.1 0.26 ± 0.01 63 ± 2 0.008 ± 

0.001 

10 ± 2 

F9 250/500 

(33%) 

74 ± 4 17 ± 1 1.5 ± 0.3 0.28 ± 0.01 69 ± 2 0.003 ± 

0.001 

4 ± 1 

F10 350/500 

(41%) 

71 ± 5 18 ± 1 1.0 ± 0.0 0.28 ± 0.03 69 ± 8 0.002 ± 

0.001 

2 ± 1 

Mean ± SD values were calculated from the data of three independent batches and represent 

reproducibility between batches.1Inner water volume% is calculated as the percentage of 

the following: inner water volume / (inner water volume + oil phase volume); Recovery2 of 

microspheres as percentage of drug and polymer starting weight; Particle size3 expressed as 

volume weighted mean diameter; span value4 = (d90−d10)/d50 which reflects the 

polydispersity within an individual batch; LC5,7 = loading capacity and LE6,8 = loading 

efficiency. 

 

Since mesylate is highly water soluble, it is unlikely that it partitions 

into the organic phase. Hence, the low LE of mesylate can only be explained 

when the two water phases have been interconnected during 

homogenization which also then elevated the pH of the inner water phase 

momentously to the values of the external buffer. This subsequently would 

favor the partitioning of imatinib into the organic phase. This latter process 

must have been much faster than the complete fusion of inner water phase 

droplets with the outer water phase, in view of the high LE of imatinib.  



Formulation and characterization of microspheres loaded with imatinib for 
sustained delivery  

86 

Variation in the W1 volume did not influence the morphology (figure 3) 

and the diameter (17 – 20 µm) of imatinib microspheres and non-porous 

microspheres with smooth surface were obtained. These results appear 

to contradict previous studies in which increasing the W1 volume resulted in 

porous particles of bigger particle size [24,25]. It is worth to mention that 

the diameter and the morphology of the particles is not only dependent on 

the volume of W1 but also other parameters are relevant, such as 

emulsification energies, polymer concentration, surface active agent 

concentration, phase volumes and phase viscosities [26]. For example, it was 

shown that decreasing the polymer concentration in organic phase, 

increasing the speed of homogenization and increasing the volume of 

external water phase resulted in smaller microparticles [24,27,28].  

 

Figure 3. SEM images of imatinib-loaded PLGA microspheres. A. Formulation 7 (1% W1), 

B. Formulation 8 (20% W1), C. Formulation 9 (33% W1), and D&E. Formulation 10 (41% 

W1). A, B, C and D magnification 600×, scale bar 200 µm; E magnification 1200×, scale 

bar 100 µm. 

3.4. Physical state of imatinib in PLGA microspheres 

A (W1 5 µl) B (W1 125 µl) C (W1 250 µl)

D (W1 350 µl) E (W1 350 µl), with higher magnification
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Imatinib-loaded in PLGA microspheres can be molecularly dispersed or 

it can be present as crystalline form. The physical state of the encapsulated 

drug influences its release kinetics from the microspheres [28,29]. In the 

current study modulated DSC was applied to study the physical state of 

imatinib in PLGA microspheres. The melting temperature (Tm) of imatinib 

and the glass transition temperature (Tg) of the polymer were determined 

from the thermogram recorded in the total heat flow and reversing heat 

flow, respectively. We used the first heating cycle for this purpose, since 

heating and cooling in multiple cycles can change the history of the mixed 

materials (drug and polymer). TGA analysis was done prior to the DSC to 

determine the amount of residual organic solvent as it may affect the Tg of 

the polymer. The percentage of weight loss as function of temperature (from 

20°C till 100°C) was about 0.04% w/w for all of the prepared microspheres.  

To understand the physical state of the encapsulated drug and the 

changes in the drug crystallinity upon formulation one need a suitable 

reference materials for comparison. It was already shown that during the 

formulation only imatinib stayed in the microspheres and the majority of its 

counter ion, mesylate, was not encapsulated. Therefore, the encapsulated 

drug was imatinib free base and not imatinib mesylate. In contrast to the 

microspheres for which we used a single-heating ramp, we used a 

multicycle heating/cooling protocol for determination of the reference Tg 

value of amorphous imatinib base since this prevented formation of imatinib 

crystals.  
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Table 3. Thermal analysis of imatinib mesylate, imatinib base and imatinib-loaded PLGA 

microspheres with different drug loading. Data are expressed as mean ± SD (n=3). 

Sample LC aTg [◦C] 

bTg 

[◦C] 
Tm [◦C] Enthalpy [J/g] 

Imatinib 

mesylate 
- 109.2 ± 0.1 - 214.2 ± 0.3 

224 ± 

0.0 
9.5 ± 2.5 

75.0 ± 

2.1 

Imatinib base - 79.1± 0.2 - 206.6 ± 0.1 104.0 ± 3.0 

Blank 

microspheres 
- 43.9 ± 0.1 - - - 

F4 0.4 44.0 ± 0.7 44.1 - - 

F5 8.0 47.9 ± 0.0 46.5 181.6 ± 1.6 4.4 ± 0.8 

F6 16 48.1 ± 0.2 49.2 191.0 ± 0.8 8.8 ± 0.5 

a Experimental Tg using DSC, (n=3) and bCalculated Tg using Fox’s equation  
1

𝑇𝑔
=

𝑚1

𝑇𝑔,1
+

𝑚2

𝑇𝑔,2
 where m1, m2 are the mass fractions of PLGA and imatinib base and Tg,1 and Tg,2 are the 

individual Tg values of PLGA and imatinib base, respectively. 

 

The obtained calorimetric data are listed in table 3. Thermograms can be 

found in the supplemental information (figure S2-S3). The Tm of imatinib 

base was 206 °C with an enthalpy of 104 J/g while a Tg was observed at 79 

°C. Imatinib PLGA microspheres with low drug loading (0.4% w/w LC, 

Formulation 4) did not show a melting peak that could be attributed to 

imatinib base, while the formulation with 8% w/w imatinib LC 

(Formulation 5) showed a small melting peak around 181 °C with enthalpy 

of (4.4 J/g). This peak was more prominent in formulation 6 with higher 

drug loading (16% LC), which however did not display the typical 

microsphere appearance by SEM (figure S3). The exact percentage of 

crystallinity could not be calculated from these data as the Tm of the 

imatinib-loaded microspheres (181-191 °C) is lower than that of imatinib 

free base (206 °C). Shifting the Tm of imatinib-loaded microspheres to lower 
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temperature than that of imatinib free base can be attributed to the polymeric 

environment after encapsulation, in agreement with the data reported in the 

literature [30].  

 The Tg of PLGA (empty microspheres) was 44 °C (table 3 and figure 

S3). Imatinib-loaded microspheres showed single Tg’s that were elevated as 

compared to blank microspheres. The observed increase in Tg corresponded 

to the expected changes in Tg according to Fox’s equation [31]. From this 

result, we conclude that imatinib is primarily molecularly dispersed in the 

amorphous polymeric PLGA particles.  

 

3.5. In vitro release of imatinib from PLGA microspheres 

Microspheres with different imatinib LC (0.4% and 8% w/w) were 

evaluated for their release characteristics by incubating them at 37 °C in 

PBS. In parallel, aliquots of the microspheres were incubated to study 

polymer degradation and particle erosion. 

Figure 4 shows that imatinib microspheres with 0.4% LC showed a 

sigmoidal release profile with an initial burst release of approximately 16% 

in the first 24 hours, followed by a diffusion and erosion controlled release 

phase that accelerated from day 50 towards the end of the experiment. In 

case of imatinib microspheres with 8.0% LC, burst release was around 23% 

which was followed by sustained release which reached completion around 

day 80 after the start of in vitro incubation. Since the experimental data were 

only poorly fitted by mechanistic models like power-law or Higuchi based 

formulas, cumulative release curves were fitted by an empirical equation for 

sigmoidal release curves [16], as summarized in Table 4. In this empirical 

model for sigmoidal drug release, constants A and B represent the relative 

proportion of drug release during phase I and phase III of the curves, T50 
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represents the time point at which 50% of the drug has been released and 

time constants K1 and K2 reflect the drug release rate during phase I and 

phase III. A more mechanistic understanding of the processes that 

contributed to imatinib release was deduced from the data on in vitro 

degradation of the microspheres (Figure 5). During the first 20 days of 

incubation, imatinib microspheres with either low (0.4%) or high (8.0%) LC 

showed no polymer erosion (dry mass loss, figure 5A), although PLGA 

chain scission (PLGA Mw, figure 5B) was ongoing from start of the 

incubation. Hence, we can expect that the drug release in phase I is mainly 

driven by diffusion and dissolution of imatinib base in the polymeric phase. 

From day 30 particle erosion is prominent in both types of microspheres, 

which is in good agreement with the accelerated release rate observed from 

this latter time point. Degradation results suggest that imatinib-loaded 

microspheres degrade via bulk degradation, characteristic for end-capped 

PLGA [32,33]. It has been highlighted that for small molecule drugs which 

are molecularly dispersed in the PLGA, the burst release is most likely due 

to drug diffusion through polymer matrix unless the microspheres are 

porous [34-36]. The higher initial release observed for imatinib-loaded 

microparticles with 8% LC could be due to their smaller size (6 µm 

compared to 17 µm for microspheres with low LC) and hence the larger 

specific area of these microspheres, as well as the shorter diffusion distance 

to the surface of the microspheres. 
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Figure 4. In-vitro release study of imatinib microspheres in PBS, 37°C. Open squares: 

formulation with imatinib 0.4% LC, closed circles: formulation with imatinib 8.0% LC. 

Data are expressed as mean ± SD (n=3). Lines drawn represent non-linear regression fit 

of the data.  

 

 

Figure 5. Degradation study of imatinib PLGA microspheres prepared with different 

drug loading in PBS pH 7.4, 37 °C. (A): Dry mass loss versus time, (B): Change in the 

Mw (kDa) versus time. Open squares: imatinib 0.4% LC, closed circles: imatinib 8.0% 

LC. Data are expressed as mean ± SD (n=3). 
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Figure 6. In-vitro release study of imatinib microspheres in PBS pH 37 °C. Formulation 

7-10, table 2. Formulation 7 (W1 volume 1% open circles); Formulation 8 (W1 volume 

20% closed circles); Formulation 9 (W1 volume 33% open triangles) and Formulation 9 

(W1 volume 41% closed triangles). Data are expressed as mean ± SD (n=3). Lines drawn 

represent non-linear regression fit of the data. 

Figure 6 shows that similar release profiles were obtained by 

imatinib-loaded microspheres prepared with different volume of W1 

suggesting that this parameter or the resulting differences in mesylate 

encapsulation did not affect release of imatinib. Fitting results of these 

particles are summarized in table S1 in the supplemental information.  

 

Table 4. Best-fit values of cumulative drug release from imatinib-loaded microspheres 

(curves are shown in Fig.4) 

Fitted parameters 0.4% imatinib LC 8.0% imatinib LC 

A (% release) 24 ± 2 38 ± 2 

K1 (day-1) 0.38 ± 0.08 0.29 ± 0.04 

B (% release) 80 ± 5 59 ± 3 

K2 (day-1) 0.044 ± 0.004 0.060 ± 0.006 

T50 (day) 64 ± 3 33 ± 3 

R2 0.9755 0.9709 
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Compared to the previous studies, the initial burst was much lower in 

the current study (16% and 23% versus 63%) [9] and it was comparable with 

the study of Yilmaz et al. [10]. However, the duration of drug release in our 

study was much longer (90 days versus 30 days) likely due to the higher 

polymer concentration that we have used (23% w/w versus 11% w/w), 

although we cannot exclude that also other differences between the studies 

like differences in the polymer molecular weight and the size of particles 

will have affected the drug release profiles.  
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4. Conclusion  

Our results demonstrate that the amphiphilic nature of imatinib highly 

contributes to its successful encapsulation in PLGA microspheres. 

Partitioning of imatinib between organic solvent and water in the W1/O/W2 

leads to its entrapment as free base and not as the initially formulated 

mesylate salt. Crystallization of imatinib within the particles only occurred 

when high amounts of imatinib were used but this composition did not 

provide regular microspheres. It was demonstrated that imatinib release 

from microparticles was governed by the combination of diffusion and 

polymer degradation and that PLGA microparticles, regardless of their 

imatinib LC, released imatinib continuously for approximately three 

months. The previous studies showed that local delivery of imatinib-loaded 

microspheres was promising in the treatment of brain cancer in a mice 

model. This form of sustained-release depot can be applied for other cancer 

models as well. For example, intraperitoneal administration of imatinib-

loaded microspheres may open a new avenue for the treatment of 

gastrointestinal tumors in the future.  
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Supplemental information   

 

Figure S1. SEM images of microspheres prepared with external water 

phases of  

A: pH 5.0, B: pH 7.0 and C: pH 9.0. 

 

 

Figure S2. Thermograms of imatinib mesylate (Tm = 224 °C), and imatinib base form (Tm = 

206°C) and their relevant Tgs after quench cooling and heating to 230 °C. 

 



Formulation and characterization of microspheres loaded with imatinib for 
sustained delivery  

100 

Figure S3. Thermograms of: 

1. Imatinib base (Tg = 79°C) after heating, quench cooling and reheating 

2. Imatinib-loaded PLGA microspheres with 16 % LC 

3. Imatinib-loaded PLGA microspheres with 8 % LC 

4. Imatinib-loaded PLGA microspheres with 0.4 % LC 

5. Blank PLGA microspheres  

 

Table S1. Best-fit values of cumulative drug release from imatinib-loaded microspheres 

prepared with different volume of W1 (Fig 6). 

Fitted 

parameters 

F7 F8 F9 F10 

A (% release) 22±2 20±3 23±2 18±3 

K1 (day-1) 1.2±0.4 1.5±0.8 0.36±0.1 1.0±0.5 

B (% release) 63±4 70±6 80±7 70±5 

K2 (day-1) 0.069±0.009 0.061±0.011 0.041±004 0.058±0.008 

T50 (day) 51±2 50±3 65±5 50±3 

R2 0.9721 0.9447 0.9763 0.9620 
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Abstract  

Sunitinib is a multi-targeted receptor tyrosine kinase (RTK) inhibitor that 

blocks several angiogenesis related pathways. The aim of this study was to 

develop sunitinib-loaded polymeric microspheres that can be used as 

intravitreal formulation for the treatment of ocular diseases. A series of 

novel multi-block copolymers composed of amorphous blocks of poly-(D,L-

lactide) (PDLLA) and polyethylene glycol (PEG) and of semi-crystalline 

poly-(L-lactide) (PLLA) blocks were synthesized. Sunitinib-loaded 

microspheres were prepared by a single emulsion method using 

dichloromethane as volatile solvent and DMSO as co-solvent. SEM images 

showed that the prepared microspheres (~30 µm) were spherical with a non-

porous surface. Sunitinib-loaded microspheres were studied for their 

degradation and in-vitro release behavior. It was found that increasing the 

percentage of amorphous soft blocks from 10% to 30% accelerated the 

degradation of the multi-block copolymers. Sunitinib microspheres released 

their cargo for a period of at least 210 days by a combination of diffusion 

and polymer erosion. The initial burst (release in 24h) and release rate could 

be tailored by controlling the PEG-content of the multi-block copolymers. 

Sunitinib-loaded microspheres suppressed angiogenesis in a chicken 

chorioallantoic membrane (CAM) assay. These microspheres therefore hold 

promise for long-term suppression of ocular neovascularization. 

 

Keywords: Sunitinib malate; [PDLLA-PEG-PDLLA]-b-PLLA; multi-block 

copolymers; single emulsion (O/W); microspheres; thermal analysis; release 

and degradation; angiogenesis; ocular drug delivery 
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1. Introduction 

Vascular endothelial growth factor (VEGF) is a signaling protein that 

stimulates angiogenesis and vasculogenesis [1,2]. Overexpression of VEGF 

has been implicated as an essential factor promoting neovascularization and 

increasing vascular permeability in many ocular diseases including age-

related macular degeneration (AMD), diabetic retinopathy and retinal vein 

occlusion [3-5]. Thus, VEGF represents a validated target for normalization 

of retinal vascularization [4,6,7]. Current treatments include the VEGF-

neutralizing monoclonal antibody fragment ranibizumab and anti-VEGF 

RNA aptamer (pegaptanib) which have been approved by the FDA for the 

treatment of AMD [1,6,8]. Both treatments can slow down the progression 

of vision loss to some extent. However, further improvement in the 

treatment of ocular diseases is needed, preferably by agents with a sustained 

activity within the posterior segment of the eye. Sunitinib malate (Sutent) is 

a multi-targeted receptor tyrosine kinase (RTK) inhibitor which is approved 

by the FDA for the treatment of renal cell carcinoma and gastrointestinal 

stromal tumors [9,10]. Inhibition of VEGFRs using sunitinib efficiently 

suppressed the retinal neovascularization in a hypoxia-induced retinal 

angiogenesis zebra fish model [11]. In another study of Takahashi et al., oral 

administration of sunitinib was beneficial in treating an experimental 

choroidal neovascularization mice model [12]. Sunitinib, however, is 

associated with dose-dependent adverse effects, ranging from mild fatigue 

and hand-foot syndrome to life-threatening cardiac toxicity [13-15]. 

Moreover, repeated and long-term intravitreal injections may cause 

problems, such as retinal detachment, vitreous hemorrhage, or 

endophthalmitis [16-18]. Therefore, we propose to deliver sunitinib locally 

http://en.wikipedia.org/wiki/Vasculogenesis
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in the eye by intravitreal injection of a depot preparation capable of 

sustained release. Development of a sustained release formulation of 

sunitinib using biodegradable microspheres can decrease the frequency of 

injections and lead to new regimens for the treatment of posterior eye 

diseases.  

In the present study a series of novel multi-block copolymers (Figure 1), 

consisting of rigid, semi-crystalline, poly(L-lactide) blocks (PLLA) and soft, 

amorphous, blocks containing poly(D,L-lactide) (PDLLA), and polyethylene 

glycol (PEG) (PDLLA-PEG-PDLLA) were synthesized and used to prepare 

sunitinib microspheres. By varying the composition of this type [PDLLA-

PEG-PDLLA]-b-[PLLA] multi-block copolymers the 

hydrophilicity/hydrophobicity, glass transition temperature (Tg) as well as 

the degradation kinetics can be tailored [19-22], which allowed us to control 

the release kinetics of sunitinib. We further report on the anti-angiogenic 

effect of the sunitinib-loaded microspheres using a chick chorioallantoic 

membrane (CAM) assay. 

 

 

Figure 1. The chemical structures of [PDLLA-PEG-PDLLA]-b-PLLA polymers used in 

this study. Polymer A (10% X, 90% Y), polymer B (20% X, 80% Y) and polymer C (30% 

X, 70% Y).  
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2. Materials and Methods 

 

2.1. Materials 

Sunitinib malate was obtained from LC laboratories, USA. Poly(vinyl 

alcohol) (PVA; Mw 30,000-70,000; 88% hydrolyzed), Tween 20, stannous 

octoate and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich, 

Germany. Dichloromethane (DCM), acetonitrile and tetrahydrofurane 

(THF) were purchased from Biosolve (Valkenswaard, the Netherlands). 

PEG1000, 1,4-butanediol and 1,4 dioxane were purchased from Acros 

(Geel, Belgium), 1,4-butanediisocyanate was purchased from Bayer 

(Leverkusen, Germany) and DL-Lactide and L-Lactide were purchased 

from Corbion Purac (Gorinchem, The Netherlands). Polystyrene standards 

were purchased from Agilent technologies (Santa Clara, USA). Fertilized 

white Leghorn eggs were obtained from Het Anker company (Ochten, the 

Netherlands). 

 

2.2. Synthesis of multi-block copolymers  

[PDLA-PEG-PDLA]-b-[PLLA] multi-block copolymers with [PDLA-

PEG-PDLA]/[PLLA] block ratios of 10/90, 20/80 and 30/70 w/w were 

synthesized and characterized using similar procedures as described 

previously [21]. In short, PDLLA-PEG-PDLLA and PLLA prepolymers 

were synthesized by standard stannous octoate catalysed ring-opening 

polymerization. To prepare PDLLA-PEG-PDLLA with a target molecular 

weight of 2000 g/mol, D,L-lactide and PEG1000 were introduced into a 

three-necked bottle under nitrogen atmosphere and PEG1000 was added, 

followed by addition of the catalyst stannous octoate at a ratio of 12350 

mol/mol (monomer/catalyst). The weights of the materials are listed in 
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supplemental Table S1. The mixture was stirred for 189 h at 140 ºC and 

subsequently cooled down to room temperature. The lactic acid/PEG 

(LA/PEG) composition of PDLLA-PEG-PDLLA prepolymer was 

characterized by 1H NMR analysis as described in the supplemental data 

and is listed in Table S2.  

 

PLLA prepolymer with a target molecular weight of 4000 g/mol, was 

synthesized by dissolution of L-lactide and 1,4-butanediol (Table S2) in 1,4-

dioxane (distilled over sodium wire) after which stannous octoate was added 

at a ratio of 12500 mol/mol (monomer/catalyst). The mixture was stirred at 

90 C and cooled down to room temperature when monomer conversion was 

~ ≥95% (1H NMR analysis). Supplemental Table S3 and S4 list the weights 

of materials used for the synthesis of PLLA and 1H NMR characterization 

of the PLLA prepolymer, respectively. 

 

The PDLLA-PEG-PDLLA and PLLA prepolymers were chain-extended 

with 1,4-butanediisocyanate to prepare X[PDLLA-PEG-PDLLA]-b-

Y[PLLA] multi-block copolymers with X/Y being 10/90, 20/80 and 30/70 

w/w. PDLLA-PEG-PDLLA and PLLA prepolymers were introduced into a 

reactor under a nitrogen atmosphere. 1,4-Dioxane (distilled over sodium 

wire) was added to obtain a polymer concentration of 30% w/w and the 

mixture was heated to 80 C to dissolve the prepolymers. Distilled 1,4-

butanediisocyanate was added and the reaction mixture was stirred 

overnight, where after the reaction mixture was diluted with non-distilled 

dioxane, and cooled to room temperature. Finally, the reaction mixture was 

transferred into a tray and vacuum-dried at 30C. Supplemental Table S5 
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and S6 list the weights of materials used for the synthesis of multi-block 

copolymers and 1H NMR characterization of the final copolymers. 

 

Gel permeation chromatography (GPC) was used to analyze the 

molecular weights of prepolymers of final block copolymers. GPC was 

carried out on a Waters Alliance system, with a Waters 2695 separating 

module and a Waters 2414 Refractive Index detector. Two PL-gel 5 μm 

mixed-D columns fitted with a guard column (Polymer Labs, Mw range 0.2 

– 400 kg/mol) were used. THF (1 ml/min) was used as mobile phase and 

calibration was done with polystyrene standards. 

 

2.3. Preparation of sunitinib-loaded microspheres 

Sunitinib-loaded microspheres were prepared using a single emulsion 

solvent evaporation technique O/W as described in literature [23,24]. 

Briefly, 25 µl of a solution of sunitinib malate in DMSO (40 mg/ml) was 

added to 475 µl of DCM in which 200 mg polymer was dissolved. This 

solution was subsequently emulsified in 1 ml of buffer pH 9.0 (0.25 M Tris 

hydrochloride) containing 1% PVA using an IKA homogenizer (IKA 

Labortechnik Staufen, Germany) for 30 second at maximum speed (30.000 

rpm). The formed emulsion was subsequently transferred into 5 ml of the 

same PVA buffer and stirred using a magnetic stirrer (1000 rpm) at room 

temperature for 40 minutes. A possible concern of exposure of the 

microspheres to alkaline pH of the external aqueous phase is the OH-driven 

hydrolysis of the copolymers [25]. To minimize the exposure of 

microspheres to an aqueous solution of pH 9.0, the emulsion was then added 

to 44 ml buffer pH 7.0 (0.25 M sodium potassium phosphate buffer) 

containing 1% PVA and stirred at 500 rpm for 3 hours. The formed 
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microspheres were centrifuged (Laboratory centrifuge, 4 K 15 Germany) at 

4000 g for 3 min and washed two times with 100 ml 0.025% tween 20 

followed by two times washing with 100 ml reverse osmosis (RO) water 

and lyophilized. The obtained microspheres were stored at -20°C. All the 

microspheres batches were prepared in triplicate.  

 

2.4. Characterization of sunitinib-loaded microspheres 

The average size and size distribution of the microspheres were 

measured using an Accusizer 780 (Optical particle sizer, Santa Barbara, 

California, USA). The volume weighted mean diameter (vol-wt mean) of 

the microspheres is reported as particle size. The morphology of the 

microspheres was studied by scanning electron microscopy (Phenom™, 

FEI Company, The Netherlands). Microspheres were glued on 12 mm 

diameter aluminum sample holders using conductive carbon paint (Agar 

scientific Ltd., England) and coated with palladium under vacuum using an 

ion coater.  

The loading efficiency (LE) of sunitinib-loaded microspheres was 

determined by dissolving 5 mg of microspheres in DMSO and measuring 

the absorbance at 431 nm using an UV-vis spectrophotometer (Shimadzu 

uv-2450). Calibration was done with sunitinib dissolved in DMSO 

(concentration ranging from 5-40 μg/ml). LE of sunitinib in microspheres is 

reported as the amount of encapsulated drug divided by the amount of drug 

used for encapsulation. The non-encapsulated drug was also determined by 

measuring the amount of sunitinib in the external water phase after 

centrifugation of the microspheres using HPLC analysis [26]. Briefly, a 

gradient elution method was used with a mobile phase A (95% H2O, 5% 

ACN and 0.1% TFA), a mobile phase B (95% ACN, 5% H2O and 0.1% 
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TFA) and a flow rate of 1 ml/min using a Sunfire™ C18 (5µm) column. The 

eluent linearly changed from 5% to 95% ACN in 10 min; sunitinib retention 

time was at seven minutes. Sunitinib standards (10 µl, 0.3 - 30 µg/ml PBS) 

were used for calibration and detection was done at 431 nm. Loading 

capacity (LC) is expressed as the encapsulated amount of sunitinib divided 

by the dry weight of the microspheres. 

The microspheres yield is calculated as percentage of the weight of the 

obtained product divided by the initial weight of the solid materials. 

Differential scanning calorimetry (DSC) analysis was done on a TA 

Instruments DSC Q2000 machine. Approximately 5 mg of freeze-dried 

microspheres were loaded into aluminum pans and the pans were closed. 

First, the samples were heated from 0 °C to 60 °C at a heating rate of 5 

°C/min. Next, the samples were cooled down with the same rate to -20 °C 

or -80 °C and heated again to 220 °C with a rate of 2 °C/min and 

temperature modulation ±1 °C/30s. The crystallization temperature (Tc) 

and melting temperature (Tm) were determined from the thermogram 

recorded in the second heating scan. The glass transition temperature (Tg) 

was determined from the thermogram of reverse heat flow. 

 X-ray diffraction (XRD) patterns were recorded for the polymers and 

drug-loaded microspheres using a Bruker X8-Proteum with Helios mirrors 

using CuKα radiation (λ = 0.1.5418 Å) on a Platinum-135 CCD detector. 

The patterns were recorded at a sample-to-detector distance of 60 mm. 

Separate blank patterns were recorded to allow subtraction of air and 

capillary wall-scattering. The two-dimensional X-ray scattered intensities 

were transformed into one-dimensional intensity with 2θ as the x-axis.  
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2.5. In-vitro degradation study of sunitinib-loaded microspheres 

Samples of freeze-dried sunitinib-loaded microspheres (~10 mg) were 

transferred into Eppendorf tubes and dispersed in 1.5 ml of PBS (pH 7.4, 

0.033 M NaH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl) also containing 

0.05% (w/w) NaN3. The microspheres suspensions were incubated at 37 °C 

while gently shaking. Samples of microsphere dispersions (1.5 ml) were 

taken at predetermined time points, centrifuged and washed twice with 1 ml 

RO water and lyophilized. Dry masses were weighed and subsequently 

dissolved in THF (2 mg/ml) while gently shaking overnight. GPC-based 

analysis of the polymers as described above was used to analyze the change 

in polymer molecular weight during degradation. 1H NMR analysis of the 

degraded microspheres dissolved in CDCl3 (1 mg/ml) was performed using 

a Gemini-300 MHz spectrometer at 298 K. The weight percentage of PEG 

in degraded polymers was calculated from the methine group of polylactide 

at δ 5.4-5.1 and the methylene groups of PEG at δ 3.6-3.7.  

 

 

2.6. In-vitro release of sunitinib-loaded microspheres 

About 10 mg of sunitinib loaded microspheres were introduced in 2-ml 

eppendorf tubes, and 1.5 ml of PBS (for the buffer composition see section 

2.5). The samples were incubated at 37 °C under mild agitation. Samples 

were collected at different time points after centrifugation by removing 1 ml 

of the supernatant and replacing it with 1 ml of fresh buffer. The collected 

supernatants were analyzed for released sunitinib using HPLC analysis as 

mentioned in section 2.4.  
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In vitro release data were fitted by linear and nonlinear regression 

analysis (Graphpad Prism version 4). Microspheres type A were fitted with 

either a linear zero-order release model (Equation 1), or an empirical model 

for sigmoidal drug release (Equation 2) according to Duvvuri et al [27]. 

Microspheres type B and C were only fitted by the sigmoidal model. In this 

model, Q stands for cumulative drug release, t stands for the time since start 

of the release experiment, while constants A and B stand for the relative 

fractions of initial release phase and late release phase, K1 and K2 represent 

the rate constants of the initial release phase and late release phase and T50 

stands for the time to reach 50% of the drug release covered by the model. 

 

𝑄 = 𝐴 + 𝑘 ∗ 𝑡      
 (Equation 1) 

A= intercept with Y-axis (burst release); k = rate constant of release 

 

𝑄 = 𝐴 ∗ (1 − 𝑒−𝐾1∗𝑡) + 
𝐵

1+𝑒−𝐾2∗(𝑡−𝑇50)   

 (Equation 2) 

 

 

2.7.  Chick chorioallantoic membrane assay  

Fertilized White Leghorn eggs were incubated at 37 °C and 60–65% 

relative humidity. After day 3 the eggs were candled and the positions of the 

embryo and air sac were marked. To disconnect the chick chorioallantoic 

membrane (CAM) from the shell, the area between the air sac and embryo 

was punctured using an 18 gouge needle and 2-3 ml of albumen (egg white) 

was removed. The holes were subsequently sealed using parafilm. At day 
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seven of incubation, eggs were randomly divided into four groups, a small 

window (2 to 2 cm) was made using a scissors on the upper side of the egg 

to get access to the CAM. To study the effect of sunitinib on the 

angiogenesis, nitrocellulose rings were applied on the top of the CAM. 

Next, using a sterile pipet, 30 µl of either vehicle (PBS), blank microspheres 

suspended in PBS (0.5 mg/egg), sunitinib solution in PBS (50 or 100 

ng/egg) or sunitinib-loaded microspheres suspended in PBS (0.5 mg/egg 

corresponding to a total dose of 1350 ng sunitinib), prepared in aseptic 

condition, were applied onto the CAM. Pictures were taken using a digital 

camera before and 24 hours (h) after applying the drug and the number of 

blood vessels were counted. Statistical analysis was performed with 

GraphPad Prism software using paired Student's t-test by comparing the 

number of blood vessels before and 24h after applying the drug. 
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3. Results and discussion 

 

3.1. Physicochemical characteristics of the polymers 

Table 1 shows the characteristics of the polymers and their building blocks 

(PEG1000, PDLLA-PEG-PDLLA and PLLA) that were used in this study. 

The molecular weight of the prepolymers and the final multi-block 

copolymers, as determined by GPC, are shown in Table 1. The number 

average molecular weight of the PDLA-PEG-PDLA and PLLA prepolymers 

were 2000 and 4000 g/mol, respectively, while the molecular weight of 

multi-block copolymers was 37, 23 and 22 kg/mol for polymer A, B and C, 

respectively, confirming the successful chain-extension of the prepolymers.  

 

Table 1. Characteristics of the prepolymers and multi-block copolymers used in this study. 

A, B, and C are polymers utilized in the current study, PDLA-PEG-PDLA, PLLA and 

PEG1000 are the building blocks used for the synthesis of A, B and C. 

(pre-)polymer Mw/Mn
1 

(kg/mol) 

PEG2 

(%) 

Tg 

(ºC)3 

Tg 

(ºC)4 

ΔHc
5 

(J/g) 

Tc 
6 

( ºC) 

ΔHm
7 

(J/g) 

Tg 8 

( ºC) 

C9 

(%) 

PEG1000 1.3/1.1 100 -41 - -  276 35 - 

PDLLA-PEG-PDLLA 3.1/2.0 58 -37 -33 12 -2 13 10 0 

PLLA 5.1/4.2 - 45 - - - 46 131 51 

Block copolymer A 79/37 4.6 50 47 18 91 27 137 11 

Block copolymer B 48/23 9.9 42 34 15 85 24 131 12 

Block copolymer C 48/22 14.8 35 23 14 87 25 131 15 

1 determined by GPC. 
2 determined by 1H NMR. 
3, 5, 6, 7 and 8 determined by DSC. 
8 Tg of the final multi-block copolymers as calculated by Fox equation using reference materials 

PLLA (Tg 60 ºC) and PEG1000 (Tg - 41ºC).  
9 % of crystallinity = (ΔHm– ΔHc)/ ΔHmº * 100 where ΔHm

º is the heat of melting for 100% crystalline 

PLLA.  

 

1H-NMR was used to verify the overall lactate/PEG ratio of the final 

multi-block copolymers (supplemental tables S6 and Figure S1). The 
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relative percentages of the buildings blocks were calculated from the 

methine group of polylactide at δ 5.4-5.1 and the –CH2CH2-O methylene 

groups of PEG at δ 3.6-3.7, and enabled us to calculate the relative 

compositions of the block copolymers. The relative PEG content of the 

three polymers ranged from 4.8% w/w for polymer A, to 9.9% and 14.8% 

for polymer B and C, respectively. These percentages correlated closely to 

the initial weight percentages of the PDLA-PEG-PDLA and PLLA blocks 

(e.g. 10% in soft block, 90% in PLLA for polymer A).  

Thermal analysis was done on both the prepolymers (building 

blocks) and on the final multi-block copolymers to understand their physical 

state (amorphous or semi-crystalline). DSC analysis starting at -80 °C 

showed that the PDLA-PEG-PDLA prepolymer had a Tg at -37 °C followed 

by an exothermic crystallization and melting endotherm at -2°C and 10°C, 

respectively (Figure S2). Since the enthalpies of the observed melting and 

crystallization peaks were equal (ΔHm and ΔHc in Table 1), we concluded 

that PDLLA-PEG-PDLLA was fully amorphous at room temperature. This 

is in agreement with other studies in which PLA-PEG-PLA with LA/PEG 

ratios of than 8 are also amorphous [28]. The observed Tg corresponded to 

the expected Tg according to Fox’s equation [29], which confirmed the 

miscibility of the PEG and PDLLA blocks. Short chain PDLLA (Tg -18 °C) 

[30] and PEG1000 (Tg - 41°C) were used as reference.  

The synthesized semi-crystalline PLLA showed a Tg of 45 °C, a Tm 

of 130 °C and a melting enthalpy of 46 (J/g) (Table 1 and Figure S2). The 

percentage crystallinity of the PLLA prepolymer was 51%, which was 

calculated as follows: 

% crystallinity = (ΔHm – ΔHc)/ ΔHmº*100 where ΔHm
º is the heat of 

melting for 100% crystalline PLLA [30]. Similarly, the crystallinity of the 
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final multi-block copolymers was calculated (Table 1). High molecular 

weight PLLA has a Tg of 60°C, a melting temperature (Tm) of 170 - 180°C 

and a melting enthalpy (ΔHm) of 90 (J/g) [30,31].  

A typical thermogram of the multi-block copolymers X[PDLLA-PEG-

PDLLA]-b-Y[PLLA] is shown in Figure 2. DSC analysis showed that the 

block copolymers A, B, and C had a Tg at 50°C, 42°C and 35°C respectively, 

and also showed both crystallization (Tc at 85-91°C) and melting (Tm at 131-

137°C) at higher temperatures. The crystallinity of the block copolymers 

was was about 10-15%. Increasing the percentage of the soft block from 

10% to 30% resulted in a decrease in the Tg of the final block copolymer 

from 50°C to 35°C which can be explained by the plasticizing effect of PEG 

on the amorphous PDLA/PLLA phase of the material [32]. The observed 

decrease in Tg for the copolymers corresponded to the expected changes in 

Tg according to Fox’s equation using high molecular weight PLLA with a 

Tg of 60°C as reference [30,31].  

 

Figure 2. Thermograms of multi-block copolymers utilized in this study (polymer A, B and 

C). 
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The physical state of the multi-block copolymers and their prepolymers 

was also studied by XRD crystallography. Figure 3 shows the 

diffractograms of PEG1000, PLLA and the multi-block copolymers used in 

this study. XRD analysis of the PDLLA-PEG-PDLLA prepolymer could not 

be performed as this product was a semi-solid material. The clear peaks in 

the diffractograms of PEG1000 and the PLLA prepolymer showed that 

these polymers were semi-crystalline, in agreement with DSC analysis of 

these materials. The diffractogram of the multi-block copolymers showed a 

peak corresponding to the PLLA prepolymers. Taking the results of DSC 

and XRD together, we concluded that the crystallinity and melting of the 

multi-block copolymers can be attributed to the PLLA domains. Further, the 

multi-block copolymers consist of crystalline PLLA domains embedded in 

an amorphous matrix of PLLA and PDLLA-PEG-PDLLA.  

 



Sunitinib microspheres based on [PDLLA-PEG-PDLLA]-b-PLLA multi-block 
copolymers for ocular drug delivery  

117 

 

Figure 3. The XRD patterns of PEG1000, PLLA (prepolymer), polymer A, polymer B and 

polymer C. Intensity scaling is arbitrarily applied to the curves. 

 

3.2. Preparation of sunitinib-loaded polymeric microspheres 

Sunitinib (Figure 4) is a weak base with a pKa ~ 9.0 of its tertiary amine 

functionality [33]; the commercial product has malate as counter ion. The 

solubility of sunitinib malate in aqueous media (pH < 7.0) is 25 mg/ml. 

Sunitinib malate is only slightly soluble in DCM (<1 mg/ml) but its 

solubility in DMSO is rather high (40 mg/ml). 
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Figure 4. Chemical structure of sunitinib malate.  

 

 In this study, sunitinib malate was loaded into microspheres via a single 

emulsion method using DCM as volatile solvent and DMSO as co-solvent 

for sunitinib malate. The morphology of sunitinib-loaded microspheres is 

shown in Figure 4 (left column), illustrates that the obtained sunitinib-

loaded microspheres had a smooth and non-porous surface. The particles 

size shown by SEM was in line with particles size acquired by Accusizer 

(23 - 34 μm). Table 2 shows the characteristics of sunitinib-loaded 

microspheres prepared using polymer A, B and C. The table shows that all 

formulations were obtained in a high yield (~ 80%) with average particle 

size ranging from 23 - 34 μm. The LE was high in microspheres based on 

polymer A (87%) and polymer B (73%). However, microspheres based on 

polymer C, the more hydrophilic polymer with highest PEG-content, 

showed a low LE (13%). Most likely, water absorption and swelling of 

microspheres during the solvent extraction resulted in higher sunitinib 

diffusion into the external water phase. This was confirmed by analysis of 

non-encapsulated sunitinib in the external phase after centrifugation of the 

particles, which accounted for 80% of the drug added in the emulsified 

organic phase with polymer C. Another factor that has contributed to the 

higher sunitinib loading efficiency of microspheres prepared with polymer 

A is the relative higher molecular weight of this polymer (Table 1), and 
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hence the higher viscosity of the organic phase of polymer A which 

prevented loss of the drug before solidification of the microparticles [34].  

As can be deduced from the titration curve of sunitinib, its logD 

increases from 0.9 at pH 7.0 to 2.6 at pH 9.0 (Figure S5). Partitioning of the 

uncharged form sunitinib into the polymeric droplets phase is hence favored 

at the conditions used for emulsifying the organic phase. In contrast, the 

counter ion malate is charged at the studied pH values, thus resulting in 

encapsulation of sunitinib free base in the microparticles rather than the 

sunitinib malate salt. This behavior is in agreement with the encapsulation 

of imatinib mesylate in PLGA microparticles [35]. While imatinib base was 

efficiently encapsulated (70% LE) at pH 9.0, the hydrophilic mesylate anion 

was largely lost (<5% LE). 
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Figure 5. SEM images of sunitinib-loaded microspheres (A, B and C) before and after 

incubation (60 and 120 days) in PBS pH 7.4, 37ºC. 
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Table 2. Characteristics of sunitinib-loaded microspheres prepared with polymer A, B and 

C. The concentration of polymer in DCM was 23% (w/w). The microspheres were prepared 

with the external water phase of pH 9.0 for 40 min and a theoretical drug loading of 0.49% 

(w/w). Data are expressed as mean ± SD (n=3).  

F
o

rm
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la
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n
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o

ly
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er
 

Y
ield

1 (%
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P
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rticle size
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(µ
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L
C
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) 

L
E

4 (%
) 

N
o

n
-

en
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p
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te

d
 d

ru
g

5 (%
) 

1 A 80 ± 2 26 ± 4 0.43 ± 0.04 87 ± 13 9 ± 5 

2 B 87 ± 5 34 ± 3 0.36 ± 0.04 73 ± 15 24 ± 9 

3 C 76 ± 5 23 ± 4 0.06 ± 0.02 13 ± 7 80 ± 3 

1 Yield of sunitinib-loaded microspheres;  
2 particle size expressed as volume weighted mean diameter;  
3 loading capacity;  
4 loading efficiency expressed as sunitinib free base;  
5 percentage of sunitinib recovered in the water phase after centrifugation 

 

3.3. In-vitro degradation of sunitinib-loaded microspheres 

Sunitinib-loaded microspheres based on the different multi-block 

copolymers (A, B and C) were incubated at 37 °C in PBS to study polymer 

degradation and particle erosion. Figure 6A shows the percentage decrease 

in the weight average molecular weight (Mw) of the polymers in time. In the 

first week of incubation the decrease in the Mw was 25%, 30% and 40% for 

polymer A, B and C, respectively, and subsequently the Mw gradually 

decreased in time for all polymers types. Figure 6B shows the percentage 

decrease in dry mass versus time for the same particles. The dry mass of 

microspheres based on polymer A and B did not change during the first 60 

and 30 days of incubation, respectively. Thereafter continuous weight loss 

was observed for both formulations. Microspheres based on polymer C 

showed about 20% decrease in dry mass after incubation for one week. The 

weight loss proceeded till the end of this experiment. The remaining mass 
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after 210 days was 61%, 42% and 43% for microspheres based on polymer 

A, B and C, respectively. It can be concluded that increasing the soft PDLA-

PEG-PDLA block increases the degradation rate of this type of multi-block 

copolymers.  

To investigate the composition of degrading microspheres in time, their 

PEG-content was analyzed using 1H NMR analysis (Figure 6C). While the 

PEG-content of microspheres prepared with polymer A remained constant 

for more than 150 days, the other two formulations gradually showed a 

decrease in PEG-content. It can be expected that microspheres with higher 

PEG-content initially swell to a greater extent than microspheres based on 

lower PEG-content resulting in higher water absorption and hydrolysis [36]. 

In the initial phase of degradation (i.e. till 30 days) microspheres based on 

polymer C with higher PEG-content indeed showed higher degradation 

(decrease in Mw, dry mass and PEG-content) compared to other 

formulations. At day 30 of degradation the PEG-content of microspheres 

based on polymer C and B became similar (~8%). Thereafter, their 

degradation (decrease in the PEG-contents, Mw and dry mass) proceeded in 

the same manner. The initial loss of the PEG blocks observed in our study is 

in agreement with other studies reporting that the ester bonds connecting 

PEG and aliphatic polyester are more susceptible to hydrolysis [37,38]. 
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Figure 6. Degradation of sunitinib-loaded microspheres based on different multi-block 

copolymers . Figure 6A shows changes in the Mw (%) versus time of microspheres prepared 

with polymer A (open squares), polymer B (triangles) and polymer C (close squares). 

Figure 6B shows dry mass loss versus time and Figure 6C shows the percentage of PEG 

(based on 1H NMR analysis) of the same formulations after incubation in PBS pH 7.4, 37 
ºC for a period of 210 days, respectively. Data are expressed as mean ± SD (n=3). 

 

In the previous study of Samadi et al., the PEG was fully removed 

within 5 days from the prepared nanospheres based on blends of 

hydroxylated aliphatic polyester, poly(D,L-lactic-co-glycolic-co-

hydroxymethyl glycolic acid) (PLGHMGA) and PEG-PLGHMGA block 

copolymers. The relatively faster shedding of PEG from PEG-PLGHMGA 

systems as compared to our study can be due to both smaller particle size 

and greater hydrophilicity of the PLGHMGA matrix causing faster 

hydrolysis of the PEG-PLGHMGA ester bonds both at the surface and 

within the matrix [38]. 
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The thermal properties of the degraded microspheres were analyzed by 

DSC (Figure 7, Figure S6-8 and Table S7). Figure 7A shows that during the 

first week of incubation the Tg of microspheres based on polymer A 

remained unchanged (50 °C), but the Tg of microspheres based on polymer 

B and C increased from 42 °C and 35 °C to 46 °C and 45 °C, respectively. 

This increase in Tg can be attributed to the loss of PEG during the initial 

phase of degradation which is substantiated by 1H NMR analysis (Figure 

6C). The melting points and enthalpies of sunitinib-loaded microspheres did 

not change till 150 days of incubation (Figure 7A and Table S7). The 

melting points thereafter (150 days) decreased from 138 °C, 131 °C, and 131 

°C to 133 °C, 103 °C and 104 °C for microspheres based on polymer A, B 

and C, respectively. The melting enthalpy increased from 26 (J/g) to 42 (J/g) 

for microspheres based on polymer B and C which pointed to an increased 

crystallinity of these polymers [39]. The observed increase in the 

crystallinity of the polymers can be explained by decreased molecular 

weight of the copolymers during degradation which gives freedom to the 

shorter polymer chains to rearrange and crystallize [40-42]. As mentioned 

above, the melting point is due to the semi-crystalline PLLA block which is 

more resistant to degradation than soft blocks since it is difficult for water 

molecules to penetrate into the crystalline domains [39]. However, as the 

degradation proceeded, the polymer chains became shorter which caused a 

decrease in the melting point [30].  
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Figure 7. Changes in polymer characteristics during degradation of sunitinib-loaded 

microspheres. Figure 6A shows changes in the Tg (ºC) of microspheres based on polymer A 

(open squares), polymer B (triangles) and polymer C (close squares) during first week of 

incubation. Figure 6B shows changes in the Tm (ºC) of the same formulations after 

incubation in PBS pH 7.4, 37ºC for a period of 210 days, respectively. Data are expressed 

as mean ± SD (n=3). 

 

SEM images showed that sunitinib-loaded microspheres, especially 

microspheres based on polymer A retained their spherical shape even after 

210 days of incubation (Figure 4, right panel). In contrast, the particles of 

polymer B and polymer C showed extensive erosion after 210 days. These 

observations are in line with degradation data as shown in Figure 6. 

Taking the results of GPC, DSC and 1H NMR together, it can be 

concluded that an increase in the soft block content from 10% to 30% 

resulted in faster degradation of semi-crystalline multi-block copolymers.  

 

3.4. In-vitro release of sunitinib from microspheres 

Sunitinib-loaded microspheres prepared with the different polymers (A, 

B and C) were incubated at 37 °C in PBS to study their release 

characteristics. Figure 8 shows that the release profile was largely 

influenced by the percentage of the hydrophilic PDLA-PEG-PDLA block in 

the copolymers. While sunitinib release from microspheres type B and C 



block -PLLA multi-b-PDLLA]-PEG-Sunitinib microspheres based on [PDLLA
copolymers for ocular drug delivery  

126 

showed a sigmoidal profile that reached complete release after about 150 

days, the microspheres with 5% PEG (type A) showed a zero order release 

profile that reached about 30% of the encapsulated drug at the end of the 

incubation period of 210 days. 
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Figure 8. (A) In vitro release study of sunitinib from microspheres in PBS, 37 °C. Open 

circles represent microspheres prepared by polymer A, triangles show microspheres based 

on polymer B and close circles show microspheres based on y polymer C. Lines drawn 

represent linear fit for curve A and non-linear regression fit according to equation 2 of 

curves B and C. Data are expressed as mean ± SD (n=3). 

 

Table 3. Best-fit values of cumulative drug release from sunitinib-loaded microspheres 

based on equation 2 (curves are shown in figure 8). 

Fitted parameters Polymer A Polymer B Polymer C 

A (% release) 5 ± 1 8 ± 2 37 ± 1 

K1 (day-1) 0.3 ± 0.2 0.6 ± 0.4 9.4 ± 1.3 

B (% release) 30 ± 2 80 ± 3 63 ± 2 

K2 (day-1) 0.02 ± 0.0 0.04 ± 0.0 0.03 ± 0.0 

T50 (day) 94 ± 6 70 ± 2 69 ± 2 

R2 0.9590 and (0.9767)* 0.9804 0.9883 

*The R square value based on the linear curve (equation 1) which shows better fit compared to 

equation 2 for microspheres based on polymer A 
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 The initial burst (release in 24 hours) was 5%, 7% and 37% for 

microspheres based on polymer A, B and C, respectively. Fitting constants 

of the release profiles are summarized in Table 3. The linear fitted release of 

microspheres type A showed a release constant of 0.16% for 210 days and 

good agreement between theory and experiment was obtained (R2 0.9767). 

In view of the complex processes that contributed to drug release, the 

release profiles of the other two curves were only poorly fitted by 

mechanistic models like the Korsmeyer-Peppas model. We therefore used a 

sigmoidal mathematical model for non-linear curve fitting according to 

Duvvuri et al. [27]. In this empirical model for sigmoidal drug release, 

constants A and B represent the relative proportion of drug release during 

phase I and phase III of the curves, T50 represents the time point at which 

50% of the drug has been released and time constants K1 and K2 reflect the 

drug release rate during phase I and phase III due to diffusion and diffusion 

plus polymer degradation, respectively. The higher release rate in the last 

stage of the sigmoidal curves reflects a combination of particle erosion and 

the higher diffusion rate of sunitinib upon polymer degradation, but also 

other factors like increased solubility of the drug due to water influx 

[39,43]. This water uptake will lead to a swollen polymer matrix from 

which sunitinib can be released. Microspheres based on polymer A showed 

slower release due to their higher hydrophobicity compared to microspheres 

based on polymer B and C.  

A more mechanistic understanding of the processes that contributed to 

sunitinib release was deduced from the data on in vitro degradation of the 

microspheres (as discussed in section 3.3).The release from microspheres A 

was mainly governed by diffusion till the start of particles erosion (60 days). 

Thereafter, sunitinib was released by a combination of diffusion and particle 



block -PLLA multi-b-PDLLA]-PEG-Sunitinib microspheres based on [PDLLA
copolymers for ocular drug delivery  

128 

erosion. Sunitinib release from microspheres based on polymer B was 

governed by diffusion till day 30 at which time particle erosion started. 

Since the dry mass loss was faster as compared to polymer A, the drug 

release was faster till day 90. After day 90 the drug release became slower 

which can be explained by reduction in the PEG-content and increasing 

crystallinity which in turn increases the hydrophobicity of the microspheres, 

in agreement with degradation data.  

When a low molecular weight drug is molecularly dispersed in the 

polymer, its release will be governed by diffusion although the degradation 

of the matrix may help in liberating the loaded drug. On the other hand if 

the drug is crystallized in the polymer, the release will be governed by 

degradation here the drug may also release by diffusion through the polymer 

if the degradation is slow or the drug has some solubility in the polymeric 

matrix [44,45]. Since the loading capacity of sunitinib-loaded microspheres 

is below the detection limits of DSC and XRD (< 0.5%), we could not 

confirm the physical state (amorphous or crystalline) of sunitinib in the 

microspheres. Nonetheless, sunitinib solubilization may play a rule in drug 

release from microparticles. Taking the results of degradation and release 

study together, it can be concluded that sunitinib released from the 

microspheres by a combination of diffusion through the soft blocks and 

polymer erosion. The release rate could be tailored by controlling by the 

PEG-containing soft block content of the final multi-block copolymers. 

 

3.5. Anti-angiogenic effect of sunitinib-loaded microspheres  

The chick embryo chorioallantoic membrane (CAM) is an 

extraembryonic membrane responsible for mediating gas and nutrient 

exchanges until hatching. Since it has a condensed capillary network, it has 
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been commonly used to study both angiogenesis and anti-angiogenesis 

processes [46]. The CAM assay is a suitable model to screen anti-

angiogenic effects of various drugs before performing animal studies 

[47,48]. It is a suitable model to study the efficacy of drugs for the treatment 

of age-related macular degeneration [49-52]. We have placed a ring on top 

of the CAM membrane to keep the administered drugs in place. However, 

this ring does not avoid uptake of the drug into the CAM and subsequent 

diffusion of the drug into the egg white. Hence, the locally administered 

drug can dilute into the total distribution volume of the egg white and egg 

yellow, similar to drug transport that can be expected upon injection of 

drugs into the human eye. 

In this study both sunitinib malate and sunitinib-loaded microspheres 

suspended in PBS, were applied on the CAM to study their anti-angiogenic 

effect. The number of blood vessels before and 24h after drug exposure 

were compared (Figure 9). The sunitinib-microspheres based on polymer B 

were used, since this formulation combined good loading efficiency with a 

prolonged release profile without extensive burst release. Figure 9 shows 

that both the control groups (30 µl vehicle, PBS or 0.5mg of blank 

microspheres) and sunitinib (50 ng/egg) did not change the number of blood 

vessels compared to 24h before applying the drug or vehicle. On the other 

hand, by increasing the dose of sunitinib to 100 ng/egg the number of blood 

vessels significantly reduced (paired t-test, (p < 0.05) compared to 24h 

before applying the drug. To study the anti-angiogenic potential of 

sunitinib-loaded microspheres, we administered 0.5 mg microspheres type B 

suspended in 30 µl PBS onto the CAM. This amount of microspheres 

corresponded to a dose of 1350 ng sunitinib and an expected release of 65 

ng sunitinib/day based on the fitted release profile of micropsheres B. We 
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observed a pronounced decrease in the number of blood vessels as 

compared to 24h before applying the microspheres (p < 0.05). One may 

expect a higher anti-angiogenic effect for the free drug than the drug-loaded 

microspheres as the free drug is available for 24h while sunitinib 

microspheres release their payload gradually. In contrast to the free drug, 

which is fully dissolved at the moment of its pipetting onto the CAM, drug-

loaded microspheres actually require a drug release phase before the 

dissolved molecules can exert their inhibitory activity in the CAM, or before 

they can diffuse further into the egg. Hence, one can expect differences in 

the temporal distribution of the drug between free drug and drug-loaded 

microspheres.  

 
Figure 9. Inhibition of angiogenesis in the CAM assay. Figure 9A shows the number of 

blood vessels before (open bars) and 24 hours after administration of compounds on CAM 

(striped or hatched bars). From left to right: vehicle solution (PBS), 0.5 mg blank 

microspheres, 50 ng sunitinib, 100 ng sunitinib and 0.5 mg sunitinib-loaded microspheres 

based on polymer B. Figure 9B: representative pictures of chorioallantoic membrane before 

(upper Fig) and 24 hours (lower Fig) after applying of sunitinib-loaded microspheres. Data 

are expressed as mean ± SD (n=6). 
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The pronounced anti-angiogenic effect clearly illustrates that sunitinib-

loaded microspheres have potential for suppressing angiogenesis in a 

localized compartment and that the bioactivity of the drug is preserved after 

releasing from microspheres which was also confirmed by HPLC analysis 

of the released drug (Figure S9).  

In this study, the LC of sunitinib microspheres was rather low; this 

mainly is due to low solubility of sunitinib in the organic phase used for 

emulsification of the microparticles. However, sunitinib is a highly potent 

receptor tyrosine kinase inhibitor and only relative low levels (nanomolar 

concentrations) are needed to exert inhibition of VEGFR2 in endothelial 

cells [53]. Moreover, the eye is a confined compartment and local release of 

sunitinib within the eye may result in sufficient levels of the released drug.  

The microparticles described in this study are made of relatively 

hydrolytically degradable polymers that showed good biocompatibility 

when used as polymeric coated stent delivery systems [54]. Hence, we 

expect good biocompatibility for this type of microspheres after intravitreal 

injection, although further studies addressing their safety after ocular 

delivery are required to corroborate this. Moreover, local application of 

sunitinib microspheres in the eye in appropriate animal models of ocular 

neovascularization should demonstrate long term anti-angiogenic activity, in 

correlation to the sustained release profiles observed in this paper. While 

VEGF antagonists have revolutionized the treatment of ocular 

neovascularization, there is still substantial room for improvement. In 

animal models, combined blockade of VEGF and PDGF-B showed greater 

benefit than blockade of VEGF alone [55,56]. Sunitinib malate is a multi-

targeted receptor tyrosine kinase inhibitor blocking both VEGF and PDGF 

receptors. Sunitinib showed more potent inhibitory effect compared to 
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bevacizumab, which only inhibits VEGF, in some preclinical studies and 

ocular delivery of sunitinib may therefore be an attractive approach for the 

treatment of ocular neovascularization. 

 

 

4. Conclusion 

 In the current investigation, we have developed sunitinib loaded 

[PDLLA-PEG-PDLLA]-b-[PLLA] microspheres which continuously 

release the multikinase inhibitor for over 30 weeks by a combination of 

diffusion through the soft blocks and polymer erosion. Sunitinib 

microspheres showed antiangiogenic effect in a CAM assay and may be a 

promising delivery system for long-term suppression of neovascularization 

by intravitreal injection. 
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Supplementary information 

Polymer characterization 

1H NMR was performed on a VXR Unity Plus NMR Machine (Varian, 

California, USA) operating at 300 MHz. The d1 waiting time was set to 20 

sec, and the number of scans was 16-32. Spectra were recorded from 0 to 14 



Sunitinib microspheres based on [PDLLA-PEG-PDLLA]-b-PLLA multi-block 
copolymers for ocular drug delivery  

139 

ppm. 1H NMR samples were prepared by dissolving 10 mg of polymer into 

1 mL of deuterated chloroform, and the spectra  were recorded  from 0-8 

ppm using CHCl3 present as trace element in CDCl3 as reference.  

Monomer conversion, i.e. residual D,L-lactide or L-lactide content of the 

prepolymers was calculated from the peaks of the methine groups of 

polylactide and lactide at δ 5.4-5.1 and δ 5.1-5.0, respectively. The overall 

lactate / PEG (LA/PEG) molar ratio of the PDLLA-PEG-PDLLA 

prepolymer was determined by 1H NMR from the peak integrals of the –

CH2CH2-O methylene groups of PEG at δ 3.6-3.7 and the methine group of 

polylactide at δ 5.4-5.1. The experimental number average molecular weight 

(Mn) of PDLLA-PEG-PDLLA was calculated from the summed molecular 

weight of polylactide blocks and the PEG molecular weight. The lactate 

(LA)/1,4-butanediol (BDO) molar ratio of the PLLA prepolymers was 

determined by 1H NMR using the peaks of the methylene groups of BDO at 

δ 4.2-4.0 and the sum of the methine group of polylactide at δ 5.4-5.1.  The 

experimental Mn of the PLLA block was calculated from the summed 

molecular weights of polylactide blocks and the Mw of BDO. The 

theoretical Mn of the PDLLA-PEG-PDLLA and PLLA prepolymers was 

determined based on in-weights and monomer conversion.  

1H NMR was also used to verify the overall LA/PEG monomer ratio of the 

final multi-block copolymers. Peak integrals from the methine group of 

polylactide at δ 5.4-5.1 and the –CH2CH2-O methylene groups of PEG at δ 

3.6-3.7 were used to calculate experimental relative PEG content, and 

compared to the theoretical PEG% based on in-weights of the prepolymer 

blocks.  

 

Table S1. Weights of materials used for the synthesis of PDLLA-PEG-PDLLA prepolymer 

(one batch was prepared. 
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Material Molar mass 

(g/mol) 

In-weight (g) 

PEG1000 1000 119.55 

D,L-lactide 144 121.68 

Stannous octoate 405 0.0277 

 

 

Table S2. Characterisation of PDLLA-PEG-PDLLA prepolymer (PP1). 

D,L-Lactide 

conversion 

(%)1 

LA/PEG molar ratio 

(mol/mol) 

Mn (g/mol) 

 Theoretical 

(In-weights) 

Experimental2 
1H-NMR 

Theoretical  

(In-weights) 

Experimental 

LA/PEG 

molar ratio3 

95% 14.1 12.2 2020 1880 
1 Based on peak integrals of methine group of polylactide and of lactide at δ 5.4-5.1 and 

δ 5.1-5.0, respectively. 
2 Based on peak integral of methine group of polylactide at δ 5.4-5.1 and  

the –CH2CH2-O methylene groups of PEG at δ 3.6-3.7. 
3 Calculated from the experimental/theoretical LA/PEG molar ratios 
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Table S3. Weights of materials used for the synthesis of PLLA prepolymers (three batches 

were prepared).  

Batch  - 1 2 3 

Material Molar 

mass 

(g/mol) 

In-weight (g) In-weight 

(g) 

In-weight (g) 

1,4-butanediol 90 5.67 5.60 9.36 

L-Lactide 144 251.79 249.99 399.89 

Stannous octoate 405 0.0577 0.0563 87.8 

 

Table S4. Characterisation of PLLA prepolymers (batches 1-3).  

PLLA 

Prepolymer 

batch no. 

L-Lactide 

conversion 

(%)1 

LA/BDO molar ratio 

(mol/mol) 

Mn (g/mol)3 

 Theoretical  

(In-weights) 

Experimental2 
1H-NMR 

 

1 99 55.5 70.2 5144 

2 97 55.8 52.6 3877 

3 96 53.4 48.6 3589 

1 Based on peak integrals of methine group of polylactide and of lactide at δ 5.4-5.1 and δ 5.1-5.0, 

respectively. 
2 Based on peak integral of methine groups of polylactide at δ 5.4-5.1 and  

the peak integral of methylene groups of BDO at δ 4.2-4.0. 
3 Based on experimental LA/BDO molar ratio. 
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Table S5. Weight of materials used for synthesis of the multi-block copolymers (polymer 

A, B and C). 

Material Polymer A  Polymer B  Polymer C  

M
n

2 

(g
/m

o
l) 

In
-w

eig
h

t 

(g
)

 

%
 

w
/w

 

M
n

2 

(g
/m

o
l) 

In
-w

eig
h

t 

(g
)

 

%
 

w
/w

 

M
n

2
 

(g
/m

o
l) 

In
-w

eig
h

t 

(g
)

 

% 

w/w 

PDLLA-

PEG-

PDLLA  

2020 12.83 9.7% 2020 21.84 20% 2020 30.58 29% 

PLLA  4090 119.93 90.3% 4110 88.05 80% 3940 73.52 71% 

BDI1 140 4.2219  140 4.065  140 3.764

4 

 

11,4-butanediisocyanate (BDI), 
2the Mn of the prepolymers was calculated from in-weights of the prepolymers,  

PLLA of batch 1 was used for polymer A, while PLLA of batch 2 and 3 were used for polymer B and 

C respectively. 

 

Table S6. Characterisation of multiblock copolymers A,B,C. 

Multi-

block 

copolymer  

LA/PEG molar ratio 

(mol/mol) 

Relative %PEG 

Theoretical 

(In-weights) 

Experimental1 
1H-NMR 

Theoretical 

(In-

weights) 

Experimental 
1H-NMR2 

Polymer A  268 258.8 4.8% 4.6% 

Polymer B  125 126.9 9.8% 9.9% 

Polymer C  80 81.4 14.5% 14.8% 
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Table S7. DSC thermal analysis of sunitinib-loaded microspheres based on polymer A, B 

and C for a period of 210 days incubated in PBS pH 7.4, 37ºC. Time zero was determined 

as microspheres before incubation in PBS.  

          Time (days) 

 

Polymer        

0 3 7 30 60 150 210 

 

A 

Tg (ºC) 50 50 50 49 50 51 - 

Tc/ ΔHc (ºC/ J/g) 91/18 91/18 90/17 88/11 88/11 89/14 89/16 

Tm/ΔHm (ºC/ J/g) 138/27 138/30 138/31 138/31 138/31 136/33 133/28 

 

B 

Tg (ºC) 42 45 46 - - - - 

Tc/ ΔHc (ºC/ J/g) 85/15 87/14 87/14 82/8 82/7 78/7 - 

Tm/ΔHm (ºC/ J/g) 131/24 131/26 131/26 131/28 130/26 128/35 103/40 

 

C 

Tg (ºC) 35 41 45 - - - - 

Tc/ ΔHc (ºC/ J/g) 87/14 85/14 85/14 82/11 82/11 82/14 - 

Tm/ΔHm (ºC/ J/g) 

 

131/25 131/27 131/27 131/27 130/26 129/25 104/42 
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Figure S1. The 1H NMR spectra for the multi-block copolymers in CDCl3.  

 

 

 

 

PPM 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

PPM 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

PPM 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Polymer A 

Polymer B 

Polymer C 
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Figure S2. DSC thermograms of prepolymers utilized in this study (PEG 1000, PDLA-

PEG-PDLA and PLLA). 
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Figure S3. GPC chromatograms of the final multi-block copolymers (Polymer A, B and C) 

used in this study (single chromatogram with different retention times). The polymers were 

dissolved in 100% THF.   

 

 

Figure S4. The XRD patterns of sunitinib-loaded microspheres based on polymer A, B and C. 
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Figure S5. Sunitinib distribution coefficient (logD) using the Marvin View software tool.  
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Figure S6. DSC thermograms of sunitinib-loaded polymer A during 210 days incubation in 

PBS. 
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Figure S7. DSC thermograms of sunitinib-loaded polymer B during 210 days incubation in 

PBS. 

 

 

Figure S8. DSC thermograms of sunitinib-loaded polymer C during 210 days incubation in 

PBS. 
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Figure S9. HPLC chromatogram of sunitinib released from microspheres after 24h and 210 

days.  
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Abstract  

The aim of the present study is to investigate the influence of two methods 

of microsphere preparation, namely oil-in-water (O/W) and water-in-oil-in-

water (W1/O/W2) emulsion solvent evaporation methods on the properties of 

poly(D,L-lactide-co-glycolide) (PLGA) microspheres loaded with sunitinib. 

To modulate the drug release, microspheres were prepared from blends of 

PLGA and methoxy poly(ethylene glycol) (mPEG with a molecular weight 

of 3000 g/mol) or from PLGA (36000 g/mol) blended with a diblock 

copolymer of PLGA-PEG (PLGA block 41000 g/mol; PEG block 3000 

g/mol). The PEG-content of the final microspheres ranged from 0 -7% 

(w/w). While the PEG-content of PLGA/PLGA-PEG blends was in 

agreement with the feed ratio of the blends, 50% of the feed mPEG was lost 

for the microspheres based on a mixture of PLGA/mPEG during their 

preparation. Both procedures resulted in a high sunitinib loading efficiency 

(74-96%) and loading capacity (4-5% w/w). The average particle size of 

microspheres ranged from 20 to 29 µm. Scanning electron microscopic 

images showed that microspheres prepared by the W1/O/W2 emulsification 

method had a smooth and non-porous surface while microspheres prepared 

by the O/W emulsification showed the presence of small pores. Confocal 

laser scanning microscopy analysis showed a homogenous distribution of 

sunitinib in the microspheres, while differential scanning calorimetry 

demonstrated that the drug was neither crystalline nor molecularly dissolved 

in the matrix, which means that the drug was amorphously dispersed in the 

polymer matrixes. 1H NMR analysis showed an enrichment in lactic acid 

content while a decrease in the glycolic acid and the PEG-content upon 

incubation in PBS at 37 °C in time was observed. A bulk erosion 

characterized by a decrease in molecular weight in time while no mass loss 
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till the onset of microspheres erosion (20-30 days) was observed 

irrespective of the initial polymer blend composition and the microspheres 

preparation methods. The onset of polymer erosion was shorter (~ 20 days) 

for microspheres based on PLGA-PEG as compared to the microspheres 

based on PLGA/PLGA-PEG blends (~ 30 days) with lower PEG-contents. 

Regardless of their blend composition, porous microspheres prepared by the 

single emulsion method showed a higher burst release of the loaded drug as 

compared to the microspheres prepared by the double emulsion method. 

After the burst release, the PLGA/PLGA-PEG microspheres independent of 

their blend composition showed a lag phase of approximately one month 

that was followed by sustained release of the drug for the following 2 

months. In contrast, PLGA-PEG microspheres released sunitinib for 3 

months with shorter lag phase (around 20 days) than that of PLGA/PLGA-

PEG based microspheres. Microspheres based on a mixture of PLGA and 

mPEG showed more or less similar release profile as compared to the 

microspheres based on PLGA/PLGA-PEG with similar PEG-content. It is 

concluded that the release of sunitinib from PLGA/PLGA-PEG 

microspheres is governed by degradation of the matrix and that PEG can 

accelerate sunitinib release from PLGA based microspheres.  
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1. Introduction  

Biodegradable polymeric microspheres have been extensively 

investigated as means to prolong the pharmacological activity of drugs in 

the body [1-3]. Drug-loaded microspheres have a strong potential for both 

systemic and local drug delivery. For systemic application, microspheres are 

injected in the body (e.g., by intramuscular or subcutaneous injection) and 

the released drug can reach its target via the systemic circulation [4]. For 

local drug delivery, on the other hand, drug-loaded microspheres can be 

injected directly in/or close to the targeted organ aiming for therapeutically 

effective concentration only in close proximity of the depot, while systemic 

drug concentrations will remain below the minimal effective level [5]. 

Polymer-based local drug delivery systems can be used for the treatment of 

many diseases including cancer [6], bacterial infections [7], inflammations 

[8] and ocular diseases [9]. In particular biodegradable polyesters, such as 

poly(D,L-lactide-co-glycolide) (PLGA), have been frequently used in 

controlled drug delivery systems [10-12]. The most commonly used 

technology for the preparation of drug-loaded PLGA microspheres is 

emulsification. In general, the oil-in-water (O/W) single emulsion method 

has been utilized to encapsulate hydrophobic drugs into PLGA microspheres 

[13], whereas the water-in-oil-in-water (W1/O/W2) double emulsion method 

has been used for encapsulation of hydrophilic low molecular weight drugs 

[14] and also pharmaceutical proteins and peptides [15]. For encapsulating 

of amphiphilic drugs, which have reasonable solubility in both organic and 

aqueous media, both single and double emulsion methods are utilized [16]. 

However, no systematic study has been reported that investigates the 

influence of method of preparation (i.e., O/W or W1/O/W2) on microspheres 

properties and release kinetics of the encapsulated drugs. Therefore, in the 
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current study sunitinib, a multiple receptor tyrosine kinases inhibitor [17], 

was loaded into PLGA microspheres using both the O/W and W1/O/W2 

emulsion method. Sunitinib (chemical structure shown in Figure S1) is a 

weak base with acid dissociation constant (pKa) of ~9.0 [18]. The solubility 

of sunitinib malate in water is only 4 mg/ml but its solubility increases at 

acidic pH and it is highly soluble (>40 mg/ml) in dimethyl sulfoxide [19]. In 

the present study, besides the method of preparation, the influence of PEG 

on microspheres properties, especially their release behavior, was also 

investigated. Pegylated PLGA (in the form of diblock or multi-block) has 

been used for loading and release of therapeutic macromolecules [20-23]. In 

our previous study, semicrystalline multi-block copolymers of PDLLA-

PEG-PDLLA-b-PLLA were used to encapsulate sunitinib and modulate the 

drug release [24]. However, the degradation of these polymers was rather 

slow and 40% of the initial mass remained after complete release of 

sunitinib. Ideally, by the time that the drug is completely released, the 

polymeric microspheres should be fully eroded. This is important if repeated 

injections are required particularly in a confined compartment such as the 

eye. In the present study we therefore explored the formulation of sunitinib 

in PLGA microspheres with different PEG-content, by blending a PLGA-

PEG diblock copolymer with PLGA. In a pilot study with PLGA as 

polymeric carrier for sunitinib, we observed a tri-phasic drug release pattern 

from drug-loaded microspheres. After a burst release of approximately 7% 

of the drug loading, a 4-week of lag phase was observed with only small 

amount of drug released from the microspheres (7 % of the loading), 

followed by a phase of sustained release for 5 weeks caused by degradation 

of the microspheres. Therefore, this study aimed at improving the release of 

sunitinib from microspheres by addition of PEG to the PLGA matrix. The 
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presence of a PEG in PLGA based microspheres not only increases the 

solubility of the drug via absorbing more water by the polymer matrix but 

also accelerates its degradation which in turn enhances the drug release 

[20,25-27].  
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2. Materials and Methods 

2.1. Materials 

Sunitinib malate was obtained from LC laboratories, USA. Poly(D,L-lactide-

co-glycolide) (PLGA, 50:50 lactide:glycolide ratio, end-capped, 36000 

g/mol) was obtained from Corbion Purac (Gorinchem, The Netherlands). 

Poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol) (50:50 

lactide:glycolide ratio, Mw of PLGA block (41000 g/mol) and PEG block 

(3000 g/mol)) was obtained from Polyscitech® (Indiana, USA). Poly(vinyl 

alcohol) (PVA; Mw 30,000-70,000; 88% hydrolyzed), dimethyl sulfoxide 

(DMSO) was obtained from Sigma Aldrich, Germany. PEG standards were 

purchased from Carl Roth® (Karlsruhe, Germany). Dichloromethane 

(DCM), acetonitrile and dimethylformamide (DMF) were purchased from 

Biosolve (Valkenswaard, the Netherlands).  

 

2.2. Preparation of sunitinib-loaded microspheres 

2.2.1. O/W emulsion method 

Sunitinib-loaded microspheres were prepared using an O/W single emulsion 

solvent evaporation technique as described previously [24]. Briefly, 100 µl 

of a solution of sunitinib malate in DMSO (120 mg/ml) was added to 400 µl 

of DCM in which 200 mg PLGA, blends of PLGA/PLGA-PEG or 

PLGA/mPEG were dissolved. This solution was subsequently emulsified in 

1 ml of buffer pH 9.0 (0.25 M Tris hydrochloride) containing 1% PVA 

using an IKA homogenizer (IKA Labortechnik Staufen, Germany) for 30 

second at maximum speed (30.000 rpm). The formed emulsion was 

subsequently transferred into 49 ml of the same PVA buffer and stirred for 3 

hours under magnetic stirrer (1000 rpm) at room temperature. Next, the 
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microspheres were centrifuged (Laboratory centrifuge, 4 K 15 Germany) at 

5000 g for 3 minutes and washed three times with 150 ml of RO water and 

lyophilized. The obtained microspheres were stored at -25 °C. All the 

microsphere batches were prepared in triplicate.  

 

2.2.2. W1/O/W2 emulsion method 

Sunitinib-loaded microspheres were prepared using a double emulsion 

solvent evaporation technique (W1/O/W2) as described previously [28]. 

Briefly, an inner water phase of 350 µl consisting of 12 mg sunitinib malate 

(36 mg/ml) dissolved in 1M acetic acid was added to 500 µl of DCM in 

which 200 mg PLGA or blends of PLGA/PLGA-PEG was dissolved. The 

inner water phase (W1) was emulsified into the polymer solution using a 

homogenizer for 30 seconds at maximum speed (30.000 rpm). This primary 

emulsion (W1/O) was subsequently emulsified at maximum speed (30.000 

rpm) for 30 seconds in 1 ml buffer pH 9.0 (0.25 M Tris hydrochloride) 

containing 1% PVA. The final emulsion (W1/O/W2) was diluted in 49 ml of 

the same PVA buffer. After 3 hours the formed microspheres were 

centrifuged/washed with RO water and lyophilized according to section 

2.2.1.  

 

2.3. Characterization of sunitinib-loaded microspheres 

The average size and size distribution of the microspheres were 

determined using an Accusizer 780 (Optical particle sizer, Santa Barbara, 

California, USA). The volume weighted mean diameter (vol-wt mean) of 

the microspheres is reported as particle size. The morphology of the 

microspheres was studied by scanning electron microscopy (Phenom™, 

FEI Company, The Netherlands). Microspheres were glued on 12 mm 



Influence of the emulsification method and copolymer blend composition on the properties of 

PEG-loaded microspheres based on PLGA and PLGA-sunitinib  

159 

diameter aluminum sample holder using conductive carbon paint (Agar 

scientific Ltd., England) and coated with palladium under vacuum using an 

ion coater.  

 Sunitinib shows fluorescence at 540 nm (excitation wavelength at 405 

nm) and therefore confocal laser scanning microscopy (CLSM) was used 

to study the drug distribution in the different microspheres. Microspheres 

were suspended in PBS (5 mg/ml) and confocal images were taken 

(Confocal Leica SPE-II, Leica Microsystems, Wetzlar, Germany). The 

images were taken with laser line of 405 nm, scan speed of 600 Hz and 

resolution of 8 bits.  

The loading efficiency (LE) of sunitinib-loaded microspheres was 

investigated by dissolving about 5 mg of microspheres (accurately weighed) 

in DMSO and measuring the absorbance at 431 nm using an UV-vis 

spectrophotometer (Shimadzu uv-2450). Calibration was done with 

sunitinib dissolved in DMSO (concentration ranging from 5 to 40 μg/ml). 

Loading efficiency (LE) of sunitinib in microspheres is reported as the 

amount of encapsulated drug divided by the amount of drug used for 

encapsulation and the loading capacity (LC) is reported as the amount of 

loaded drug divided by the weight of the microspheres. The microspheres 

yield is calculated as percentage of the weight of the obtained product 

divided by the weight of the solid materials used for preparation of the 

formulations. 

 Modulated differential scanning calorimetry (DSC) analysis of sunitinib-

loaded microspheres as well as blank microspheres was performed using a 

Discovery® DSC machine (TA instruments, USA). Approximately 3 mg of 

freeze-dried microspheres was loaded into an aluminum pan and heated 
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from -50 to 200 °C at a heating rate of 2 °C/min and the glass transition 

temperature (Tg) was determined from the reversing heat flow.  

1H NMR analysis was used to determine the PEG-content of the polymers 

as well as prepared microspheres and changes in the polymer composition 

during degradation. Samples were dissolved in deuterated chloroform at a 

concentration of ~1 mg/ml and the analysis was performed using a 400-MR 

NMR system (Agilent Technologie, USA). The PEG weight fraction was 

calculated from the ratio of CH2CH2-O methylene groups of PEG at δ 3.6-

3.7 to the CH group of lactic acid at δ 5.4-5.1 and the CH2 group of glycolic 

acid at δ 4.6-4.9.  

 

2.4. In vitro degradation of sunitinib-loaded microspheres 

  Samples of freeze dried sunitinib-loaded microspheres (~ 10 mg) 

were transferred into Eppendorf tubes and dispersed in 1.5 ml of PBS (pH 

7.4, 0.033 M NaH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl) supplemented 

with 0.05% (w/w) NaN3. The microspheres suspensions were incubated at 

37 °C while gently shaking. Samples of microspheres were taken at 

predetermined time points, centrifuged and washed twice with 1 ml RO 

water and lyophilized. Dry masses were weighed and samples were 

dissolved in DMF containing 10 mM LiCl at a concentration of ~5 mg/ml 

while gently shaking overnight. Gel permeation chromatography (GPC) was 

used to determine the molecular weights (Mw) of the polymers. GPC 

analysis was carried out on a Waters Alliance system, with a Waters 2695 

separating module and a Waters 2414 Refractive Index detector. Two PL-

gel 5 μm mixed-D columns fitted with a guard column (Polymer Labs, Mw 

range 0.2–400 kDa) were used. DMF/LiCl (1 ml/min) was used as mobile 

phase and calibration was done with PEG standards. 
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2.5.  In vitro release of sunitinib-loaded microspheres 

Samples of approximately 5 mg of sunitinib-loaded microspheres were 

dispersed in 1.5 ml of phosphate buffered saline (for the buffer composition 

see section 2.4) and incubated at 37 °C under mild agitation. Samples were 

collected at specific time points after centrifugation by removing 1 ml of the 

supernatant and replacing it with 1 ml of fresh buffer. The collected 

supernatants were analyzed using HPLC analysis. Briefly, 10 µl sample was 

injected onto a Waters SunFireTM C18 column (4.6 × 150 mm, 5 µm particle 

size) (Waters, Milford, MA). A gradient elution method was used with a 

mobile phase A (95 % H2O, 5 % ACN and 0.1 % TFA), a mobile phase B 

(95 % ACN, 5 % H2O and 0.1 % TFA) and a flow rate of 1 ml/min. The 

eluent linearly changed from 5% to 95% ACN in 10 min; under these 

conditions the sunitinib retention time was at 6.7 min. Sunitinib standards 

(0.6 - 40 µg/ml dissolved in 10 µl PBS buffer) were used for calibration and 

detection was done at 431 nm. Since sunitinib release curves were 

sigmoidal, in vitro release data were fitted to an empirical equations for 

sigmoidal drug release curves by a nonlinear regression (Graphpad Prism 

version 6) according to equation (1) in which Q is the cumulative drug 

release, t stands for the time from start of the release experiment, and 

constants A and B are the relative fractions of initial release phase (phase I) 

and late release phase (phase III), K1 and K2 represent the rate constants of 

the drug release in phase I and phase III and T50 stands for the time at which 

50% of drug is released [29].  

 

𝑄 = 𝐴 ∗ (1 − 𝑒−𝐾1∗𝑡) + 
𝐵

1+𝑒−𝐾2∗(𝑡−𝑇50)   

 (Equation 1)  
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3. Results and discussion  

 

3.1. Physicochemical characteristics of the polymers used in this study 

To tailor the release of sunitinib from microspheres a more 

hydrophilic PLGA-PEG along with PLGA was used in this study (Table 1). 

The weight and number average molecular weight (Mw and Mn), as 

determined by GPC, were 33/20 and 47/29 kg/mol for PLGA and PLGA-

PEG, respectively. 1H NMR analysis (Table 1 and Figure S2) showed that 

the PEG-content of the PLGA-PEG polymer was 7% w/w. DSC analysis 

(Table 1and Figure S3) showed single Tg’s for both PLGA (Tg at 45 °C) and 

PLGA-PEG (Tg at 33 °C) demonstrating that both polymer were fully 

amorphous. As the Mw of the PLGA block in PLGA-PEG is more or less 

similar to the PLGA (44 versus 33 kg/mol), similar Tg was expected for the 

PLGA blocks (45 °C). Further, an amorphous mPEG block (Mw 3000 g/mol) 

shows a Tg at -72 °C [30]. Therefore, the observed Tg of PLGA-PEG at 33 °C 

corresponded to the calculated Tg of a PLGA-PEG block copolymer with 

7% PEG according to Fox’s equation [31] and demonstrates the miscibility 

of the PEG and PLGA blocks, which is in agreement with other studies 

which showed that PEG and PLA or PLGA are well miscible [32,33].  
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Table 1. Characteristics of the PLGA and PLGA-PEG polymers used in this study. 

Polymer Composition 
according to 

the supplier 

L:G ratio 

determined 

by 1H NMR 

PEG-

content 

(w/w)1 

Mn 

(kg/mol)1 

Mw,Mn 

(kg/mol)2 

Tg (
ºC)3 

PLGA5004 50:50 L:G  50:50 L:G 0 - 33,20 45 

PLGA-

PEG3000 

50:50 L:G 43:57 L:G 7 46 47,29 33 

 1Determined by 1H NMR, 2determined by GPC using PEG as standard; 3 determined by DSC (Figure 

S3). 

 

3.2.  Sunitinib-loaded microspheres prepared by O/W and W1/O/W2 

method 

3.2.1. O/W method 

The solubility of sunitinib malate in DCM is very low (0.3 mg/ml) 

but it was fully soluble (24 mg/ml) in the mixture of DCM/DMSO (4/1 v/v) 

that was used in this study. Further, we used 1% PVA solution buffered with 

Tris pH 9.0 as external phase to reduce the tendency of sunitinib to partition 

in this aqueous phase above its pKa (~9.0) [18], as we have previously 

reported for the entrapment of imatinib into PLGA microspheres [28]. Table 

2 shows the characteristics of sunitinib-loaded microspheres prepared by the 

O/W emulsion method using different blends of PLGA and PLGA-PEG and 

of the blend of PLGA and mPEG 3000. The table shows that the PEG-

content of the microspheres as determined by 1H NMR ranged from 0 to 7% 

(w/w) which is in agreement with the feed ratio of the PLGA/PLGA-PEG 

blends. However, for the microspheres that were prepared using a blend of 

PLGA and mPEG (Formulation 6, table 2) the PEG-content (3.8% w/w) was 
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less than the feed content (8% w/w). A plausible explanation for the loss of 

mPEG from the polymeric phase is that the relatively short mPEG, which 

was not chemically attached to the PLGA, is partly extracted into the water 

phase during emulsification.  

All the formulations were obtained in a high yield (~ 70%) with 

average particle size ranging from 21 - 29 μm. Regardless of the polymer 

blend composition, all the microspheres had a high LE (>85%) and LC 

(~5%). The morphology of sunitinib-loaded microspheres studied by SEM 

with two different magnifications is shown in Figure 1. This figure 

illustrates that the obtained sunitinib-loaded microspheres were spherical 

and with higher magnification it was observed that the microspheres were 

rather porous. It is likely that very rapid solidification of the primary 

droplets due to fast extraction of DCM/DMSO into the external water phase 

and subsequent evaporation of DCM resulted in surface porosity [34,35]. 

Sunitinib microspheres based on PLGA were more porous than those 

prepared by PLGA-PEG (Figure 1). A possible explanation for this porosity, 

among others, is likely the lower Tg of PLGA-PEG as compared to PLGA 

(33 versus 45 °C) which translates into a higher chain flexibility that causes 

pore closing. The phenomena of pore formation and subsequent pore 

closure, due to the polymer chain rearrangements, are known to affect the 

surface properties of PLGA-based drug delivery systems [36]. 
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Table 2. Characteristics of the sunitinib-loaded PLGA and PLGA-PEG microspheres 

prepared by the single emulsion (O/W) method. The formulations were prepared as 

described in section 2.2.1. Data are expressed as mean ± SD of three independently 

prepared samples (n=3).  
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1 PLGA 0 0 24±3 67±2 5.0±0.7 89±12 

2 PLGA/PLGA-

PEG (75/25) 

1.7 1.6±0.2 25±2 71±5 5.4±0.2 96±3 

3 PLGA/PLGA-

PEG (50/50) 

3.5 3.2±0.4 29±3 70±1 5.4±0.2 96±3 

4 PLGA/PLGA-

PEG (25/75)  
5.2 5.1±0.1 27±8 67±5 5.0±0.4 88±7 

5 PLGA-PEG 7.0 6.8±0.1 21±1 72±5 4.8±0.5 85±8 

6 PLGA/mPEG3

000 (92/8)  

8.0 3.8±0.3 26±4 67±4 5.3±0.3 93±6 

1PEG-content of sunitinib-loaded microspheres based on the blend composition, 2calculated 

PEG-content of sunitinib-loaded microspheres using 1H NMR, 3particle size expressed as volume 

weighted mean diameter, 4LC = loading capacity and 5LE = loading efficiency expressed as sunitinib 

malate.  
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Figure 1. SEM images of sunitinib-loaded microspheres prepared by the single emulsion 

(O/W) method. Panels 1-5 represent formulations prepared with PLGA, PLGA/PLGA-PEG 

(75/25 w/w), PLGA/PLGA-PEG (50/50), PLGA/PLGA-PEG (25/75) and PLGA-PEG, 

respectively. Panel 6 shows the SEM of microspheres prepared by a binary mixture of 

PLGA/mPEG3000 (92/8 w/w). For microspheres charactersitics: see table 2. 

(Magnification 2400X for front image and 1200X for back image with the scale bar of 50 

µm and 100 µm, respectively). 

 

 

3.2.2. W1/O/W2 method  

Table 3 shows the characteristics of sunitinib-loaded microspheres 

prepared by the W1/O/W2 method using similar blends of PLGA and PLGA-

PEG polymers as used with the O/W procedure. The table shows that all 

formulations were obtained in a high yield (~ 70%) with average particle 

size ranging from 20 - 25 μm. Regardless of the polymer blend composition, 
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all microspheres had a high LE (74-91 %) and LC (~5%). The morphology 

of sunitinib-loaded microspheres was studied by SEM with two different 

magnifications (Figure 2). The SEM images demonstrate that the obtained 

sunitinib-loaded microspheres were spherical with smooth and non-porous 

surfaces. Since only DCM was used as organic solvent for the preparation of 

microspheres with the W1/O/W2 method, this may explain the differences 

between the surface porosity of these microspheres as compared to those 

prepared using the O/W method. Likely, the slow DCM removal from the 

primary droplets prepared with the W1/O/W2 method as compared to the 

rapid removal of DCM/DMSO from primary droplets produced by the O/W 

method resulted in the formation of less porous microspheres [34,35].  
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Table 3. Characteristics of the sunitinib-loaded PLGA and PLGA-PEG microspheres 

prepared by the double emulsion (W1/O/W2) method. The formulations were prepared as 

described in section 2.2.2. Data are expressed as mean ± SD of three independently 

prepared samples (n=3). 
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7 PLGA 0 0 20±3 69±2 5.1±0.4 91±7 

8 PLGA/PLG

A-PEG 

(75/25) 

1.7 2.1±0.2 23±3 70±2 5.4±0.1 97±2 

9 PLGA/PLG

A-PEG 

(50/50) 

3.5 3.7±0.1 21±4 72±4 4.9±0.5 86±10 

10 PLGA/PLG

A-PEG 

(25/75)  

5.2 5.1±0.1 24±6 69±6 4.9±0.4 87±8 

11 PLGA-PEG 7 7.0±0.1 25±5 70±5 4.2±0.4 74±7 

1PEG-content of sunitinib-loaded microspheres based on the blend composition, 2calculated PEG-

content of sunitinib-loaded microspheres using 1H NMR, 3particle size expressed as volume weighted 

mean diameter, 4LC = loading capacity and 5LE = loading efficiency expressed as sunitinib malate 
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Figure 2. SEM images of sunitinib-loaded microspheres prepared by the double emulsion 

(W1/O/W2) method. Panels 7-11 represent formulations prepared with PLGA, 

PLGA/PLGA-PEG (75/25), PLGA/PLGA-PEG (50/50), PLGA/PLGA-PEG (25/75) and 

PLGA-PEG, respectively. For information about the microspheres characteristics: see table 

3. (Magnification 2400X for front image and 1200X for back image with the scale bar of 50 

µm and 100 µm, respectively). 

 

 

3.3.  Physical state of sunitinib in PLGA/PLGA-PEG microspheres 

The physical state (crystalline or amorphous) of an encapsulated drug is 

known to influence its release kinetics from microspheres [37,38]. 

Therefore, modulated DSC was used to study the physical state of sunitinib 

in PLGA microspheres prepared by two different emulsification methods.  

 Table 4 lists the obtained calorimetric data for microspheres based on 

PLGA/PLGA-PEG prepared by both single and double emulsion method 
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and Figure 3 shows some representative thermograms. This figure shows 

that the Tg of blank PLGA, PLGA-PEG and their blend (50/50) was 45 °C, 

33 °C and 40 °C, respectively. The observed decrease in Tg of the blend as 

compared to that of PLGA corresponded to the expected changes in Tg 

according to Fox’s equation [31] demonstrating miscibility of both 

polymers. Sunitinib-loaded microspheres showed single Tg’s that were 

similar to those of blank microspheres (Table 4 and Figure 3) prepared with 

the O/W method. It was also found that the microspheres based on a mixture 

of mPEG 3000 and PLGA (Formulation 6 table 1) showed a single Tg 

(Table 4) again demonstrating the miscibility of PEG with PLGA.  

Sunitinib malate is a crystalline compound with a melting point at 200 

°C (Figure S4) and melting enthalpy of 131 J/g. However, no melting peak 

was observed for the sunitinib-loaded microspheres which means that the 

drug is loaded in the microspheres amorphously. Given the fact that the 

drug-loaded and empty microspheres have the same Tg, it is further 

concluded that the drug is not molecularly dissolved in the microspheres but 

dispersed in the form of small amorphous domains [39-41].  
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Figure 3. DSC thermograms of blank and sunitinib-loaded PLGA, PLGA-PEG and blend 

of PLGA-PEG/PLGA (50/50 w/w) microspheres.  
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Table 4. Thermal analysis data of sunitinib-loaded microspheres based on blends of PLGA 

and PLGA-PEG. Data are expressed as mean ± SD of three independently prepared 

samples (n=3). For microsphere characteristics: see table 1 and table 2.  

Formulation PEG-content % 

(w/w) 

Theoretical 

Tg (ºC)1 

Experimental 

Tg (ºC)2 

1 0.0 45.0 44.6±0.1 

2 2.1±0.2 42.2 42.5±0.9 

3 3.7±0.1 39.4 39.8±0.2 

4 5.1±0.1 36.7 36.5±0.1 

5 7.0±0.1 33.0 33.6±0.6 

6 3.8±0.3 37.7 38.0±0.5 

7 0.0 45.0 45.1±0.1 

8 2.1±0.2 42.2 42.9±0.2 

9 3.7±0.1 39.4 40.4±0.3 

10 5.1±0.1 36.7 37.4±0.4 

11 7.0±0.1 33.0 33.9±0.3 

*PLGA  - - 45 

*PLGA-

PEG 
7.0±0.2 - 33 

1Calculated Tg using Fox’s equation 
1

𝑇𝑔
=

𝑚1

𝑇𝑔,1
+

𝑚2

𝑇𝑔,2
 where m1, m2 are the mass fractions of PLGA and 

PLGA-PEG and Tg,1 and Tg,2 are the Tg values of PLGA and PLGA-PEG, respectively. 2Experimental 

Tg as determined using DSC, (n=3). *Blank microspheres were prepared according to the procedure as 

described in section 2.2.1. 
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3.4.  Confocal laser scanning microscopy 

Confocal laser scanning microscopy (CLSM) was used to study the 

drug distribution in the microspheres prepared with the two different 

emulsification procedures. Figure 4 shows the CLSM images of sunitinib-

loaded PLGA microspheres prepared by the single emulsion method 

(Formulation 1) and double emulsion method (Formulation 7). The images 

show that sunitinib is rather uniformly distributed in the microspheres. 

However, some dark spots were observed particularly in the microspheres 

that were prepared by the double emulsion method. Due to the differences 

in preparation, microspheres prepared by the double emulsion method 

showed higher numbers of dark spots suggesting that sunitinib was 

entrapped in the inner cavities created by the double emulsion procedures 

[42]. This suggests that the dark spots are likely drug-rich areas.  
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Figure 4. Confocal laser scanning microscopy (CLSM) and differential interference 

contrast (DIC) images of sunitinib-loaded PLGA microspheres. A: sunitinib-loaded PLGA 

microspheres prepared by the single emulsion and B: sunitinib-loaded PLGA microspheres 

prepared by the double emulsion (scale bar 10 µm). Sunitinib was detected by fluorescence 

at 540 nm (excitation at 405 nm). For microspheres characteristics: see table 2 and 3 

(Formulation 1 and 7).  
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3.5.  In-vitro degradation of sunitinib-loaded microspheres  

Sunitinib-loaded microspheres were incubated in PBS at 37 °C to study 

polymer degradation and microspheres erosion. Figure 5A and 6A show the 

decrease in the weight average molecular weight (Mw) of the polymers in 

time for the microspheres prepared by single and double emulsion method, 

respectively. As pointed out in section 2.2., the pH of the aqueous phase was 

9.0 during the preparation of the microspheres. It has been reported that 

PLGA and related polymers degrade faster at higher pH [43,44]. However, 

we did not observe an effect of this relatively high pH during emulsification 

on the molecular weight of the polymers. This is probably due to the short 

exposure time of the microspheres (3 hours) to this alkaline solution. Figure 

5A and 6A show that regardless of preparation method, the Mw gradually 

decreased in time for all polymer blends. However, polymeric microspheres 

with higher PEG-contents showed faster degradation as compared to the 

polymeric microspheres with lower PEG-content during the first 20 days of 

incubation. Figure 5B and 6B show the percentage decrease in dry mass 

versus time for the same microspheres. These figures show that PLGA 

based microspheres without PEG had an erosion lag phase of about 30 days 

that was followed by a gradual decrease in dry mass of the microspheres in 

time. This bulk erosion profile is the characteristic of PLGA-based 

microspheres [45,46]. In the study of Kazazi-Hyseni et al., blue dextran 

loaded PLGA microspheres showed no weight loss during the first 20 days 

of degradation followed by a decrease thereafter [47]. On the other hand 

Samadi et al., reported a decrease in dry mass of bovine serum albumin 

loaded PLGA microspheres in time [48]. This discrepancy is likely due to 

different concentrations of PLGA in DCM used for the preparation of these 

microspheres. PLGA concentration in DCM used in our study was similar to 
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that of Kazazi-Hyseni et al. (40% w/v), while a lower PLGA concentration 

in DCM (30% w/v) was used in the study of Samadi et al. High polymer 

concentration in DCM increases the viscosity of the organic phase which 

results in microspheres with higher density and less porosity [49]. As a 

result, it likely takes more time for degradation products (e.i., oligomers of 

lactic acid and glycolic acid) to be released from microspheres with lower 

porosity.  

The onset of particle erosion was shorter for microspheres based on 

PLGA-PEG as compared to PLGA, with erosion that started already at day 

20. The faster erosion of PLGA-PEG microspheres as compared to PLGA 

microspheres can be explained by the higher hydrophilicity of the polymeric 

matrix which results in faster water uptake and thus accelerated hydrolysis 

of the polymer [25-27], and is in line with the results of Figure 5A and 6A. 

The PEG-content (Figure 5C and 6C) as well as the glycolic acid/lactic 

acid (G/L) ratio (Figure 5D and 6D) of the degrading microspheres were 

determined using 1H NMR analysis. Figure 5C and Figure S5 show that 

microspheres prepared with a PLGA/PEG3000 blend rapidly lost 

approximately 50% of the co-formulated mPEG already during the first 2 

days of incubation. The PEG in this microsphere batch (Formulation 6, table 

2) was not chemically attached to the PLGA and, due to its high aqueous 

solubility, extracted into the aqueous environment. In contrast, microspheres 

prepared with PLGA/PLGA-PEG blends showed only a small change in 

PEG-content during the first 30 days of the study, while the PEG-content 

decreased during the later stages of particle erosion (Figure S6). Only after 

PLGA erosion has occurred to a considerable extent and when the chemical 

bond between PLGA and PEG has been hydrolyzed, the PEG block can be 

washed out from the polymeric matrix, which explains the drop in PEG-
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content at later time points of the study. It can be expected that 

PLGA/PLGA-PEG blend microspheres after incubation in PBS absorb more 

water and swell to a greater extent than microspheres based on PLGA. This 

higher water content results in more extensive hydrolysis of ester bonds in 

PLGA, and particularly the bond between the PLGA and PEG block and 

thus liberation of PEG [50,51]. The PEG loss pattern observed in this study 

is in agreement with our previous study in which the degradation of 

semicrystalline multi-block copolymers of [PDLLA-PEG-PDLLA]-b-PLLA 

was accelerated by increasing the PEG-content of the polymer [24]. Other 

studies also reported that the ester bonds connecting PEG and aliphatic 

polyester are more susceptible to hydrolysis [52,53].  

Figure 5D and 6D show that the initial ratio of glycolic acid/lactic acid 

(G/L) of the microspheres was ~ 1.0 and it did not change till the onset of 

polymer erosion (~ day 30) but it decreased gradually afterwards to ~ 0.5 at 

the end of the study (day 100). Lactic ester bonds are less susceptible for 

hydrolytic degradation than glycolic ester bonds because of steric hindrance 

of the methyl group of lactic acid for attack of water molecules on the ester 

bond. The enrichment in the lactic acid content of PLGA-based 

microspheres during degradation has been well documented [54-56].  
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Figure 5. Degradation of sunitinib-loaded microspheres prepared by the O/W emulsion 

method. Figure 5A shows changes in the Mw (%) versus time of microspheres based on 

PLGA (circles), PLGA/PLGA-PEG (75/25) (squares), PLGA/PLGA-PEG (50/50) 

(triangles), PLGA/PLGA-PEG (25/75) (inverted triangles), PLGA-PEG (diamonds) and a 

mixture of PLGA/mPEG (92/8) (hexagons). Figure 5B shows dry mass loss (%) versus 

time, Figure 5C displays the percentage of PEG (based on 1H NMR analysis) and Figure 

5D represents ratio of glycolic acid to lactic acid of the same formulations after incubation 

in PBS pH 7.4, 37 ºC for 100 days, respectively. Data are expressed as mean ± SD (n=3). 

For microspheres characteristics: see table 2. 
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Figure 6. Degradation of sunitinib-loaded microspheres prepared by the W1/O/W2 

emulsion method. Figure 6A shows changes in the Mw (%) versus time of microspheres 

based on PLGA (circles), PLGA/PLGA-PEG (75/25) (squares), PLGA/PLGA-PEG (50/50) 

(triangles), PLGA/PLGA-PEG (25/75) (inverted triangles) and PLGA-PEG (diamonds). 

Figure 6B shows dry mass loss (%) versus time, Figure 6C displays the percentage of PEG 

(based on 1H NMR analysis) and Figure 6D represents ratio of glycolic acid to lactic acid of 

the same formulations after incubation in PBS pH 7.4, 37 ºC for a period of 100 days, 

respectively. Data are expressed as mean ± SD (n=3). For microspheres characteristics: see 

table 3. 
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3.6.  In-vitro release of sunitinib from microspheres prepared by 

O/W and W1/O/W2 

Figure 7 and 8 show the in vitro cumulative drug release versus time of the 

various sunitinib-loaded microspheres after incubation in PBS at 37 °C. 

Microspheres independent of their PEG-content released sunitinib in a tri-

phasic manner characterized by a burst, a lag phase of 20 - 30 days followed 

by a third accelerated release phase until day 100 of the study. Figure 7 

shows that microspheres based on PLGA displayed lower burst release 

(11% of the drug loading) as compared to PLGA-PEG based microspheres 

(20%). The lag phase was around 30 days for PLGA and it shortened to 

around 20 days with increasing the PEG-content of the microspheres. The 

sunitinib release was completed till day ~70 for microspheres based on 

PLGA-PEG as compared to 100 days for PLGA microspheres. Figure 7 also 

shows that microspheres prepared using a binary mixture of PLGA and 

mPEG 3000 with an initial PEG-content of about 4% showed more or less 

similar release pattern as compared to microspheres based on PLGA-

PEG/PLGA with similar PEG-content (compare formulation 3 and 6). In 

order to better understand the drug release kinetics from microspheres, 

sunitinib release curves were fitted by an empirical equation for sigmoidal 

release curves according to Duvvuri et al. [29], as summarized in Table 5 

and 6. In this model, constants A and B represent the relative percentage of 

sunitinib release during phase I (burst release) and phase III (second burst 

release after the lag phase) of the curves, T50 is the time at which 50% of 

sunitinib has been released and the drug release rate through phase I and 

phase III are shown with constants K1 and K2, respectively. Table 5 shows 

that T50 and B are decreasing by increasing the PEG-content of the 

microspheres. On the other words increasing the PEG-content of the 



Influence of the emulsification method and copolymer blend composition on the properties of 

PEG-loaded microspheres based on PLGA and PLGA-sunitinib  

181 

microspheres increase the release rate of sunitinib from the microspheres. 

The higher release rate in the phase III of the sigmoidal curves can be 

explained by the initiation of particle erosion and as results the higher 

diffusion rate of sunitinib. Figure 8 and table 6 shows that the release of 

sunitinib from the microspheres prepared by the W1/O/W2 was also 

influenced by the PEG-content of the microspheres. The burst release of 

sunitinib was not only affected by the PEG-content of the microspheres but 

also the method of emulsification (Figure 7 and 8). Microspheres prepared 

using the O/W method showed higher burst release than those prepared by 

the W1/O/W2 method. This can be explained by the higher porosity of 

microspheres prepared by the single emulsion as compared to the 

microspheres prepared by the double emulsion method (see Figure 1 and 2). 

After the burst release, a lag phase of approximately 20 – 30 days was 

observed for all the formulations, which suggests that sunitinib is not only 

released by diffusion from the polymeric microspheres but rather due to 

their degradation. This is in agreement with the DSC data which show that 

the drug was not molecularly dissolved in the matrix but presents in the 

form of amorphous domains. 
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Figure 7. In vitro release (PBS 37 °C pH 7.4) of sunitinib from microspheres based on 

PLGA (circles), PLGA/PLGA-PEG (75/25) (squares), PLGA/PLGA-PEG (50/50) 

(triangles), PLGA/PLGA-PEG (25/75) (inverted triangles), PLGA-PEG (diamonds) and a 

mixture of PLGA/mPEG (92/8) (hexagons) prepared by the O/W emulsion method. Lines 

drawn represent non-linear regression fit according to equation 1. Data are expressed as 

mean ± SD (n=3). For microspheres characteristics: see table 2. 
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Table 5. Best-fit values of cumulative drug release from sunitinib-loaded microspheres 

prepared by single emulsion method (curves are shown in Figure 7). 

Fitted 

parameter 

Sunitinib 

loaded 

PLGA 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (75/25) 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (50/50) 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (25/75) 

Sunitinib 

loaded PLGA-

PEG 

Sunitinib 

loaded 

PLGA/mPEG 

(92/8) 

A (% release) 14 ± 2 23 ± 1 28 ± 2 25 ± 1 27 ± 1 27 ± 2 

K1 (day-1) 16 ± 8 17 ± 4 11 ± 3 18 ± 4 10 ± 2 10 ± 2 

B (% release) 88 ± 3 78 ± 3 73 ± 3 78 ± 2 74 ± 2 74 ± 3 

K2 (day-1) 0.076 ± 

0.006 

0.076 ± 0.006 0.078 ± 0.009 0.074 ± 0.005 0.090 ± 0.007 0.056 ± 0.003 

T50 (day) 72 ± 2 70 ± 2 65 ± 2 62 ± 1 54 ± 1 62 ± 2 

R2 0.9820 

 

0.9865 

 

0.9742 

 

0.9893 

 

0.9905 

 

0.9915 
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Figure 8. In vitro release study (PBS 37 °C pH 7.4) of sunitinib from microspheres based 

on PLGA (circles), PLGA/PLGA-PEG (75/25) (squares), PLGA/PLGA-PEG (50/50) 

(triangles), PLGA/PLGA-PEG (25/75) (inverted triangles) and PLGA-PEG (diamonds) that 

was prepared by W1/O/W2 emulsion method. Lines drawn represent non-linear regression 

fit according to equation 1. Data are expressed as mean ± SD (n=3). For microspheres 

characteristics: see table 3. 
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Table 6. Best-fit values of cumulative drug release from sunitinib-loaded microspheres 

prepared by double emulsion method (curves are shown in Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

Fitted 

parameter 

Sunitinib 

loaded 

PLGA 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (75/25) 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (50/50) 

Sunitinib 

loaded 

PLGA/PLGA-

PEG (25/75) 

Sunitinib 

loaded 

PLGA-PEG  

A (% release) 7 ± 1 5 ± 1 9 ± 1 15 ± 2 16 ± 1 

K1 (day-1) 5 ± 4 9 ± 6 10 ± 4 6 ± 3 5 ± 2 

B (% release) 95 ± 2 96 ± 2 93 ± 2 88 ± 3 85 ± 2 

K2 (day-1) 0.083 ± 

0.005 

0.083 ± 0.003 0.075 ± 0.003 0.086 ± 0.007 0.106 ± 0.007 

T50 (day) 73 ± 1 69 ± 1 64 ± 1 60 ± 2 54 ± 1 

R2 0.9923 

 

0.9962 

 

0.9956 

 

0.9865 

 

0.9936 
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4. Conclusions  

In the present study sunitinib was formulated into microspheres 

based on commercially available PLGA, PLGA-PEG and their blends. 

Drug-loaded microspheres were prepared with two different emulsification 

procedures, namely O/W and W1/O/W2 method. No significant differences 

in particle size, yield of microspheres, encapsulation efficiency and drug 

physical state were observed for the microspheres prepared by these 

methods. However, the preparation methods affected both the particle 

porosity and, as a consequence, release kinetics of the microspheres. 

Besides the preparation procedures, the PEG-content of the microspheres 

also played a crucial role in releasing sunitinib from the microspheres. 

Microspheres prepared by the double emulsion method showed a smaller 

burst release than those prepared by the single emulsion method. After the 

burst release, microspheres based on PLGA showed a lag phase of about 30 

days while microspheres based on PLGA-PEG showed a shorter lag phase 

of 20 days. After the lag phase, the microspheres showed a sustained release 

of the loaded drug for 40-50 days. Therefore, the release of sunitinib from 

microspheres was governed by the degradation of the matrix. PEG up to the 

weight fraction investigated in this study (7%), slightly accelerated the 

degradation of the microspheres, but did not result in avoidance of the lag 

phase. It is therefore recommended that in order to further increase the 

degradation kinetics of the microspheres and to avoid the unwanted lag 

phase in release, formulations with higher PEG-contents should be 

investigated. 
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Figure S1. Chemical structure of sunitinib malate. 

 

 

 

Figure S2. The 1H NMR spectra of the PLGA and PEG-PLGA copolymer in CDCl3. 
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Figure S3. DSC thermograms of PLGA and PLGA-PEG used in this study. Depicted 

thermograms are the reversing heatflows. 

 

 

Figure S4. DSC thermograms of sunitinib malate. The melting enthalpy and melting 

temperature were recorded from the total heat flow.  
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Figure S5. 1H NMR spectra of microspheres based on a mixture of PLGA/mPEG in time 

(Formulation 6, table 2). CDCl3 was used as solvent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Influence of the emulsification method and copolymer blend composition on the properties of 

sunitinib-loaded microspheres based on PLGA and PLGA-PEG  

196 

 

 

 

 

Figure S6. 1H NMR spectra of microspheres based on PEG-PLGA in time (Formulation 5, 

table 2). CDCl3 was used as solvent.  
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Abstract 

 The present report describes the improved ocular retention and aqueous 

humoral drug availability of ganciclovir (GCV) when administered via 

topical instillation of different kind of nanoparticles onto the rabbit eye. 

GCV was loaded into PLGA nanoparticles, chitosan-coated nanoparticles 

and chitosan-coated niosomal nanoparticles. All three formulations 

contained nanoparticles equally round in shape with a mean particle size in 

the range of 180 – 200 nm. The ocular corneal retention property was 

evaluated by gamma scintigraphy, revealing that the clearance was slowest 

in the case of the chitosan containing formulations. GCV in chitosan-coated 

PLGA nanoparticles and chitosan-coated niosomal nanoparticles showed 

approx. 6-fold higher aqueous humor drug availability as compared to a 

GCV solution and nearly 2.5-fold higher as compared to the chitosan-

lacking GCVPLGA nanoparticles. The results indicate that the use of a 

mucoadhesive chitosan coating can improve the ocular residence time and 

aqueous humoral availability of GCV when administered topically in 

nanoparticles. 

 

Keywords: aqueous humor, gamma scintigraphy, Ganciclovir, 

nanoparticles and ocular pharmacokinetics. 
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1. Introduction 

Ganciclovir (GCV) is a synthetic acyclic nucleoside analog of 2′-

deoxyguanosine, exhibiting antiviral activity against herpes simplex virus 

and cytomegalovirus at relatively low inhibitory concentrations [IC50 of 50 

to 500 ng/ml, respectively] [1,2]. GCV plays an important role in the 

treatment of ocular viral infections. Conventional treatment involves the oral 

administration of GCV at a dose of 3 g/day. However, this relatively high 

dose regimen is associated with the occurrence of side effects including 

bone marrow suppression and neutropenia [1,3]. Compared to systemic 

treatment, intravitreal injection of GCV provides higher intraocular drug 

concentrations but repeated intravitreal injections are poorly tolerated [4]. 

Topical ocular delivery of GCV is also an option, but its hydrophilic 

character and rapid elimination will result in poor intraocular availability of 

the drug. The tear film as well as the corneal and conjunctival epithelia 

represents a compact barrier hindering the absorption of topically applied 

hydrophilic drugs into the intraocular region. Therefore, topical delivery of 

GCV is associated with a low aqueous humor bioavailability [5-8]. This 

limitation encourages the development of mucoadhesive GCV 

nanoformulations for topical ocular delivery with the aim to attain a higher 

aqueous humoral availability allowing the administration of lower topical 

doses and reduction of dosing frequency. Thus, the objective of this work 

was to evaluate the topical ocular retention and increased intraocular 

delivery of GCV when administered topically entrapped in mucoadhesive 

nanoparticles as compared to topical ocular delivery of a GCV solution and 

nanoparticles without mucoadhesive coating. In this study, PLGA 

nanoparticles and niosomes have been prepared and evaluated. PLGA, being 

a biodegradable, biocompatible and FDA-approved polymer as drug carrier 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCcQFjAAahUKEwix75v2oaTHAhVmWtsKHfY1CE8&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fd7145%3Flang%3Den%26region%3DUS&ei=opzLVbEW5rTtBvbroPgE&usg=AFQjCNEnUHDcGPXNy4wA6nyZNy__DC5qgg&sig2=gg-fnnZsQBOdKOReoXuQZA
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCcQFjAAahUKEwix75v2oaTHAhVmWtsKHfY1CE8&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fd7145%3Flang%3Den%26region%3DUS&ei=opzLVbEW5rTtBvbroPgE&usg=AFQjCNEnUHDcGPXNy4wA6nyZNy__DC5qgg&sig2=gg-fnnZsQBOdKOReoXuQZA
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and medical device is an obvious choice for topical ophthalmic formulation. 

Moreover, niosomes have already been investigated as a potential topical 

ocular drug delivery system for many drugs categories such as antiglaucoma 

and antibiotics [9,10]. 

These vesicles appear to be similar to liposomes in terms of their 

physical properties. They are also prepared in the same way and, under a 

variety of conditions, and form unilamellar or multilamellar structures. 

Niosomes have been claimed to alleviate some of the disadvantages 

associated with liposomes, such as relatively high cost [11]. They also have 

the potential for controlled and targeted drug delivery [9,10]. 

 

2. Materials and methods 

2.1. Chemicals  

A gift sample of GCV was provided by Ranbaxy Laboratories Ltd. 

(Gurgaon, Haryana, India). Poly (lactide-co-glycolide) (PLGA, Resomer R 

503H, lactic acid/glycolic acid, 50:50) was purchased from Boehringer 

Ingelheim (Germany). Chitosan (CS, high density, deacetylation degree > 

80%) was received as a gift sample from India Sea Foods, Cochin (India). 

Span 60 and cholesterol were purchased from S.D. Fine-chem Ltd. 

(Mumbai, India). Acetonitrile and trifluoro acetic acid (TFA) of HPLC 

grade were obtained from Qualigens Fine Chemicals (Mumbai, India). 

Water was produced in the laboratory by a Milli-Q purification system 

(Millipore, Billerica, MA, USA). All other reagents used were of analytical 

grade. 
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2.2. Preparation of GCV nanocarriers 

 

2.2.1. Preparation of PLGA nanoparticles (GCV-NPs) 

GCV-NPs were prepared by a double emulsion solvent evaporation 

method [12]. Briefly, 100 μl of phosphate buffered saline (PBS; pH 7.4) 

containing GCV (0.4% w/v) was emulsified in 1 ml dichloromethane 

containing 100 mg PLGA by sonication. The resulting primary emulsion 

was added to 20 ml of polyvinyl alcohol (PVA, 1.5% w/v in distilled water) 

with continuous stirring to form a double emulsion. The emulsion was 

stirred at 1500 rpm until complete evaporation of dichloromethane was 

achieved. The resulting nanosuspension was subjected to 3 cycles of 

homogenization at a pressure of 10,000 bar (EmulsiFlex-C5, Avestin, Inc., 

Canada). GCV-NPs were collected by centrifugation at 15,000 rpm for 10 

min at 4 °C, washed three times with distilled water, and Lyophilization was 

carried out in a freezedrier (Heto DRYWINNER, Germany) at 0.05 mBar 

for 24 h. The entrapment efficiency for the GCV in prepared formulation 

was then determined using the method reported by Duvvuri et al. [13] by 

UPLC quantification technique. 

 

2.2.2. Preparation of chitosan-coated PLGA nanoparticles (GCV-

CSNPs) 

GCV-CSNPs were prepared using a water–oil–water (w/o/w) 

emulsion solvent evaporation method with slight modify cation [12]. 100 μl 

of PBS (pH 7.4) containing GCV (0.4% w/v) was emulsified in 1 ml 

dichloromethane containing 100 mg PLGA by sonication. The resulting 

primary emulsion was added to 20 ml of a mixed solution consisting of 

chitosan (CS) (0.25% w/v in 0.5 M acetate buffer, pH 4.4) and polyvinyl 
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alcohol (PVA, 1.5% w/v in distilled water) with continuous stirring to form 

a double emulsion. The emulsion was stirred at 1500 rpm until complete 

evaporation of dichloromethane was achieved. The resulting 

nanosuspension was subjected to 3 cycles of homogenization at a pressure 

of 10,000 bar (EmulsiFlex-C5, Avestin, Inc., Canada). GCV-CSNPs were 

collected by centrifugation at 15,000 rpm for 10 min at 4 ºC, washed three 

times with distilled water, and freeze-dried for 24 h. The entrapment 

efficiency for the GCV in prepared formulation was then determined using 

the method reported by Duvvuri et al. [13] by UPLC quantification 

technique. 

 

2.2.3. Preparation of chitosan-coated niosomal nanoparticles 

(GCV-NDs) 

GCV-NDs were prepared by the reverse-phase evaporation 

technique [1]. Briefly, GCV-loaded niosomes were prepared by dissolving 

Span 60 and cholesterol in the ratio of 3:2 w/w in diethyl ether and adding 2 

ml of PBS (pH 7.4) containing GCV. The mixture was sonicated for 5 min 

and a thick emulsion was obtained which was stirred at 1500 rpm to remove 

any residual ether. To this emulsion 3 ml of PBS was added in order to 

hydrate the vesicles. The resulting vesicles were incubated for 2 h with a 

0.2% w/w chitosan solution (in glacial acetic acid, 0.5% v/v, pH 5.5). GCV 

entrapment (%) was then estimated as per the method reported by Akhter et 

al. [1]. 
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2.3. GCV quantification 

GCV analysis was performed using a Waters Acquity ultra 

performance liquid chromatography (UPLC) system (Milford, MA, USA) 

equipped with a binary solvent manager, an autosampler, column manager 

composed of a column oven, a precolumn heater and a photo diode array 

detector. 5 μl of the final analytical solution was injected into a Waters 

Acquity second generation bridged ethyl hybrid (BEH) C18 (50 mm × 2.1 

mm, 1.7 μm) UPLC column kept at 50 °C. The mobile phase consisted of a 

mixture of 0.1% TFA in water (adjusted to pH 3.5 using 5.0% dilute 

ammonia) and acetonitrile (95:5, v/v). The flow rate was 0.45 ml/min and 

detection was performed at a wavelength of 254 nm with total run time of 3 

min. Data acquisition, data handling and instrument control were performed 

by Empower Software v1.0. 

 

2.4. Characterization of GCV nanocarriers 

 

2.4.1. Transmission electron microscopy 

The surface morphology of the GCV nanoformulations was studied 

by transmission electron microscopy (TEM). Formulations treated on 

copper grids (Polysciences, Warrington, PA) with 1% uranyl acetate for 

negative staining, followed by sample drying, were analyzed by TEM 

(Philips CM 10, The Netherlands) at an accelerating voltage of 100 kV. 

 

2.4.2. Particle size distribution and zeta potential 

The mean particle size of the GCV nanoformulations was determined by 

photon correlation spectroscopy using a Zeta sizer Nano ZS (Malvern 

Instruments, Malvern, UK). For size determination, a sample of the 
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dispersion was diluted to the appropriate concentration with Milli-Q water 

and analysis was performed at 25 °C with an angle detection of 90 ° . Zeta 

potential was measured using a disposable zeta cuvette with the same 

instrument. 

 

2.5. In-vivo study 

Ocular pharmacoscintigraphic and intraocular drug availability 

experiments were carried out using New Zealand Albino rabbits (2.25 ± 

0.25 kg). The study was carried out under the guidelines of CPCSEA 

(Committee for the Purpose of Control and Supervision of Experiments on 

Animals, Ministry of Culture, Government of India). The protocol was 

approved by the Institutional Animal Ethics Committee, Jamia Hamdard, 

New Delhi (approval no. 822) and the ARVO guidelines for animal usage 

were followed. Utmost care was taken to ensure that animals were treated in 

the most humane and ethically acceptable manner. 

 

2.5.1. Ocular retention study: gamma-scintigraphy 

The precorneal retention of nanoparticles after topical administration 

was assessed by γ -scintigraphy. The radiolabeling of GCV loaded 

formulations were achieved by using 99mTc as per the protocol developed by 

Institute of Nuclear Medicine and Allied Sciences (INMAS), New Delhi, 

India [14]. Labeling efficiency was determined using instantaneous thin 

layer chromatography (ITLC) and was found to be > 98%. Corneal retention 

of chitosan-containing 99mTc-labeled GCV-CSNPs and GCV-NDs were 

compared with chitosan-lacking 99mTc labeled GCV-NPs. A total of 20 μl of 

the labeled formulations were instilled into the cul-de-sac of the left eye of 

the rabbit, and the eye was manually blinked three times to distribute the 
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formulation over the cornea. The right eye of each rabbit served as a 

negative control. A gamma camera (Millenium VG, Milwaukee, 

Wisconsin), autotuned to detect the 140 KeV radiation of Tc-99m, was used 

for the scintigraphy study. Rabbits were anesthetized by using a ketamine 

HCl injection given intramuscularly at a dose of 15 mg/kg body weight and 

positioned 5 cm in front of the probe before the radio imaging. Recording 

was started 5 s after instillation and continued for 30 min using 128 × 128 

pixel matrix. Sixty individual frames (60 × 30 s) were captured by dynamic 

imaging process. The region of interest (ROI) was selected on one frame of 

the image, and the time activity curve was plotted to calculate the rate of 

disappearance from the eye surface. ROI activity of all the images were 

recorded on a computer system assisted with the software Entegra Version-

2. 

 

2.5.2. Ocular drug delivery study: aqueous humoral drug 

concentration profile 

Four groups, each with seven New Zealand Albino rabbits (2.25 ± 

0.25 kg), were used. The protocol was approved by the Institutional Animal 

Ethics Committee, Jamia Hamdard, New Delhi, India and corresponding 

guidelines were followed. Each group received, in both the eyes, a single 

topical instillation (50 μl) of GCV solution, GCV-NPs, GCV-CSNPs and 

GCV-NDs at a GCV dose equivalent to 0.3% w/v of GCV (3 mg/ml). The 

eyes were anesthetized after the treatment using topical application of 4% 

xylocaine sterile solution (AstraZeneca LP); 50 μl of the aqueous humor 

was collected using 30 gauze needles pre- and post-treatment at 0.5, 1, 2, 4, 

6, 8 and 12 h. All aqueous humor samples were collected in pre-labeled 

eppendorf tubes for UPLC analysis, sealed and stored at – 20 ºC until UPLC 
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analysis. The aqueous humor samples were prepared as mentioned above. 

Pharmacokinetic parameters (PK) were calculated by non-compartmental 

analysis (model independent analysis using WinNonLin version 4.0 

Pharsight Corp., Mountain View, CA, USA). 

 

2.5.3. Sample preparation 

All the rabbit aqueous humor samples were stored at – 20 °C and 

allowed to thaw at room temperature prior to sample preparation. A 50 μl 

aliquot of rabbit aqueous humor was pipetted into a 1.0 ml eppendorf tube, 

followed by the addition of 100 μl of acetonitrile. The samples were 

vortexed for 5 min followed by 5 min of centrifugation at 10,000 rpm. The 

samples were filtered through a 0.22 μm nylon filter and 5 μl of the filtrate 

was directly injected into the UPLC system. 

 

2.5.4. Ocular tolerance test 

The potential ocular irritancy of GCV-NPs, GCV-CSNPs and GCV-

NDs were evaluated according to a modified Draize test [15] using a slit 

lamp. The congestion, redness and swelling, and tear discharge of the 

conjunctiva were graded on a scale from 0 to 3, 0 to 4, and 0 to 3, 

respectively. Nanoparticles (50 μl) were topically applied in the right eye 

(every 10 min for 1 h) and the left eyes were used as controls. Observation 

of the ocular tissue condition was performed at 12 h and 24 h after the end 

of the experiments. 
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3. Results and discussion 

 

3.1. Preparation and characterization of GCV nanocarriers 

We designed PLGA- and Span-based nanoparticles (niosomes) 

coated with a chitosan coating to increase the mucoadhesivness and as a 

result the retention time after instillation onto the eye cornea was improved. 

The mean of GCV entrapment (%) in GCV-NPs, GCV-CSNPs and GCV-

NDs were 49.3%, 46.7% and 47.2%, respectively. The TEM and the particle 

size distribution of the GCV nanoformulations are shown in Figures 1 and 2 

, respectively. The micrographs of the chitosan-coated GCV-CSNPs and 

GCV-NDs demonstrated a very different appearance as compared to the 

reference GCV-NPs (Figure 1B and C). Spherical-shaped particles with a 

double layer structure were observed in case of chitosan-coated 

nanoformulations indicating the existence of chitosan surrounding the GCV-

CSNPs and GCV-NDs. The hydrophilic polymer coating of PLGA and 

surfactant based nanoparticles would depend on the capability of the 

polymer to adhere to the hydrophobic layer. The interaction between 

chitosan and such particles surface area due to a combination of physical 

adsorption, hydrophobic interaction and bridging between them. In general, 

all of the three formulations, GCV-NPs, GCV-NDs, and GCV-CSNPs were 

equally round in shape with a mean particle size in the range of 180 – 200 

nm (Figure 2). The polydispersity index (PI), which is a measure of 

uniformity of size within the formulation [1,16], was also measured. The 

GCV-NDs exhibited a more narrow size distribution (PI, 0.181) compared 

to GCV-CSNPs (PI, 0.65) and GCV-NPs (PI, 1.15), with a mean size of 190 

nm, 200 nm and 190 nm, respectively. The zeta potential of GCV-NPs, 

GCV-NDs, and GCV-CSNPs were – 23.4 mV, + 41.8 mV and + 37.2 mV, 
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respectively. The zeta potential is an important particle characteristic 

indicating the surface charge that can influence the nanosuspension as well 

as the mucoadhesion into the ocular surface. The electrostatic charge 

repulsion between the similar charge (either positive or negative) particles 

prevents the aggregation and thus ensure the dispersed state of the 

nanosuspension. On the other hand, positive surface charge (illustrate by 

positive zeta potential value) on the particles is responsible for 

mucoadhesion with mucin layer. In the present study, positive value zeta 

potential of GCV-NDs, and GCV-CSNPs provided the proof of successful 

chitosan adsorbed cationic surface modification of niosomes and GCV-NPs. 

Moreover, all the three formulations showed good dispersion stability. 

 

 

Figure 1. Transmission electron microphotographs of GCV nanoparticles: (A) GCV-NPs 

(reference), (B) chitosan-coated GCV-CSNPs, and (C) chitosan-coated GCV-NDs. 
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Figure 2. Particle size distribution of GCV nanoparticles: (A) reference GCV-NPs, (B) 

chitosan- coated GCV-CSNPs, and (C) chitosan-coated GCV-NDs. 

 

3.2. Rabbit studies 

 

3.2.1. Ocular retention 

Gamma-scintigraphy is a well-established technique for the in-vivo 

monitoring of the fate of nanocarriers [14]. After administration of the 

radiolabeled ophthalmic formulation, a good spreading was observed over 

the entire precorneal area. The quantification of radioactivity in ROIs 

enabled the assessment of the remaining activity at different time points 

after instillation. Radioactivity values counted in the ROI on gamma 

scintigraphic dynamic whole body images collected for the first 30 min after 

administration of the reference (chitosan lacking) and chitosan-coated 
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formulations (radioactivity versus time profile) is shown in Figure 3. As 

expected, the clearance of the reference (chitosan lacking) PLGA 

nanoparticles (GCV-NPs) from the ocular surface was most rapid. This can 

be explained by the lack of mucoadhesion with the cornea. In contrast, the 

chitosan-containing GCV-CSNPs and GCV-NDs were retained on the 

ocular surface significantly longer (p < 0.05) than GCV-NPs (Figure 3A–C). 

The AUC0–30 min for the retained activity of GCV-CSNPs and GCV-NDs 

were 47.505 and 39.431, respectively, which is about 4-fold higher as 

compared to the reference GCV-NPs with a value of 11.032. These findings 

advocate that the presence of chitosan in the formulations serves to prolong 

the retention of the nanoparticles on the corneal surface. Particularly, due to 

the interaction of positively charged chitosan with the cornea surface which 

is negatively charged by the presence of mucin and other components [4,7]. 

Moreover, the uniform and spherical large surface area increased the 

spreading and contact time of the mucoadhesive nanoparticles over the 

corneal surface thereby promoting the corneal retention [17]. 

 

Figure 3. Pre-corneal retention of 99mTc- labeled formulations after single topical 

instillation of: (A) reference GCV-NPs, (B) chitosancoated GCV-CSNPs, and (c) chitosan-

coated GCV-NDs. 
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3.2.2. Intraocular aqueous humoral drug delivery 

Aqueous humor GCV concentration-time profiles upon topical 

instillation of GCV solution, GCV-CSNPs, GCV-NPs and GCV-NDs to the 

rabbit eye are shown in Figure 4. Calculated kinetic parameters are shown in 

Table 1. In the group treated with the GCV solution, a relatively low ocular 

bioavailability ( AUC0-t, 495 ± 11 ng·h/ml) was observed; the aqueous 

humor levels of the drug were undetectable after 2 h, which can be 

attributed to rapid pre-corneal loss. Administration of the reference, 

chitosan-lacking GCV-NP formulation yielded an about 3-fold higher value 

(1361.4 ± 12.0 ng·h/ml) compared to the GCV solution indicating that 

incorporation in nanosized PLGA particles can improve the permeation by 

improving corneal retention (12, 17). Topical instillation of GCV-CSNPs 

and GCV-NDs even more enhanced the humoral drug concentration with 

nearly similar availability of 3991 ± 20 and 3428 ± 29 ng·h/ml, respectively. 

The humoral drug availability was approx. 7- to 8-fold higher as compared 

to the GCV solution and approx. 2.5-fold higher as compared to the 

reference GCV-NPs. 
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Figure 4. Aqueous humor concentration– time profile of GCV after topical instillation of 

GCV- solution, reference GCV-NPs, chitosancoated GCV-CSNPs and chitosan-coated 

GCV-NDs onto the rabbit eye. 

 

Our results indicate that both chitosan-coated GCV nanoparticle 

formulations provided higher aqueous humoral drug availability as 

compared to a GCV solution and the chitosan-lacking reference 

nanoparticles. This can be attributed to an increased corneal retention of the 

GCV nanoformulations, providing a larger time frame for sustained release 

of the entrapped drug. Furthermore, the large surface area provided by 

nanosized particles increased the spreading and contact time over the 

corneal surface which favours the corneal retention. Clearly, the 

significantly increased corneal retention mediated by the mucoadhesiveness 

conferred by chitosan contributes strongly to the improvement of the 

transcorneal drug permeation [7,17]. 
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Table 1. Topical instillation of GCV solution and GCV nanoparticles onto the rabbit eye: 

pharmacokinetic parameters. 

Parameter  GCV-sol GCV-NPs GCV-

CSNPs 

GCV-NDs 

atmax (h) 0.9 ± 0.03 1.0 ± 0.05 1.4 ± 0.07 1.0 ± 0.04 

aCmax (ng/ml) 325.0 ± 

5.10 

589.0 ± 8.90 449.0 ± 6.50 523.0 ± 8.20 

ake (1/h) 1.5 ± 0.11 0.6 ± 0.08 0.08 ± 0.01 0.1 ± 0.02 

aAUC0-t 

(ng.h/ml) 

495.1 ± 

11.30 

1361.4 ± 

12.00 

3991.3 ± 

20.10 

3428.1 ± 

29.40 

aAUC0-∞ 

(ng.h/ml) 

720.5 ± 

19.60 

1528.3 ± 

20.70 

5622.1 ± 

39.50 

4160.7 ± 

46.90 

a Mean values ± SD (n = 14; both eyes of each rabbit out of the seven rabbits were used). 

 

3.2.3. Ocular tolerance study 

For such a nanometric delivery system to be proposed as an 

ophthalmic nanomedicine, it is important not only to examine the 

biopharmaceutical properties but also their non-irritant nature. Therefore, in-

vivo ocular irritation test for GCV-NP, GCV-CSNPs, GCV-NDs were 

evaluated by using modified Draize test. The in-vivo result of ocular 

irritation test in rabbits showed no visual sign of irritation or other tissue 

damaging effect to anterior ocular tissues (data were not given). Moreover, 

there were no excessive tear formation and the clinical scores for 

conjunctival swelling, corneal opacity and discharge were always zero in the 

case of treatment group of all the formulation during the study phase. The 

results confirmed that the studied formulations were non-irritant and well 

tolerated. 
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4. Conclusion 

Entrapment of GCV in PLGA nanoparticles and niosomes increases 

the GCV concentration in the aqueous humor. Coating of the surface of the 

nanoparticles with chitosan further promotes the corneal drug absorption 

process by virtue of an increased retention on the ocular surface. Therefore, 

we propose that chitosan-coated nanoparticles are promising carriers for 

GCV in novel topical ophthalmic nanoformulations. 
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1. Summary 

Drug adverse effect is a term referring to uncomfortable, unwanted 

and/or detrimental effects that a drug may possess. While some adverse 

effects are allergic or idiosyncratic, many drug adverse effects are dose-

dependent (e.g., anticancer drugs) [1]. Delivery approaches that modulate 

the biodistribution of drugs to a specific target site in the body can improve 

their efficacy and safety. In this regards, local drug delivery using polymeric 

nanoparticles/microparticles has intensively been studied [2-4]. These drug-

loaded particulate systems can be injected in/or adjacent to the targeted 

organs ensuring relatively high drug concentrations in the targeted 

organs/tissues and minimizing drug distribution into other untargeted and 

healthy organs/tissues. Besides different cancer types, ophthalmic diseases 

affecting both anterior and posterior segments of the eye can greatly benefit 

from local drug delivery. Due to the presence of many ocular barriers (e.g., 

tear film, corneal and conjunctival epithelia, efflux pumps, blood retinal and 

blood aqueous barriers) delivering and maintaining drug concentrations 

at therapeutic levels in the eye is challenging [5,6]. This thesis reports on the 

loading and release of small hydrophilic and amphiphilic drugs into 

polymeric particles with high encapsulation efficiency and optimized release 

properties. The compounds we have encapsulated i.e. imatinib, sunitinib and 

ganciclovir are currently used for treatment of cancer (imatinib and 

sunitinib) or viral eye infections (ganciclovir). Considering these therapeutic 

areas, we have reported on local drug delivery using polymeric particles for 

the treatment of cancer as well as ocular diseases.  

Poly(lactic-co-glycolic acid) (PLGA) has frequently been used for the 

development of controlled drug delivery systems [7]. It is commercially 

available and can be synthesized with different molecular weights and 
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different copolymer compositions which makes it possible to tune the 

degradation time of PLGA based delivery systems [8]. PLGA is a relatively 

hydrophobic polymer and PLGA matrixes however absorb water to some 

extent once placed in an aqueous medium [9]. Upon hydration of PLGA 

matrix, ester linkage hydrolysis happens through the entire matrix that 

follows by diffusion of water-soluble degraded products (e.i., oligomers of 

lactic acid and glycolic acid) out of the polymer matrix. Since water-

absorption is a faster process than ester hydrolysis, PLGA undergoes bulk 

erosion [10,11]. If the loaded drug in PLGA microspheres is not molecularly 

dissolved in the matrix, its diffusion through the matrix is limited and the 

degradation of the polymer matrix mainly governs the drug release [12-14] 

which often results in a lag time in the period of drug release [9]. Pegylated 

PLGA (in the form of diblock or multi-blocks) has been used for loading 

and release of therapeutic macromolecules [15-18]. The presence of the 

PEG in the polymer matrix increases the solubility of the drug besides 

accelerating the degradation of the polymer matrix which in turn enhances 

the drug release [19-21]. In the present thesis, diblock copolymers of 

PLGA-PEG and multi-block copolymers consisting of semi-crystalline 

poly(L-lactide) blocks (PLLA) and amorphous blocks containing poly(DL-

lactide) and PEG (PDLLA-PEG-PDLLA) were used for the preparation of 

drug-loaded microspheres. By altering the ratio of the different blocks in the 

polymer, the hydrophilicity/hydrophobicity, Tg and the degradation of these 

multi-block copolymers can be tuned [22-24]. After contact with water, the 

amorphous domain of these multi-block copolymers, similar to PLGA-PEG, 

can swell to some extent and help releasing the encapsulated drug, apart 

from accelerating polymer degradation. The semicrystalline domain of the 

polymers serves as a physical crosslink and retards the polymer dissolution 
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in the aqueous media. The semicrystalline nature of this polymers enables 

introducing a high percentage of PEG to these polymer while the glass 

transition (Tg) of the final multi-block copolymer remains high (e.g., above 

room temperature). Having appropriate Tg is important to avoid aggregation 

of microspheres (due to polymer chain flexibility above its Tg) during 

preparation, storage, shipment and injecting [25,26]. The semicrystalline 

polymers that we synthesized in Chapter 5 had a maximum of 15% PEG-

content, while the PLGA-PEG diblock polymer used in Chapter 6 had a 

PEG-content of 7%. Increasing polymer hydrophilicity due to the presence 

of the PEG allows the release of hydrophilic and amphiphilic drugs in a 

sustained manner without the lag phase.  

 

Chapter 1 gives an overview of sustained and local drug delivery using 

polymeric particles and also outlines the aims of this thesis.  

Chapter 2 reviews the strategies for encapsulation of small molecule 

drugs into polymeric microspheres. Emulsion solvent extraction/evaporation 

is the most common technique for fabrication of drug-loaded microspheres. 

Encapsulation of small hydrophilic and amphiphilic molecules into PLGA 

microspheres using emulsification is difficult, because of drug flux from the 

organic phase to the larger volume of the external water phase during 

emulsification and particle hardening which results in low encapsulation 

efficiency [27-29]. Therefore, in Chapter 2 of this thesis we have reviewed 

the effect of various formulation parameters on the encapsulation efficiency 

of small hydrophilic and amphiphilic molecules. Optimizing formulation 

parameters such as PLGA concentration in the organic phase, PLGA 

molecular weight and composition, organic solvent and/or cosolvent, pH of 

internal/external water phase during emulsification, etc are important for 
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efficient encapsulating of small hydrophilic amphiphilic drugs. In addition 

to the formulation parameters, preparation of microspheres using 

methodologies without using an external water phase such spray drying, 

inkjet printing and also emulsion with external organic phases can produce 

microspheres with high encapsulation efficiency. Furthermore, novel double 

emulsion procedures using microfluidics devices that can produce double 

emulsions with controlled inner droplets size are promising for efficient 

encapsulation of water soluble drugs in polymeric microspheres. 

Chapter 3 reviews localized drug delivery using polymer-based drug 

depots for the treatment of various cancers including brain, lung, 

peritoneum, and liver. In many cases such drug depots are used in 

combination with surgery to eradicate remaining tumor cells and thereby 

prevent tumor recurrence. These studies points that loco-regional drug 

delivery, using polymer based drug depots, improves therapeutic efficacy 

and reduces systemic toxicity associated with chemotherapeutics. 

Chapter 4 describes the formulation of imatinib-loaded PLGA 

microspheres and investigates the in vitro release of this small amphiphilic 

drug from the microspheres. As imatinib is an ionizable compound with the 

pKa of ~ 8, adjusting the pH of external water phase (W2) during 

emulsification and particle hardening was important in improving the 

loading efficiency (LE) of imatinib. The LE of imatinib was 10% using W2 

phase of pH 5.0 while the LE reached 90% when the pH of W2 phase was 

9.0. Merely 4% of mesylate, the imatinib counter ion in the commercial 

product, was recovered in the microspheres at W2 phase of pH 9.0 as 

determined by the Schöniger oxidation method [30]. Because of its high 

water solubility, mesylate most likely partitions into the external water 

phase while imatinib become uncharged and partitions into the organic 
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phase. As results, imatinib was encapsulated as free base and not as the 

originally formulated mesylate salt.  

Differential scanning calorimetry (DSC) analysis demonstrated that at 

loadings up to 8.0% (w/w), imatinib was molecularly dispersed in the 

polymeric matrix. At higher drug loading imatinib to some extent 

crystallized in the matrix. Imatinib microspheres released their cargo during 

three months by a combination of diffusion through the polymer matrix and 

polymer erosion. Compared to the previous study of Benny et al., the burst 

release was much lower in the current study (16% vs 63%) [31] and it was 

comparable with the study of Yilmaz et al. [32]. The duration of drug 

release in our study was much longer (90 days versus 30 days) likely due to 

the higher polymer concentration that we have used (23% w/w versus 11% 

w/w) for preparation of the microspheres.  

Overexpression of vascular endothelial growth factor (VEGF), a 

signaling protein that stimulates vasculogenesis and angiogenesis, has been 

implicated in neovascularization and increasing vascular permeability in 

many ocular diseases such as diabetic retinopathy, age-related macular 

degeneration (AMD) and retinal vein occlusion [33-35]. Thus, blocking the 

activity of VEGF in the posterior segment of the eye is important modality 

for the treatment of angiogenesis dependent ocular diseases [34,36,37]. 

Sunitinib is a multi-targeted receptor tyrosine kinase (RTK) inhibitor with 

high affinity for the VEGF receptor. Therefore, the aim of Chapter 5 was to 

develop sunitinib-loaded polymeric microspheres for local treatment of 

ocular angiogenesis dependent diseases. To this end, a series of multi-block 

copolymers composed of amorphous blocks of poly-(D,L-lactide) (PDLLA) 

and poly(ethylene glycol) (PEG) and semi-crystalline block of poly-(L-

lactide) (PLLA) were synthesized for preparation of sunitinib-loaded 

http://en.wikipedia.org/wiki/Vasculogenesis


 Summary and perspectives 

223 

microspheres. The synthesized copolymers, named as A, B, and C, 

contained 10%, 20% and 30% of PDLLA-PEG-PDLLA blocks (soft 

blocks), respectively. Using differential scanning calorimetry (DSC) and 

XRD crystallography it was demonstrated that the prepared copolymers 

were semi-crystalline owing to their PLLA blocks. Sunitinib-loaded 

microspheres were prepared by a single emulsion O/W method using 

dichloromethane as volatile solvent and DMSO as co-solvent to dissolve the 

drug. SEM images showed that the prepared microspheres (~30 µm) were 

spherical with a non-porous surface. The loading efficiency was 87%, 73% 

and 13% for microspheres based on polymer A, B and C, respectively. 

Sunitinib-loaded microspheres were incubated in PBS buffer pH 7.4 and at 

37 °C to study their degradation and release behavior. Lower dry mass loss 

was observed for microspheres based on polymer A compared to 

microspheres based on polymer B and C.1H NMR analysis of degraded 

microspheres revealed a decrease in PEG-content and DSC results showed 

an enrichment of the crystalline domains in time. Increasing the percentage 

of soft blocks accelerated the degradation of the multi-block copolymers. 

Sunitinib microspheres released their cargo for a period of 210 days by a 

combination of diffusion and polymer erosion. The burst (amount of drug 

released in the first 24h) and release rate could be tailored by controlling the 

PEG-content of the multi-block copolymers. A chicken chorioallantoic 

membrane (CAM) assay was used to study the anti angiogenic effect of the 

microspheres. For this reason 0.5 mg sunitinib-loaded microspheres based 

on polymer B as well as sunitinib free drug (50-100 ng) was administered 

onto the CAM. This amount of microspheres corresponded to a dose of 

1350 ng sunitinib and an expected sunitinib release of 65 ng/day based on 

the in vitro release profile of these microspheres. A marked decrease in the 
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number of blood vessels as compared to 24h before applying the 

microspheres was observed for both sunitinib-loaded microspheres and free 

drug (p < 0.05).  

Semi-crystalline multi-block copolymers which were used in 

Chapter 5 modulated the sunitinib release for at least 210 days. The 

degradation of these polymers was rather slow so that approximately 40% of 

the initial mass remained after complete release of sunitinib. Ideally, by the 

time that the drug is completely released, the polymeric particles should be 

fully eroded. This is particularly important if repeated injections are 

required in a confined compartment such as the eye. There are several ways 

to further tune the degradation of polymeric particles that were fabricated in 

Chapter 5. For examples, by synthesizing a polymer with lower molecular 

weight or synthesizing an amorphous multi-block copolymer instead of 

semicrystalline polymers. The other option would be to use an amorphous 

diblock copolymer of PLGA-PEG. Therefore, in Chapter 6 sunitinib was 

loaded into a diblock PLGA-PEG copolymer and the drug release was 

compared with sunitinib microspheres based on PLGA. For 

microencapsulating of amphiphilic drugs, which show intermediate 

solubility in both organic and aqueous media, both single and double 

emulsion methods can be utilized. However, no systematic study has been 

published that investigates the influence of method of preparation (i.e., O/W 

or W1/O/W2) on microspheres’ properties and release kinetics of the 

encapsulated drugs. Therefore, in Chapter 6 the effect of two different 

methods of microsphere preparation, i.e., oil-in-water (O/W) and water-in-

oil-in-water (W1/O/W2) emulsion solvent evaporation, on microspheres’ 

properties was investigated. Sunitinib was loaded into microspheres based 

on blends of PLGA and a diblock copolymer of PLGA-PEG with different 
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PEG-content ranging from 0 -7% (w/w) and a blend of PLGA/mPEG with 

4% PEG-content. Both procedures resulted in high sunitinib loading 

efficiency (74-96%) and loading capacity (4-5% w/w). The average particle 

size of microspheres ranged from 20-29 µm. Scanning electron microscopic 

images showed that microspheres prepared by the O/W emulsification 

method showed small pores at their surface while microspheres fabricated 

by the W1/O/W2 emulsification method had a smooth non-porous surface. 

Homogenous sunitinib distribution in the microspheres was shown by 

confocal laser scanning microscopy analysis, while DSC analysis showed 

that sunitinib was in an amorphous form and not molecularly dissolved in 

the matrix. Based on these data it is concluded that the drug is dispersed in 

an amorphous form in the polymer matrixes. Microspheres prepared by 

single emulsion method showed a higher burst release, most likely due to 

their surface porosity, as compared to the microspheres prepared by double 

emulsion method. After the burst release, PLGA microspheres displayed a 

lag phase of about one month that was followed by sustained release of 

sunitinib for the next 2 months. In contrast, sunitinib was released from 

microspheres based on PLGA-PEG with a shorter lag phase (20 days) for 

about 3 months, with an increasing release rates for blends with higher 

PEG-content. In conclusion, microspheres based on PLGA-PEG that were 

prepared by W1/O/W2 emulsion method hold promise for future studies 

although higher PEG-content might be needed to further shorten the lag 

phase and improve the sunitinib release.  

Ganciclovir (GCV) is a small molecule hydrophilic drug (logP = 

−1.65), that is used for the treatment of ocular viral infections [38]. 

Conventional treatment involves the oral administration of GCV at a high 

dose of 3 g/day that causes side effects such as bone marrow suppression 



Summary and perspectives  

226 

and neutropenia [39]. Intravitreal implantation of GCV releasing depot 

preparations provide higher intraocular drug concentrations but are poorly 

tolerated as such depots require another surgical intervention to remove the 

implant after about 6 months [40]. Another option is topical ocular delivery 

of GCV solution to the eye, but its rapid elimination results in poor 

intraocular availability of the drug [41]. Therefore, Chapter 7 describes the 

improved ocular retention and aqueous humoral drug availability of 

ganciclovir (GCV) when administered via topical instillation of 

mucoadhesive nanoparticles (chitosan-coated) onto the cornea of the rabbit 

eye as compared to the chitosan-lacking PLGA nanoparticles. The 

nanoparticles were spherical with a mean particle size range from 180 – 200 

nm and about 50% encapsulation efficiency. Gamma scintigraphy was used 

to evaluate the corneal residence time of different nanoparticles. 

Radiolabeling of GCV loaded nanoparticles was performed by labeling the 

particles with 99mTc. 20 μl of the labeled formulations (3 mg/ml) was 

instilled into the cul-de-sac of the rabbit left eye, and for distributing the 

formulation over the cornea, the eye was manually blinked three times. The 

right eye of each rabbit served as a negative control. Images were taken 

during 30 min and the rate of nanoparticle disappearance was calculated. As 

it was expected, the clearance of PLGA nanoparticles that lacked the 

mucoadhesive chitosan was much faster than chitosan-coated nanoparticles. 

The AUC0 – 30 min for the retained activity of chitosan-coated nanoparticles 

were 4 times higher than chitosan-lacking nanoparticles. The aqueous 

humor drug availability of this formulation was compared to the GCV 

solution. Chitosan-coated nanoparticles showed approximately 6-fold higher 

aqueous humor drug availability as compared to a GCV solution and nearly 

2.5-fold higher as compared to the chitosan-lacking nanoparticles.  
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2. Perspectives  

Several particulate systems are reported in this thesis for local 

treatment of cancer as well as ocular diseases.  

2.1. Local drug delivery for the treatment of cancer 

Glioblastoma multiforme (GBM) is the most common and very 

aggressive form of primary brain cancer [42]. It has been indicated that 

GBM is associated with a high degree of vascularization [43]. Some studies 

have shown that the platelet-derived growth factor receptor (PDGFR) plays 

an important role in angiogenesis associated with malignant gliomas, and 

blocking the activity of PDGFR results in arresting tumor growth [44]. 

Imatinib mesylate (Gleevec®), a PDGFR inhibitor, has been approved by 

FDA for the treatment of chronic myeloid leukemia and gastrointestinal 

stromal tumors [45]. The previous studies of Benny et al., showed that local 

delivery using imatinib-loaded microspheres was promising in the treatment 

of brain cancer in a mice model [31]. However, the physicochemical 

properties of imatinib-loaded microspheres have not been well studied. In 

Chapter 4 of this thesis an efficient procedure for encapsulating imatinib 

into PLGA microspheres was developed. Imatinib was formulated into 

PLGA microspheres with high loading efficiency and loading capacity. 

Importantly, these microspheres released imatinib over a 3-month period. 

Further preclinical and clinical studies are, however, needed to establish 

approaches for accurate and preferably minimally invasive implantation of 

drug-loaded depots to reach desired sites. 

Sunitinib malate is a small multi-targeted receptor tyrosine kinase 

(RTK) inhibitor with broad and potent antiangiogenic and/ or antitumor 

activity in clinical and preclinical studies [46,47]. In addition to ocular 

delivery, one of the potential applications of sunitinib-loaded microspheres 
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is local treatment of brain cancer. In a clinical study, oral administration of 

sunitinib showed minimal anticancer activity in brain cancer patients at a 

daily dose of 25 - 50 mg and after administration of higher doses 

considerable toxicity was reported [48]. As mentioned above, no significant 

systemic toxicity was obtained in the study of Benny et. al. by intracranial 

implantation of imatinib-loaded microspheres in mice. Similar to this study, 

sunitinib microspheres implanted intracranially can be used for the 

treatment of brain cancer. Their local delivery may improve drug tolerability 

and increase the efficacy of this antiangiogenic drug. However, future 

studies are needed to address the local efficacy of sunitinib-loaded 

microspheres in an intracranial model of brain cancer.  

 

2.2. Ocular drug delivery  

Due to the presence of many ocular barriers the treatment of 

ophthalmic diseases, that affect both anterior and posterior segment of the 

eye, is challenging [5,6]. The topical route is by far the most patient-friendly 

approach for delivering drugs to the eye. However, poor ocular 

bioavailability limits the usage of topically instilled drugs using 

conventional eye drops [49]. Therefore, in this thesis local drug delivery 

strategies (i.e., intraocular and topical) have been presented to improve the 

ocular bioavailability of drugs. 

 In Chapter 5 and 6 of this thesis sustained and long-term release 

formulation of sunitinib-loaded microspheres were proposed as an 

alternative to frequent intraocular injections. Such kind of intraocularly 

injected particulate systems can deliver the drug for an extended period of 

time without the need of surgical intervention due to their biodegradability 
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and good injectable properties. In this way some aspects have to be further 

studies:  

 

2.2.1. Syringeability and injectability of microspheres 

 

Syringeability is the ability of a therapeutic formulation to easily 

pass through a needle or transfer from a vial before injection whereas 

injectability is referred to the performance of a formulation while injecting 

[5]. Syringeability and injectability are important for 

intravitreous/intratumoral injecting of microspheres solution. Particle size, 

viscosity, density, and microsphere concentration in the suspension are 

important factors affecting the syringeability and consequently injectability 

of the microspheres [50]. Big particles or aggregation of microspheres often 

cause clogging of the needles. The needle clogging may also happen 

because of bridging effect of the polydisperse microspheres while flowing 

through the needle. Novel technologies in the field of particle engineering 

such as microfluidics or membrane emulsification techniques that are 

described in Chapter 2 of this thesis enable production of microspheres 

with controlled particle size. In this way, smaller needles size can be utilized 

for local injection. Smaller needle size decreases the local ocular damage 

and results in good patient compliance [51]. Therefore, in the future, it 

might be interesting to fabricate drug-loaded monodisperse microspheres 

using above mentioned technologies. In Chapter 6, the loading capacity of 

sunitinib microspheres increased from less than 0.5% (Chapter 5) to about 

5% w/w. Since the eye is a confined compartment with limited capacity 

(e.g., the maximum injection volume is about 100 µl), high loading capacity 

of the microspheres can minimize the amount of particles that can be 

injected in the eye. Moreover, lower particle concentration of the solution 
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can improve its syringeability. The existence of hydrophilic and 

hydrophobic blocks in the block copolymers used in this study offers better 

resuspendability and injectability, due to less aggregation of these 

microspheres, over PLGA microspheres.  

 

2.2.2. Biocompatibility of block copolymers 

The microspheres described in Chapter 5 and 6 are based upon 

biodegradable polymers with expected good biocompatibility. However, 

future studies to address their safety and biocompatibility after intraocular 

injection are needed. Moreover, local therapeutic efficacy study of sunitinib 

microspheres in an appropriate animal model of ocular neovascularization is 

required to validate its long term anti-angiogenic activity. Besides, the 

possible local toxicity of sunitinib-loaded microspheres has to be 

investigated.  

 

2.2.3. Mucoadhesive nanoparticles for local drug delivery 

Mucoadhesive nanoparticles are positively charged particles that can 

adhere to the negatively charged mucus layers with a non-covalent bonds 

[6]. Mucoadhesive nanoparticles have been extensively investigated for 

local treatment of ocular conditions. In Chapter 7 of this thesis 

mucoadhesive nanoparticles shown to be an efficient delivery system for 

topical delivery of ganciclovir. Though, it is debatable whether or not 

healthy animals are suitable models for ocular pharmacokinetic study of 

drugs since the physiological condition in the healthy eye might be different 

than the diseased eye [52]. For clinical translation of these mucoadhesive 

nanoparticles, more research has to be carried out on in vivo therapeutic 

efficacy of the nanoparticles to further prove their efficacy in the treatment 

of ocular viral infection. 
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Conclusion 

This thesis outlines the potential of particulate systems for sustained 

and local treatment of cancer as well as ocular diseases. Because of their 

biodegradability, injectability and sustained release properties, drug-loaded 

microspheres are excellent carrier systems for local drug delivery. 

Molecularly targeted drugs such as imatinib and sunitinib which were 

encapsulated into polymeric microspheres have the potential for local 

treatment of different cancer types as well as ocular neovascularization. 

Moreover, topical ocular drug delivery using mucoadhesive nanoparticles 

can serve for the treatment of various ocular diseases due to increasing 

ocular drug residency and patient compliance.  
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Nederlandse samenvatting 

Bijwerkingen van geneesmiddelen kunnen zeer ernstig zijn en kunnen 

leiden tot het staken van een anderzins werkzame therapie. Vaak zijn het 

werkzame effect en de bijwerkingen van geneesmiddelen dosis-afhankelijk. 

Gereguleerde afgifte van geneesmiddelen kan in dat geval een uitkomst 

bieden, bijvoorbeeld door de distributie van de werkzame stof zo te sturen 

dat weefsels waarin bijwerkingen optreden minder aan de stof worden 

blootgesteld en er in verhouding juist meer farmacon in het doelwitweefsel 

terecht komt. Dit kan bereikt worden met behulp van polymere nanodeeltjes 

en microdeeltjes die geneesmiddel moleculen vertraagd afgeven. Zulke 

polymere deeltjes kunnen in een orgaan of weefsel geïnjecteerd worden en 

zullen dan in dat weefsel een hogere geneesmiddel spiegel bewerkstelligen, 

terwijl andere organen/weefsels veel lagere geneesmiddel concentraties 

zullen ervaren. Deze manier van geneesmiddelafgifte is interessant voor de 

behandeling van kanker maar ook voor bijvoorbeeld oogziektes, omdat 

sommige geneesmiddelen moeilijk in het oog kunnen doordringen. In dit 

proefschrift wordt beschreven hoe hydrofiele en amfifiele geneesmiddelen 

in polymere deeltjes ingesloten kunnen worden en hoe deze deeltjes de 

ingesloten geneesmiddelen afgeven. De onderzochte farmaca zijn kleine 

organisch-chemische moleculen zoals imatinib, sunitinib en ganciclovir. 

Deze verbindingen worden gebruikt bij de behandeling van kanker (imatinib 

en sunitinib) en bij virale oog infecties (ganciclovir). 

Polymeren afgeleid van polymelkzuur zoals de copolymeer van 

melkzuur en glycolzuur (poly(lactic-co-glycolic acid); PLGA) worden veel 

gebruikt voor gecontroleerde afgiftesystemen voor geneesmiddelen. Dit type 

polymeer is commercieel verkrijgbaar in varianten met verschillende 
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molecuulgrootte en lactide/glycolide verhoudingen die een verschillende 

afgiftesnelheid van het geneesmiddel opleveren. Geneesmiddelafgifte vanuit 

een PLGA matrix verloopt ofwel door diffusie van het geneesmiddel door 

de polymeer of door erosie van de polymere deeltjes. Water absorptie in de 

matrix en hydrolyse van de polymelkzuur ester binding spelen een grote rol 

bij de erosie van PLGA. De geneesmiddelafgifte is vaak de optelsom van 

diffusie en erosie, waarbij afgifte door diffusie vooral bepalend is voor de 

vroege afgifte en erosie juist op latere tijdstippen een belangrijke rol speelt. 

Een ander type polymeer dat veel gebruikt wordt is gepegyleerd PLGA (een 

copolymeer van PLGA waarin blokken van de polymeer polyethylenglycol 

(PEG) zijn verwerkt); PEG-PLGA copolymeren zijn vooral interessant voor 

de afgifte van therapeutische eiwitten en andere biologisch actieve 

macromoleculen. Het PEG in de polymere matrix verhoogt de 

oplosbaarheid van het geneesmiddel en versnelt de afbraak van de 

polymeer, en daarmee dus ook de snelheid van geneesmiddel afgifte. In dit 

proefschift zijn polymere microsferen gemaakt met PLGA-PEG diblok 

copolymeren en ook met multiblok copolymeren die zowel semikristallijn 

polymelkzuur bevatten als amorfe PEG-polymelkzuur domeinen; de 

verhouding van deze domeinen bepaalt de afbraaksnelheid en 

eigenschappen van dit type copolymeren (zoals bijvoorbeeld de glastransitie 

temperstuur, Tg). Het semikristallijne blok in deze polymeren maakt het 

mogelijk om een relatief hoog percentage PEG in het polymer in te bouwen 

zonder het rubberachtige karakter bij kamertemperatuur te verliezen, wat 

van belang is om aggregatie van microsferen tegen te gaan tijdens opslag en 

voorafgaand aan de toediening. De multiblok copolymeren van hoofdstuk 5 

hebben een maximaal PEG% van 15%, terwijl het diblok copolymer PLGA-

PEG gebruikt in hoofdstuk 6 een PEG% heeft van 7%. De resultaten in dit 
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proefschrift laten zien dat een hoog PEG% tot een snellere afgifte leidt van 

ingesloten geneesmiddel. 

Hoofdstuk 1 geeft een overzicht van de opbouw van dit proefschrift.  

Hoofdstuk 2 geeft een literatuuroverzicht van de technieken die 

gebruikt worden voor het formuleren van kleine organische geneesmiddelen 

in polymere microsferen. De meest gangbare methode is emulsificatie van 

de polymere fase in een waterige fase gevolgd door een extractieproces 

waarin de polymere deeltjes uitharden. Een van de uitdagingen hierbij is om 

een hoge encapsulatie efficiëntie van het geneesmiddel te bereiken; dit kan 

voor hydrofiele en amfifiele geneesmiddelen lastig zijn omdat deze stoffen 

tijdens de emulsificatie naar de water fase over kunnen gaan. In dit 

hoofdstuk worden formuleringsparameters die van invloed zijn op de 

encapsulatie van amfifiele geneesmiddelen besproken zoals 

polymeerconcentratie, keuze van oplosmiddelen en cosolvents, pH van de 

binnen- en buitenfase. Daarnaast worden verschillende nieuwe technieken 

voor het maken van polymere microsferen besproken, zoals inkjet printing, 

sproeidrogen en het gebruik van chips met microkanaaltjes (microfluidics).  

Hoofdstuk 3 is een overzichtsartikel over het gebruik van polymere 

depots voor lokale geneesmiddelafgifte bij de behandeling van kanker. Dit 

soort preparaten is toegepast bij kanker in de hersenen, longen, in het 

peritoneum en in de lever. Doorgaans worden deze depots gebruikt na een 

chirurgische ingreep om tumorcellen te doden die na de operatie 

achtergebleven zijn.  
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Hoofdstuk 4 beschrijft PLGA microsferen waarin de kinase remmer 

imatinib is geformuleerd. Imatinib is een amfifiele verbinding met een pKa 

van ~8; de encapsulatie efficiëntie van deze stof kon geoptimaliseerd 

worden door de pH van de buitenste waterfase te verhogen tot een pH die 

hoger is dan de pKa. De encapsulatie efficiëntie was 90% bij pH 9.0, terwijl 

deze slechts 10% bij een pH 5.0 van de buitenfase. Het tegenion van 

imatinib, mesylaat, is echter een zure verbinding met een lage pKa, en deze 

werd slechts voor 4% ingesloten bij pH 9.0. Het imatinib werd dus als vrije 

base in de deeltjes ingesloten en niet als het oorspronkelijke mesylaat zout. 

Analyse van de materiaaleigenschappen van de polymere microsferen 

toonde aan dat imatinib moleculair verdeeld was in de polymere matrix; 

alleen bij hogere beladingen werd ook kristallijn imatinib aangetoond. 

Imatinib microsferen gaven het geneesmiddel vrij via een combinatie van 

diffusie en erosie in een driemaands afgifteprofiel. Dit is een langer afgifte 

profiel dan bij bij eerdere studies was gerapporteerd; de meest 

waarschijnlijke verklaring hiervoor is de hogere polymeer concentratie die 

wij gebruikt hebben. 

Hoofstuk 5 en 6 beschrijven de formulering van sunitinib in 

polymere microsferen. Sunitinib is een remmer van angiogenese, de 

vorming van nieuwe bloedvaten. Angiogenese speelt een belangrijke rol in 

de groei van tumoren en is ook een probleem bij oogziektes ten gevolge van 

diabetische retinopathie en macula degeneratie (AMD). In hoofdstuk 5 is 

sunitinib geformuleerd in de eerder genoemde multiblok copolymeren met 

een semikristallijn polymelkzuur blok en amorfe PEG-polymelkzuur 

blokken; de polymeren A, B en C bevatten respectievelijk 10%, 20%, en 

30% van de PEG bevattende blokken wat overeenkomt met 5-15% PEG 

gehalte van de copolymeren. De sunitinib microsferen hadden een doorsnee 
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van ongeveer 30 µm en een sunitinib encapsulatie efficiëntie varierend van 

87% (polymeer A) tot 13% (polymeer C). Het afgifte profiel van de 

microsferen werd sterk bepaald door het PEG gehalte van de polymeren: de 

polymeren met het hoogste PEG gehalte gaven het sunitinib het snelste af, 

terwijl de microsferen met het laagste PEG gehalte een continue afgifte 

lieten zien gedurende 7 maanden; na 7 maanden was ongeveer 30% van het 

sunitinib afgegeven. Polymeer erosie gedurende de afgifte studie leidt tot 

een geleidelijk verlies van de PEG-bevattende blokken, en daarmee een 

relatieve verrijking van het kristallijne deel van de copolymeer. De 

werkzaamheid van sunitinib microsferen werd aangetoond door angiogenese 

te remmen in de chorioallantoide membraan van bevruchte kippeneieren.  

In hoofdstuk 6 werden sunitinib microsferen gemaakt met PLGA-

PEG diblok copolymeren. Deze polymeren zijn amorf en we verwachtten 

dan ook een snellere afbraak dan bij de semikristallijne multiblok 

copolymeren, die pas voor ongeveer 40% geërodeerd waren na 7 maanden. 

Voor het encapsuleren hebben we zowel de enkelvoudige emulsiemethode 

toegepast, waarbij sunitinib in de organische fase werd opgelost, als ook een 

dubbelvoudige emulsiemethode waarbij sunitinib eerst in water werd 

opgelost en vervolgens als waterige binnenfase in de organische fase werd 

geëmulgeerd. De ontstane primaire emulsie werd vervolgens in een tweede 

waterige fase (de buitenfase) tot polymere microdeeltjes verwerkt. PLGA-

PEG microsferen met een PEG gehalte oplopend tot 7% werden gemaakt 

door PLGA en PLGA-PEG in verschillende verhoudingen te mengen. De 

resulterende microsferen hadden een gemiddelde grootte van 20-29 µm en 

een sunitinib beladings efficiëntie tussen de 74-96%. Sunitinib was bij alle 

types microsferen amorf verdeeld in de polymere fase. De microsferen die 

middels enkelvoudige emulsificatie gemaakt waren lieten een hogere “burst-
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afgifte” zien, d.w.z. een snelle afgifte gedurende de eerste uren na start van 

het afgifte experiment, dan microsferen waarbij de dubbelemulsificatie 

methode was gebruikt. Dit kan mogelijk samenhangen met een hogere 

porositeit van de eerstgenoemde deeltjes, wat ook gezien werd met 

scanning-electronen microscopie. Beide soorten microsferen hadden daarna 

een lag-fase van ongeveer een maand, gevolgd door een versnelde afgifte in 

de daarop volgende 2 maanden. Hoewel de microsferen met hoger PEG 

gehalte een wat kortere lag-fase lieten zien, is het eigenlijk gewenst om een 

nog hoger %PEG te gebruiken, om daarmee de lag-fase nog verder te 

bekorten. 

Hoofdstuk 7 beschrijft de formulering van het antivirale middel 

ganciclovir in PLGA nanodeeltjes. Dit type nanodeeltjes kan op het oog 

toegediend worden, om zo lokaal ganciclovir af te geven bij ooginfecties. 

Hiervoor is het gewenst als de nanodeeltjes langere tijd op de cornea 

vastgehouden worden. Dit kan bereikt worden door de deeltjes te coaten met 

chitosan, een muco-adhesief materiaal. Ganciclovir bevattende PLGA 

nanodeeltjes met een gemiddelde grootte van rond de 200 nm werden op de 

cornea van konijnen toegediend. Omdat de nanodeeltjes vooraf met een 

radioactief tracer molecuul (99mTc) gelabeld waren, kon de retentie van de 

deeltjes op het oog gevolgd worden met gammascintigrafie. Zoals verwacht 

zorgde een chitosan coating op de deeltjes voor een verlengde retentie op 

het oog, en dit leidde uiteindelijk ook tot een 2.5 maal hogere 

beschikbaarheid van het ganciclovir in de oogbol ten opzichte van niet 

gecoate gnciclovir PLGA deeltjes, en een 6 maal hogere beschikbaarheid 

ten opzichte van vrij ganciclovir.  
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De verschillende hoofdstukken van dit proefschrift laten zien dat 

polymere microsferen aantrekkelijk zijn voor het lokaal afgeven van 

geneesmiddelen bij kanker en oogziektes. Microsferen en nanodeeltjes zijn 

met name interessant omdat deze deeltjes goed toedienbaar zijn via een 

injectienaald en er dus weinig weefselschade is bij het aanbrengen van het 

depotpreparaat. Moleculair gerichte farmaca zoals kinase remmers en 

antivirale middelen kunnen middels emulsificatie in de microsferen 

geëncapsuleerd worden. De verkregen micro- of nanodeeltjes geven 

vervolgens het geneesmiddel langdurig af.  
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https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCoQFjAA&url=http%3A%2F%2Fwww.escdd.eu%2F&ei=B0CLU8GnBYK-O6qPgcAM&usg=AFQjCNEFApZQpdPv_lFj-5miKIsChbfdbg
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Acknowledgements 

The story of this book 

The last patient received his medicines and I gave him some advices 

how to use the medications. I said goodbye to all the technicians in Paydar 

pharmacy and I was walking through the dusty street of our small city when 

my mobile phone started ringing. It was one of my former classmates. After 

an informal greeting, he congratulated me. To be honest, I had totally 

forgotten about the result of my PhD scholarship exame since it was almost 

one year after the final interview. Similar to all the stories around the world, 

the story of this book also has had so many ups and downs. It all began with 

an scholarship given by ministry of health for talented students who had 

gotten the eligibility after several exams and interviews. I came home 

happily and told my family the story of my success. Surprisingly no body 

was happy about it.  

‘’We don’t want you to be far from us, you are a pharmacist and our small 

city needs somebody like you.’’ My family suggested. 

 Finally, I convinced my family particularly may father who meant 

everything for me. It took me about two more years of paper works and 

traveling to Tehran to convince the ministry of health to legalize my 

scholarship. This is how you are wasting your time and energy in Iran but if 

you have an important goal in your mind you will either find a way or build 

a new one.  

Through Ghobad Mohammadi, one of my friend, I was introduced to 

Hamed Hamishehkar who was a visiting PhD student of Utrecht University 
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and my connection to the group of pharmaceutics. I was told to send an 

email to Wim or Gert, here is the email: 

Date: 06-09-2009 

Dear Prof, 

I want to continue my training in the field of pharmaceutical 

nanotechnology. I have been awarded a scholarship from Kerman 

University of medical sciences (Kerman, Iran) to continue my study toward 

PhD. Please have a look at my C.V (attached file). I am very interested in 

studying at your university and want to be informed whether I can study 

there or not. If I am eligible, please send me application forms. 

Your prompt attention to this matter will be respected. 

Best wishes, 

Farshad 

 

After several emails, Gert passed me to Wim and Wim to Robbert 

Jan and finally after almost one year on August 2010 I arrived in Utrecht 

and I officially started my PhD marathon. I was introduced to the group 

through Rene who was one of my supervisors and Filis who worked on a 

similar project. At the beginning I thought I am a big scientist and I know 

many things. After several meetings with Wim, I realized that I am not a big 

scientist but a normal scientist. To know yourself is the most difficult thing 

in your life but if you have somebody who constantly criticizes you and 

guides you towards a better understanding of yourself, you are indeed lucky. 

I was fortunate to have Wim, who inspired me to not only understand my 

PhD project but also my own personality. At the beginning it was difficult 

for us to understand each other thanks to Robbert Jan who was the 
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connection between middle east and Europe. I learned a lot from not only 

Robbert Jan and Wim but also Rene with his great knowledge of polymer. 

Apart from these team of experts I had Gert, my movie friend, with whom I 

always felt that I am talking to one of my close friends.  

After several weeks, I started working in the lab. In my view 

technician was somebody who has a fixed knowledge on some practical 

things but Mies, our head technician, with his broad knowledge changed the 

meaning of technician in my mind. Mies is a technician who has a practical 

understanding of the theoretical principles with a willingness to help 

everybody in the lab.  

After being almost three years away from working in the lab, it was 

very difficult to start up again. I am grateful of Filis and Amir G who taught 

me how to prepare microspheres and also for their useful scientific 

discussions particularly at the beginning of my project.  

After a few weeks Mazda joined our group; we came from the same 

city (Kermanshah) and we already knew each other. Life is all about the 

journey, the situations you encounter and the people you meet. If you have a 

friend with positive character who inspires you in times of despair and keep 

telling you that things will be all right, you can achieve whatever you want. 

Thanks Mazda for everything.  

Days went by and I was enjoying learning new things. My first 

challenge was to formulate sunitinib, a small amphiphilic drug, into 

polymeric microspheres. This experiment made me confident to encapsulate 

other small molecules with similar procedure. After several months Shima 

also joined me as a kind of student to work on formulation of Rapamycin 
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into monodisperse microspheres for local drug delivery to the kidney. Local 

drug delivery for the treatment of kidney disease was the first project that I 

was supposed to work on. I learned a lot from this project and also Shima 

got her PhD position on kidney targeting. 

After 8 months from the starting of my PhD I visited my family at 

the time of Iranian new year. It was one of the best holydays I had ever. 

After almost one month I said goodbye to my family and I set off on my 

journey back to the Netherlands. I still remember the last moment of saying 

goodbye to my father. He looked deeply into my eyes, for a few seconds I 

was speechless and then I turned my head and never seen his deep and 

meaningful glance again. Those beautiful eyes were the last thing that I 

remember from my father they knew that we may not visit each other again.  

I was thinking of my past, I grew up in the war between Iran and 

Iraq, I was a refugee of war and I lived in a refugee camp when I was only 5 

years old. My parents, similar to many other parents, could also deny the 

education of their children simply because of the poverty due to the war. 

Thanks to my father, my first mentor in life, for his dedication and deep 

understanding. He is alive in my heart forever. That was a big loss in my 

life. 

After a few months Stefania Marano, an Italian student, joined me to 

work on the preparation of rapamycin nanoparticles. We got some good 

results regarding the formulations but the in-vitro release of this extremely 

hydrophobic drug was challenging. Some times in your life you have to be 

flexible enough to change your direction but I think we wasted too much 

time on the release problem. This work resulted in a master thesis for 

Stefania and later on she continued her PhD education on formulating 
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hydrophobic drugs at UCL, London. I remember that we shared many 

memorable moments during lunch with Stefania, Anna (Miss Abbadessa) 

and other Italian students, thanks to their nice personality and their warm 

culture.  

Things were more or less Ok till the time that I wanted to visit my 

family specially my mother who endured many difficulties after the death of 

my father. I had to go to Tehran and get my 6-month salary as the Iranian 

Ministry of Health and Education could not transfer the money to our bank 

account in the Netherlands because of US/EU sanction on our country. Here 

is the result: 

Date : 29-08-2012 

Dear all 

I am happy to inform you that I survived from a perilous car accident just 

the day after my arrival in Tehran. It was the starting of my vacation. I took 

a taxi from Karaj to Tehran to do some paper work; I was supposed to go 

back to my home town the day after. Unfortunately, I faced a nasty car 

accident in which a person sitting in front of me died immediately and 

Kambiz, my cousin, had a leg broken and he has seriously got injured from 

his arm as well. I got a head trauma, my front head bone is a bit cracked 

which can be fixed without surgery. I was hospitalized for about 5 days in 

Tehran, and finally the day before yesterday I was discharged from the 

hospital. I am happy that my relatives, friends and specially my mother is 

happy. I become quite popular as every day dozens of people are visiting 

me. Thanks God for giving me a new life, definitely there is a good purpose 
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in life. Day by day I am getting better; In general, I don’t have any pain in 

my body except some darkness. 

I may not be able to reply your emails,. 

Hope to see you all again 

Farshad 

 

After I regained my consciousness Kambiz told me about the terrible 

situation that he encountered when the doctor told him that his cousin has no 

chance to survive. Thanks Kambiz for being with me during those difficult 

days.  

The doctors told me to take rest for at least 6 months. I came back to 

the Netherlands after one and half month. I was thinking that the car 

accident may break my bone but not my faith. Days went by and I was 

working without a clear goal. I was told to work on something else as the 

kidney project was ended.  I was totally confused as my grant was on 

Nanotechnology but most of the work that I had done was on microspheres 

preparations. Moreover, according to Wim there should be a coherent story 

for my thesis. In this stage I lost my goal for study. I was not concentrated 

on my project and I was not sure if I had the right project to continue or not. 

Once Thomas Jefferson said: 

‘’Nothing on earth can help the man with the wrong mental attitude; nothing 

can stop the man with the right mental attitude from achieving his goal.’’ 

Anyway, I needed to have the right mental attitude or to change my 

direction toward the right one. Meanwhile, in collaboration with Sohail 

http://www.brainyquote.com/quotes/authors/t/thomas_jefferson.html
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Akhter and the group of Farhan Jalees Ahmad in India we published one 

research and one review article. Those days Sohail became one of our close 

friends so that Mazda and I shared our house (thanks to Agnes for her 

spacious house) with him and we learned a lot from Indian diverse culture. 

My last student was Rute Lourenço from Portugal, thanks to her dead-end 

project that changed her future career from being a scientist in the lab to a 

pharmacist in the drug store. She was also a nice person and I really enjoyed 

working with her for 5 months.  

The third year already started and I had no publication for my thesis 

but a draft. Wim was not happy about my progress and I was aware of that 

but I could not do anything about it. After a tribble meeting, he decided to 

not work with me anymore.  

I had a time to think of myself, to understand my situation and to 

find a solution for this imminent disaster. The first thing that came to my 

mind was to blame myself for everything. After a few days, Robbert Jan 

came to me with a nice solution. I was connected to Fabian kiessling and 

Twan Lammers in Aachen university, Germany. I agreed to have two 

publications and defend my thesis in Aachen. In this stage I had two groups 

of supervisors. It was like a jet with two engines If one broken, the other one 

could still take you to your destination. I was so lucky to be indirectly 

supervised by Fabian and Twan. I learned a lot from their valuable 

comments on my manuscripts and I would recommend master students to do 

their PhD in Aachen.  Getting a PhD was not my dream but being an 

independent scientist.  

Wim and I became friends again but still, according to him, after 5 pm. 

Once he told me:  



Appendices  

256 

‘’you  have to focus on your work, you have to think of your experiment 

even if you are not in the lab. When your mind is engaged with your work, 

you can get it done’’. 

  In the last stage of 2014, I started writing and submitting my 

manuscripts. Thanks to Innocore Pharmaceuticals for their unconditional 

support. I enjoyed working with Rob and Christine; they indeed made me 

more interested in polymers and particle technology.  

At the beginning of 2015, I had two research articles that I could 

defend them in Aachen and get my PhD according to the Aachen university 

criteria. However, I preferred to get my PhD in Utrecht where I was trained 

as PhD. Meanwhile, I was writing two review papers and I was planning my 

last research chapter. I talked to Wim and Robbert Jan about my final 

decision. They agreed that I can finish my PhD within a few months. The 

last stage was very difficult but thanks to my supervisors and also Hamed, 

Luan and Dandan that helped me to finish the last chapter. The most 

enjoyable moment was the time that Wim pushed the send button and 

submitted my thesis to the reading committee. Yes, the silver lining finally 

came after those dark clouds. At the end, I would like to express my deep 

gratitude to my supervisors and all the people who kindly helped me to 

make this happen.  

It is a pleasure to thank my colleagues and friends who made the lab 

a friendly environment for working, Yang, Luis, Edu, Merel, Burcin, Isil, 

Roy, Orn, Sytze, Yvonne, Erik, kristel, Maarten, Kimberley, Amr, Jeffrey, 

Reka, Dandan, Yinan, Luan, Jia, Haili, Maria, Giuliana, Karina, Lies, Aida, 

and Lucia thanks for the nice chat and great moments. I am also grateful of 

our biopharmacy football team members: Andhyk, Bo, Feilong, Michele, 
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Mohammed, Jan jaap. Don’t forget our slogan: ‘’We are biopharmacy we 

are the winners.’’  

Special thanks to  Barbara for being such a kind and helpful person. 

I had a pleasure to work with great technicians including Ebel, Jeop, Georgi, 

Roel and Louis. Enrico, Tina and Raymond, it was always nice to have a 

short conversation with you.  

Apart from research, I enjoyed talking and spending my time with 

many Iranian friends. Ali/Mehrnoosh, Fariba/Amir, Sulmaz/Hamid thanks 

for all the nice time and delicious food we had in your houses. Neda and 

Yaser, many thanks for being such a great friends, I enjoyed our short trips 

in/around the city with your car. Sima, I enjoyed our short conversations 

about language and music. Mohadeseh/Ali, it was very nice to have you 

around. Negar and Neda K, thanks for your friendship and our BBQ parties. 

Vida and Kamal, many thanks for organizing weekend trips, you are great 

friends. Mozafar and Hero, it was nice to stop by and say some Kurdish 

words. Maryam Amidi thanks for your valuable suggestions. It was always 

nice to have a short greeting with other Iranian colleagues including Nazila, 

Afrouz, Shima, Amir (G & V),Yahya, Mercedeh, Marziyeh and Niloufar. 

I have been very blessed in my life for having great friends. Peyman, 

Nazanin, Soheil, Nafiseh and Arash, thank you so much for all the time we 

spent together, I never forget our trip together to Vienna and also our 

memorable euro trip. There are nothings like loyal and dependable friends. I 

also would like to thank Maryam/Mojtaba, Amir Raoof, Fatemeh and 

Hamed for many nice moments that we shared together.  
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There are no words for describing my appreciation to my friends and 

former teachers in Tabriz and Kermanshah Universities including Y. Omidi, 

J. Barar, M. Barzegar-jalali, Hamed and Hadi Hamishehkar, G. Mohammadi 

and M. Mojarrab.  

I would like to express my deep appreciation to Latif Safari who 

always encouraged me to do my PhD.  

I would also like to thank my mother and the rest of my family and 

relatives, who supported and encouraged me in spite of all the time it took 

me away from them.  

Last and not least: I beg forgiveness of all those who have been with 

me over the course of the years and whose names I have failed to mention." 

Thank you all, 

Farshad 

 


