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Abstract 
Currently, research in the pharmaceutical industry aims to find innovative drug delivery 

systems to obtain medicines suitable for the administration route, to reduce the side effects and 

adverse reactions, allowing a specific drug action and increasing the patient compliance. Some 

therapeutic agents are proteinaceous compounds characterized by having a short half-life, being 

rapidly hydrolysed and degraded enzymatically in vivo involving multiple administrations. 

Microencapsulation technology arises in the context of drug delivery systems because its many 

techniques, allow to protect the therapeutic agent from the rapid hydrolytic and/or enzimatic 

degradation, from potential oxidation, among other reactions, allowing its controlled release in 

order to reach its desired concentration over time. Thus, traditional therapies have been 

progressively replaced by technologies for drug delivery systems, as microencapsulation. One of 

the greatest current challenges in this area is to develop a drug delivery system for the treatment 

of ocular diseases due to the unique ocular anatomy and physiology, being particularly important 

in the treatment of posterior eye pathologies since they are the major cause of blindness in 

developed countries, highlighting the age-related macular degeneration. Within the 

microencapsulation technology, stands out the double emulsion by solvent evaporation technique 

as a therapeutic strategy to overcome systemic administrations. Biodegradable polymers are 

encapsulating materials widely used in these type of trials because they can prevent the 

requirement of surgical intervention for its removal after the therapeutic agent action. In this 

study were prepared and characterized microspheres of an active compound, which due to 

business secrecy, is going to be designated as active pharmaceutical ingredient or API, for the 

treatment of the age-related macular degeneration in order to investigate the influence of 

polymer and formulation parameters on microspheres size distribution, on the outer and inner 

microsphere morphology, its API encapsulation and its sustained release properties.Experimental 

API loading ranged from 2.03-4.60% and the encapsulation efficiency  between 39.4-86.6%. The 

median particle size ranged between 44.17 µm and 58.33 µm. The obtained microspheres were 

generically spherical, monodisperse, porous and superficially rough. It was performed the in vitro 

sustained release study of the API. Almost all formulations showed a high API release one day after 

the start of the assay. It was concluded that polymer and formulation parameters affected the 

encapsulation and the in vitro release of the API. 

 
 
 
 
 

 
 

Keywords: Microencapsulation, microsphere, active pharmaceutical ingredient, drug delivery 

system, age-related macular disease, solvent evaporation, double emulsion  
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Resumo 
Atualmente a investigação na indústria farmacêutica tem como principal objectivo encontrar 

sistemas inovadores de libertação direcionada e controlada de fármacos que permitam obter 

medicamentos que sejam adequados ao modo de administração, que reduzam os efeitos laterais 

e reacções adversas, permitindo uma acção específica do fármaco e aumentado a sua adesão por 

parte do paciente. Alguns agentes terapêuticos são de natureza proteíca e deste modo, são 

caracterizados por possuirem um tempo de meia-vida curto, sendo rapidamente hidrolisados ou 

degradados por via enzimática in vivo o que implica múltiplas administrações. A tecnologia de 

microencapsulação surge no contexto dos sistemas de libertação controlada de fármacos pois as 

suas diversas técnicas permitem proteger o agente terapêutico da rápida degradação hidrolítica 

e/ou enzimática, da potencial oxidação, entre outras possíveis reações, possibilitando que este 

seja controladamente libertado de modo a atingir a sua concentração desejada ao longo do tempo. 

Deste modo, as terapias tradicionais tem sido progressivamente substituidas por tecnologias para 

a libertação direcionada e controlada de fármacos como a microencapsulação. Um dos maiores 

desafios actuais nesta área é desenvolver sistemas de libertacão direcionada e controlada de 

fármacos para o tratamento de doenças oculares devido anatomia e fisiologia ocular únicas, sendo 

particulamente importante no tratamento de patologias da parte posterior do olho, uma vez que 

são a maior causa de cegueira em países desenvolvidos, destacando-se a degeneração macular 

relacionada com a idade. Destaca-se a técnica de dupla emulsão por evaporacão do solvente que 

surge como estratégia para a formulação de fármacos que permitam ultrapassar as actuais 

barreiras terapêuticas como as administrações sistemáticas. Polímeros biodegradáveis são 

materiais encapsulantes muito utilizados nestes ensaios pois previnem a necessidade de 

intervenção circúrgica para a sua remoção após a acção do agente terapêutico. Neste estudo 

preparou-se e caracterizou-se microsferas de um composto activo que por questões de sigilo 

empresarial, será designado por ingrediente farmacologicamente activo ou API, para o tratamento 

da degeneração macular relacionada com a idade de modo a investigar a influência de parâmetros 

poliméricos e de formulação na distribuição do tamanho das microsferas, na morfologia interna e 

externa das microsferas, na encapsulação do API e nas suas propriedades de libertação sustentada.  

O encapsulamento variou entre 2.03-4.60% e a eficiência de encapsulação entre 39.4-86.6%. A 

mediana de tamanho de partículas variou entre 44.17 µm e 58.33 µm. As microsferas obtidas eram 

gerericamente esféricas, monodispersas, porosas, superficalmente rugosas. Foi realizado o estudo 

da libertação in vitro do API. Verificou-se que quase todas as formulações apresentavam uma 

libertação do API elevada após um dia do início do ensaio. Concluiu-se que os parâmetros 

poliméricos e de formulação afectaram o encapsulamento e a libertação in vitro do API. 

Palavras-chave: Microencapsulação, microesfera, ingrediente farmacologicamente activo, 

sistema de libertação direcionada e controlada de fármacos, denegeração  macular relacionada 

com a idade, evaporação do solvente, dupla emulsão. 
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1 Introduction 

1.1 Background  

Currently, pharmaceutical investigation is focused to find new and innovative drug delivery 

systems (DDS), in order to obtain pharmaceutical products to reach the market, reducing the 

adverse reactions and side effects, being suitable for the required administration mode, allowing 

site-specific delivery and also increasing drug shelf-life and improving patient compliance 

(Agnihotri et al., 2012). The development of techniques for ocular delivery is the biggest challenge 

in the DDSs area due to the unique eye anatomy and physiology. Relatively to ocular diseases, 

posterior eye pathologies are the major cause of blindness in developed countries. There are 

several delivery systems for ocular diseases such as implants, microparticles and nanoparticles. 

The chosen delivery system should not disrupt the patients vision and remain in the eye 

sufficiently. Presently, the most promising DDS carriers are microparticles. Microencapsulation 

techniques has been intensively explored not only by pharmaceutical industry but also by food, 

cosmetics, textil, biomedical, agricultural and electronic industries (Casanova and Santos, 2015). 

Among these industries the pharmaceutical industry is the major driving force in the research and 

application of microencapsulation technology. Within pharmaceutical industry, the above-

mentioned technology pretends to encapsulate  active pharmaceutical compounds (APCs)1. 

Microparticles are constituted by combinations of the APC and biomaterials. Regarding the 

microencapsulated APCs, these therapeutic agents can be proteinaceous nature (peptides and 

proteins) characterized by having a short half-life, being quickly hydrolyzed or being enzymatically 

degraded in vivo, which implies multiple administrations. Thus, microencapsulation techniques 

protect the APC from degradation, allowing these compounds being slowly released in order to 

obtain the required treatment concentration of APC over time (Ma, 2014). Depending on the 

biomaterial properties, particularly if they are erodible or non-erodible, they can disappear from 

where they were administrated or remain there throughout the patient lifetime, respectively. 

Nevertheless the application of microencapsulation for ocular delivery still remains a challenge 

(Gaudana et al., 2010) mainly on size control, size distribution and morphology of the 

microparticles formulated in order to achieve a sustained release of the APC. Therefore and 

despite the challenges inherent with the eye structure is imperative to develop delivery systems 

among microencapsulation technology in order to achieve the ocular APC required levels within 

the desired therapeutic range (Herrero-Vanrell et al., 2001). Microencapsulation in the 

pharmaceutical industry, especially for ocular delivery systems should be seen as a potential 

technological strategy to overcome the therapeutic limitations of systemically administration of 

APCs.  

                                            
1 For differentiation and better understanding, generically active pharmaceutical compounds are identified with the 
abbreviation APC, while the active pharmaceutical compound under study is identified by the abbreviation API 
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1.2 Retinal diseases and other intraocular pathologies 

Eye can be considered a complex anatomical and physiological device. This organ can be 

broadly divided in two segments: the anterior and the posterior segment. The anterior segment 

of the eye includes the cornea, conjunctiva, sclera and the anterior uvea parts. The posterior 

segment comprises the retina, vitreous, macula and choroid parts (Urtti, 2006). Although, lack of 

worldwide data is available about the incidence of anterior and posterior eye diseases, is known 

that 55% of visual impairment is due to posterior eye pathologies, while only 5% of ocular 

pharmaceutical sales account for the posterior eye ailments segment. It is predicted that in 

developed countries, dysfunctions and diseases affecting the posterior segment of the eye are the 

major causes of blindness. The main blinding diseases are diabetic retinopathy (DR) and age-

related macular degeneration (AMD). It is predicted that DR is the major cause of irreversible 

blindness in adults aged 20 to 65 years. The AMD described as a multifactorial neurodegenerative 

pathology characterized by the progressive degeneration of photoreceptors in the macular region 

of the retina, resulting in irreversible central vision loss (Ratnapriya et al., 2013) is considered the 

leading cause of blindness among adults over 65 years with a prevalence of 20% in the group of 

aged 65 years to 74 years and 35% in the group of aged from 75 to 84 years (Kaur and Kakkar, 

2014). Nevertheless, other posterior eye diseases include uveitis, endophtalmitis, glaucoma, 

macular edema, retinitis pigmentosa (RP), vitreoretinopathy (PVR), acute retinal necrosis (ARN) 

and cytomegalovirus retinitis (CMV). Commonly, posterior eye pathologies are chronic and 

degenerative (Herrero-Vanrell et al., 2014). Nowadays, the most common treatment for posterior 

eye pathologies is surgery. Nonetheless, a multidisciplinary understanding of eye anatomy and 

physiological environment associated with advances in ocular delivery systems, novel drug 

therapies may become viable alternatives to surgery. 

 

1.2.1 Dosage forms for posterior segment eye diseases 

Since the posterior segment eye pathologies are the most common of all intraocular 

diseases and generally treatment requires surgery, the development of DDSs for the treatment of 

these diseases is essential. Different and innovate systems for intraocular DDS have been 

intensively studied in order to achieve the desired and sustained concentrations of the APC, in the 

target site.  

These systems are constituted by combinations of the APC and biomaterials. According to 

their size and morphology, are classified as implants (>1mm), microparticles (1-1000 µm) or 

nanoparticles (1-1000 nm) (Herrero-Vanrell et al., 2014). Implants and microparticles are able to 

release the APC for longer periods of time compared to nanoparticles. The deployment of 

implants, depending on their size, usually requires small perforation or surgical incision. Various 

non-biodegradable and biodegradable implants are nowadays approved for clinical use and they 

function as APC reservoirs in a polymeric layer. These systems remain within the patient's eye for 
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lifetime or is required a second surgical procedure to remove the implant. As implants, 

microparticles may disappear or remain at the administration site. Microparticles main advantages 

over implants are: no surgical incision for administration is required and moreover, they can 

overcome the blood-ocular barrier, unlike implants (Herrero-Vanrell et al., 2014). These systems 

allow the APC release over time with a single administration, achieving the desired effects as 

conventional multiple administrations and thus enhances patient compliance. However, in order 

to be used in the treatment of intraocular diseases, these systems as APC carriers must be 

biocompatible, stable, safe and demonstrate predictable degradation kinetics. Specifically, these 

systems must biodegradable in order to avoid surgical removal. All these settings can be achieved 

by careful adjustment of all parameters associated with their production.  

Therefore, microparticles with APCs are good candidates for personalized medicine: 

different amounts of particles can be administered depending on the patient's needs. One of 

posterior segment eye diseases in which the APC amount administered to the patient should be 

adjusted regarding the disease stage is the AMD. 

 

1.3 Microencapsulation  

Microencapsulation is classified as a general set of quality preservation methods of sensitive 

substances and its techniques allow the production of materials with new valuable properties (Mali 

et al., 2012). A more accurate definition can be described: it is a process of enclosing micron-

sized material comprising an active ingredient intently to protect it from the external 

environoment (Kaur et al., 2013). The active ingredient can be temporary or permanently 

protected. The active ingredient is termed as core material and the shell of the second material 

is designated as encapsulating or wall material (Carvalho et al., 2015). The resulting products of 

microencapsulation techniques are designated as microparticles (Figure 2). Microparticles can be 

microspheres and microcapsules (Herrero-Vanrell et al., 2014), distinguished by internal structure 

and morphology (Jyothi et al., 2010), even though the terms are often used synonymously. 

Microspheres and microcapsules are differenciated in reservoir systems and matrix systems 

(Yasukawa et al., 2004). 

                               

 

Figure 1 - Differences in inner morphology between microcapsules (A) and micropheres (B) 

(A)                                                          (B) 
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In microspheres production, the active ingredient is heterogeneously dispersed in a polymeric 

matrix. In the case of microscapsules production, the active ingredient is surrounded by a 

polymeric shell (Nordstierna et al., 2010). This technological approach of encapsulating an active 

compound in a second material, is being explored by pharmaceutical (68%), food (13%), cosmetic 

(8%), textile (5%), biomedical (3%), agricultural (2%) and electronic (1%) industries (Casanova and 

Santos, 2015). The industrial use of microencapsulation technology was firstly presented by Green 

and Schleicher in 1950s with a patent registration for the preparation of capsules containing dyes, 

whose intend was incorporate microcapsules into paper for copying purposes (Green, 1956). 

However the study of this technology started earlier: this technology began to be studied in 1930, 

focused in drugs encapsulation (Tran et al., 2011).  

Regardless of the application field, the small size of the particles give them unique 

properties such as a large surface area, which allows the occurrence of many superficial 

physicochemical processes as chemical reactions, adsorption and desorption processes and light 

scattering (Dubey et al., 2009). Depending on the application they are intended for, the core 

materials may exist in solid, liquid or gas and its size is preponderant in the diffusion process, 

sustained release and permeability. The shell material can be permeable, semi-permeable or 

impermeable. An important criterion to take into account is the compatibility between the two 

materials (shell and core materials) since it affects the encapsulation efficiency (EE) (Estevinho 

et al., 2013). Microparticles may be characterized according to their size, shape, morphology, 

zeta potential, EE and drug loading (Casanova and Santos, 2015). According to their morphology 

(Figure 3), they may be classified as mononuclear, polynuclear or matrix type. Mononuclear 

microcapsules are microparticles that have only one hollow chamber, nevertheless, in this type of 

morphology are included microcapsules with a single core but also with multiple shells. Similarly, 

polynuclear microparticles are microcapsules, but diverge from the first type because they have 

different cores within the shell and therefore a variable number of chambers. The matrix type 

microparticles are microspheres and consequently they possess the compound of interest 

embedded in a matrix (Casanova et al., 2016). The microparticles shape examination can be done 

by light microscopy or by scanning electronic microscopy (LM or SEM). Particle size analysis is 

carried out using laser diffraction techniques. Infrared spectroscopy (IR), allows the 

characterization of the polymer and the encapsulated compound. Differential scanning 

calorimetry (DSC) technique enables the analysis of the microencapsulation process and the 

interactions between the wall and the core. For evaluation the difference between the crystalline 

portion and the amorphous part of microparticles, X-ray diffraction technology is currently the 

approach used. Gel permeation chromatography technique (GPC) can be applied to determine the 

molecular weight (𝑀𝑤) of the microparticle components (Herrero-Vanrell et al., 2013). The EE 

depends on several parameters such as the nature of the core (𝑀𝑤, polarity, volatility and 
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chemical properties), the nature of the wall material and the encapsulation technique used 

(Selvaraj et al., 2012).  

 

 

Figure 2 - Morphology of microparticles 

 

1.3.1 Microencapsulation for drug delivery systems  

Presently, pharmaceutical research seeks to find new and innovative DDSs, in order to 

obtain pharmaceutical products to reach the market associated with specific goals such as the 

reduction of adverse reactions and side effects, being suitable for administration mode, allowing 

site-specific delivery, improving the shelf-life and patient compliance (Agnihotri et al., 2012). An 

efficient DDS is the one that allows the APC to reach the target site, in the required time and for 

the desired time. Four major factors are considered to achieve an efficent DDS: administration 

route, pattern of APC release, method of delivery and production process also known as 

formulation process (Sinha and Trehan, 2003). Many of the non-microencapsulated APC are 

administered repeatedly which makes the therapeutic regimen more frequent and always under 

medical supervision. Therefore, microencapsulation arises as a method for DDSs which allows to 

overcome the aforementioned difficulties. As it was above reported, for intravitreal injections, 

the formulated microparticles must be biocompatible, stable, safe and demonstrate predictable 

degradation kinetics. However, other factors such as chemical modifications on the particle 

surface can optimize the system and thus be possible to use microencapsulation for intravitreal 

injections (Herrero-Vanrell et al., 2014). Biodegradable polymers are preferable rather than non-

biodegradable polymers, since the administered microparticles disappear from where they were 

injected after the APC delivery (Herrero-Vanrell et al., 2013). The biodegradability makes these 

systems unique: microspheres are administered without the need of subsequent surgical removal. 

For biodegradable systems, the matrix structure is desirable because the APC is dispersed in the 

polymer and thus, it is released as the polymer degrades (Herrero-Vanrell et al., 2014), this means 

that the APC release depends almost exclusively of the polymer rate degradation. Thus, for ocular 

and specially for intravitreal DDSs, microspheres are the preferred morphology type. 

There are many advantages associated to the use of microspheres in DDSs: reduced side 

effects, specific action and protection of the APC of the external environment (Ma, 2014). 

Nevertheless, there are few microencapsulated pharmaceutical products available on the market 

(Stevenson, 2009). This can be explained have regard to the size control and size distribution is 
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difficult, resulting in low reproducibility of the production process, especially on a large scale. As 

a result, these DDSs are difficult to be approved. Additionally, it is considered in the case of 

microencapsulation of APCs is difficult to maintain the bioactivity of the therapeutic agent during 

all processing steps (preparation, storage and release). The APCs can even lose their therapeutic 

capacity and even increase the unwanted side effects due to deactivation of the therapeutic agent 

(Varshochian et al., 2013). Despite the difficulties that have been encountered in the 

implementation of microencapsulation for DDSs, traditional therapies have been progressively 

replaced by more advanced technologies such as microencapsulation, being focused on overcoming 

the main obstacles mentioned anteriorly. 

 

1.3.2 Microspheres preparation techniques  

There are several microencapsulation techniques to protect the APC. These techniques are 

divided into two classes: chemical and physical processes. The latter is divided into physico-

chemical processes and physico-mechanical processes (Estevinho et al., 2013). Table 1 outcomes 

the most important microencapsulation methods for DDSs, associated with their main advantages 

and disadvantages. In pharmaceutical industry, microencapsulation by solvent evaporation is the 

most used method to obtain microparticles for DDSs, in order to achieve a sustained release of 

APC with a specific release profile. There are different techniques available for 

microencapsulation by solvent evaporation. An important factor to consider in the choise of the 

technique is the hydrophobicity or hydrophilicity of the APC. 

Whitin the solvent evaporation method, single emulsion (SE) techniques, specially the oil-in-water 

(𝑜/𝑤) technique is suitable for microencapsulation in water of insoluble or poorly soluble APCs. 

This technique is considered to be the simplest and all the others are derived from this, by 

optimization, taking into account the encapsulating material and the APC.  
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Table 1 - Common methods for microencapsulation and its main advantages and disadvantages 

Type of 
method 

Method Advantages Disadvantages References 

P
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ro
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ss

 

  

SE solvent 
evaporation 

High entrapment of lipophilic APCs; Particle 
size is adjustable by changing homogenization 
speed, amount of stabilizer, viscosity of organic 
and aqueous phases 

Poor entrapment of hydrophilic APCs; Difficult to 
scale-up 

Seremeta et al.,2013 

DE solvent 
evaporation 

Allows the encapsulation of both lipophilic and 
hydrophilic APCs 

Polydispersive microparticles (large and non-
uniform); Two step process 

Bitar et al., 2015; 

 

Microemulsion Reduces the mean particle size and narrow size 
distribution compared to SE and DE techniques; 
Organic solvent free method; No energy 
consumption during the process; Scalable 

High concentration of surfactants and co-
surfactancts; Concentration step is required 

 

Destreé et al., 2008;  
 

Emulsion 
diffusion 

Allows the incorporation of thermosensitive 
APCs; Reduces mean particle size and narrow 
size distribution; Good batch-batch 
reproducibility;Use of non-toxic solvents; Easy 
to scale-up 

Long time for emulsion agitation and 
concentration of the final product are required; 
Possible organic residues on the final product; 
Poor encapsulation of hydrophilic APCs 

Hao et al., 2013;  
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High pressure 
homogenization 

 

 

Good reproducibility; Good established 
homogenization on scale-up process; Organic 
solvent free method 

 

Requires high temperatures, high energy inputs 
and complex equipment. Possible degradation of 
the components due to high pressure 
homogenization 

Silva et al., 2011 

Solvent 
injection 

Fast production; Easy to handle Possible organic solvent residues in the final 
product 

Yegin et al., 2006;  
 

C
h
e
m

ic
a
l 

p
ro

c
e
ss

e
s
 Emulsion 

polymerization 
Fast and scalable Toxic organic solvents and monomers are used; 

Difficult to remove residual iniatiors, surfactants 
from the final product 

Wu et al., 2011 

Phase inversion 
temperature 

Organic solvent free method; Non energy inputs 
required; Scalable 

Not suitable for thermosensitive APCs  Saberi et al., 2015 
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1.4 Double emulsion by solvent evaporation technique for drug delivery 
systems 

The first bibliographic reference to DEs, also known as emulsions of emulsions, is made by 

Seifriz, in 1924.  However, more detailed and intensive research on this technique date from the 

70s of the twentieth century. This method was initially described in review articles by Frenkel et 

al. (1983), Florence et al. (1981) and Matsumoto et al. (1980). Even though 𝑤1/𝑜/𝑤2 is the most 

common approach in DE, another technique is also very common: oil in water in oil technique 

(𝑜1/𝑤/𝑜2), which arises in parallel with the techniques presented, as a method for 

microencapsulating lipophilic APCs. The preparation process of 𝑤1/𝑜/𝑤2 is carried out in two 

steps: first the internal aqueous phase (𝑤1) containing the hydrophilic APC is emulsified in an 

organic phase (lipophilic emulsifer) forming the primary emulsion (𝑤1/𝑜). Afterwards, this 

emulsion is dispersed in a second aqueous phase (hydrophilic emulsifier) to form the second 

emulsion (Schuch et al., 2013). After the DE formation (particulate dispersion), occurs the organic 

solvent evaporation which leads to its insolubility and consequently to the hardening of 

microspheres (Figure 5).  

 

Figure 3 - Tipical preparation of 𝑤1/𝑜/𝑤2 technique by solvent evaporation 

 

1.4.1 Dispersed phase formulation whitin double emulsion solvent evaporation technique 

Afterward the general presentation of the 𝑤1/𝑜/𝑤2 technique is important to describe the 

main features of the DP and the CP. Regarding to the DP, it is formed by the primary emulsion 

(𝑤1/𝑜) and embodies several types of compounds: polymer, solvent and the APC. 

 

Biodegradable polymers 

Biodegradable microspheres are used as carriers in microencapsulation of APCs (Zhao et al., 

2003). A key factor in the preparation of such systems is the choice of appropried biodegradable 

polymer. Often the terms “biodegradability” and “biocompatibility” are used interchangeably. 

However, the term “biodegradability” means that compounds are degraded into non-harmful 



Formulation and characterization of polymer-based microspheres of an active pharmaceutical ingredient 

State of the art  9 

compounds while the term “biocompatible” means that compounds are tolerable and do not 

trigger adverse local or systemic response when administered. Biodegradable and biocompatible 

polymers may be synthetic or natural, may undergo degradation in vivo by enzymatic or non-

enzymatic pathways, being produced non-toxic or biocompatible by-products. The monomers or 

by-products resulting from the degradation process are excreted by normal pathways in its 

metabolized or unmetabolized forms. Nevertheless, other characteristics of these polymers, make 

them unique: high tensile strength, controlled degradation rates,thermoplasticity, controlled 

crystallinity, proven non-toxicity and controlled hydrophilicity (Sinha and Trehan, 2003). The main 

parameters that affect biocompatibility and degradation rates are the material chemistry, its 

molecular weight (𝑀𝑤), solubility, shape and structure of the polymer, 

hidropholicity/hydrophobicity, lubricity, surface energy, water absorption, degradation and 

erosion mechanisms. There are three fundamental parameters that can be manage in order to 

control APC release rate from biodegradable polymers: physico-chemical properties of polymers 

(Abraham et al., 2003), biodegradation kinetics of polymers (Zhang et al., 2002) and 

thermodynamic compatibility between polymers in co-polymers formulations (Liu et al., 2004). A 

wide variety of biodegradable polymers of natural and synthetic origin has been intensively studied 

for DE by solvent evaporation techniques. The first use of biodegradable polymers reports to 1970 

for the microencapsulation of small peptides (Singh et al., 2008). Among biodegradable polymers, 

the most used are the polyesters, specially polymers and co-polymers of lactide (LA) and glycolide 

(GL). These synthetic polymers have unique characteristics which make them the most studied 

and used in this field. Among the main features stand out: proven biocompatibility and 

histocompatibility, large available chemical data, predictable biodegradation kinetics, versatility, 

ease of fabrication, largely available toxicological data, variety in co-polymers ratios (Sinha and 

Trehan, 2003). Additionally, polymers and co-polymers made with LA and GL monomers are 

currently approved by American Food and Drug Administration (FDA) for human applications 

(Gentile et al., 2014). A high performance spectrum of such biocompatible polymers for 

microencapsulation processes in DDSs context can be obtained through manipulation of the 

following parameters: stereochemistry of the monomers, co-monomer ratio, polymer chain 

linearity and polymer 𝑀𝑤. Thus, it can be obtained different polymeric forms from the same 

monomer but which exhibit different physicochemical properties such as crystallinity, solubility 

profile and hydrophilic behaviour. The referenced physicochemical properties affect 

biodegradation and the release profile. As an example of what was aforementioned, crystalline 

domains associated with stereo irregularities inhibit polymer degradation which affect its 

degradation rate. Polymer degradation rate directly affects the number of administration doses 

required for the treatment. Amongst this group, linear co-polymers of poly(lactic-co-glycolic acid)  

usually named as PLGA are the most widely used nowadays due to their mechanical properties and 

their degradation rate can be managed by varying the ratio of its monomers (LA/GL) and by 
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changing the 𝑀𝑤 of the monomers. Other aliphatic polyesters2 such as polylactide (PLA), 

polyglycolide (PGA) and polycaprolactone (PCL) also undertake a high interest within DE by solvent 

evaporation techniques for DDSs due to their excellent biocompatibility and biodegrability. These 

polymers are formed respectively from LA, GL and caprolactone (CL) monomers. In the assembly 

of co-polymers it is usual to resort the use of polyethylene glycol polymer (PEG) because it 

increases water and APC diffusion through polymer matrix and therefore it is possible to achieve 

a faster APC release (Jeon et al., 2003) due it to its hydrophilicity. Table 2 outcomes the main 

properties of the aforementioned polymers. The aforementioned polymers are hydrolytically 

sensitive polymers. Therefore, there are two possible reactions for their production and 

subsequent use in DE evaporation solvent techniques for DDSs: step condensation polymerization 

and addition chain polymerization which includes the ring-opening polymerization (ROP). The ROP3 

has been intensively studied to develop hydrolitically sensitive polymers (Nair and Laurencin, 

2007). This type of reaction requires an initiator and a catalyst. There are many possible initiators 

described in the literature but the most widely used catalyst is stannous octoate (SnOct) in ROP 

for cyclic esters because it has low toxicity and it is approved for use by FDA (Sobczak, 2012).  

Advances in synthetic organic chemistry could be used to develop more expeditious systems such 

as the use of co-polymers and polymers which can overcome the current barriers to its use for 

DDSs. Part of the success of these vehicles for DDSs is based on the ability to optimize  

existing techniques using these versatile compounds to achieve biodegradability, biocompatibility, 

the desirec physico-chemical properties, resulting in a favorable biological response. 

Table 2  - Designation, abbreviation and main properties of some biodedegrable polyesters 
Designation 

Abbreviation 
Properties References 

Poly(lactic-co-glycolic acid) 

Poly(lactide-co-glycolide) 

PLGA 

Proven biodegrability and 
biocompatibility 

 

Bahl and Sah, 2000;  
 

Poly(lactic acid) 

Polylactide 

PLA 

Proven biodegrability and 
biocompatibility; Slow degradation 
rate compared to PLGA 

Huang and Chung, 2001;  
 

Polyglycolic acid 

Polyglycolide 

PGA 

45-55% of crystallinity; High tensile 
modulus; Low solubity in organic 
solvents 

Gunatillake et al., 2006 

                                            
2 Aliphatic polyesters exhibit a high interest due to its proven biocompatibility and biodegradability. These polymers 
degrade by hydrolytic pathway through cleavage of ester bonds in its backbone, however, the understanding on the 
enzymatic role in the biodegradation process is not yet fully clarified(Abraham et al., 2003) 
3 This polymerisation method consists in converting organic cyclic compounds into linear organic compounds, by ring 
opening. The structural units formed with this type of polymerization have the same composition as the monomer unit 
that gave rise to it 
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Table 3  - Designation, abbreviation and main properties of some biodedegrable polyesters 
(cont.) 

Designation 

Abbreviation 
Properties References 

Polycaprolactone 

PCL 

Soluble in a wide range of organic 
solvents; Low melting point (55-60 
ºC); Low degradation rate (2-3 years); 
High permeability to many APC; Non-
toxic 

Nair and Laurencin, 2007 

Poly(ethylene glycol) 

PEG 

Often synthesized with PLGA, PLA, 
PGA and PCL in order to improve 
degradation rate 

Yang et al., 2000 

 

Solvent 

The application of DE by solvent evaporation technique in DDSs context, requires the choice 

of the most suitable solvent. Thus, the chosen solvent must obey the following criteria: must 

dissolve the polymer chosen, should be poorly soluble in the CP, should have a high volatility, 

should have a low boiling point and finally must have low toxicity. Table 3 outcomes the most 

used solvents according to the technique described, as well as its main physico-chemical 

characteristics, advantages and disadvantages of their use in such systems. Other compounds may 

be added to the DP. These compounds are usually divided into two classes: co-solvents or porosity 

generators. Generally, co-solvents are used when APCs that are soluble in the CP. The choice of 

co-solvent used should take into account the hydrophobic/hydrophilic nature of APC (Luan et al., 

2006). Therefore to hydrophilic APC, organic solvents immiscible with water should be selected. 

When an increase in APC release rate is required, porosity generator solvents, also known as 

porosigen or porogen, may be used to generate microspheres with internal pores which increase 

the rate of degradation and thus APC release rate is improved. In this case, organic solvents 

immiscible or poorly miscible with the polymer are considered suitable when incorporated in the 

system because they tend to form pores. However, the excessive use of such solvents can lead to 

a high porosity, which substantially reduces the EE. The choise of the solvent depends on the 

polymer nature (Yang et al., 2000). 

 

Table 4 - The most common solvents an its main properties used in 𝑤1/𝑜/𝑤2 technique 

Compound Chloroform Dichloromethane(DCM) Ethyl acetate Ethyl formate 

CAS Number 

Chemical formula 

67-66-3a 

CHCl3
a 

75-09-2b 

CH2Cl2
b 

141-78-6c 

C4H8O2
c 

109-94-4d 

C3H6O2
d 

𝑴𝒘  (g.mol-1) 119.37a 84.93b 88.11c 74.08d 

Boiling point (ºC) 
(at 760 mmHg) 

61.67a 39.75b 77.22c 54.22d 

Water solubility 
(mg.L-1) (20 ºC) 

8a 20b 77c 54d 
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aPubChem, 2004a; bPubChem, 2004b; cPubChem, 2004c; dPubChem, 2005;eLi et al., 2008 
CAS – Chemical Abstracts Service 

mmHg - millimeters of mercury 

Table 5 - The most common solvents an its main properties used in 𝑤1/𝑜/𝑤2 technique (cont.) 

Vapour pressure 
(kPa) (20 ºC) 

21.2a 45.3b 90c 105d 

Advantagese Low solubility in 
water 

Dissolve the majority of 
polymers; Almost 
immiscible with water; 
High volatility; Quite 
low boiling point 

Low toxicity Low toxicity 

Disadvantagese Higher toxicity 
compared to DCM 

High toxicity Partially soluble 
in water; Low 
vapour pressure 

Partially 
soluble in 
water 

 

 

1.4.2 Continuous phase formulation within double emulsion solvent evaporation technique 

The CP comprises a tensioactive agent, also known as surfactant. The agent according to 

the 𝑤1/𝑜/𝑤2 by solvent evaporation technique is used to disperse the 𝑤1/𝑜 immiscible with the 

surfactant, thereby creating the DE. In addition, this agent helps to stabilize the DE obtained. In 

relation to its stabilizer effects, to maintain the physico-chemical properties of a dispersion of 

two or more phases is essential to use stabilizers. Therefore, the stabilizer prevents phase 

separation, this is, prevent that the internal aqueous phase contacts and mixes with the external 

aqueous phase which would lead the system to end being DE (𝑤1/𝑜/𝑤2) and start to behave as a 

SE (𝑜/𝑤1𝑤2). In addition, the surfactant reduces the surface tension in the CP and also prevents 

the agglomeration and coalescence of the microspheres. Thus, it acts not only as DE stabilizer and 

also as microsphere stabilizer: maintain the integrity of the DE but also allows the formulation of 

microspheres with a more regular size and small size distribution. Additionally, Pistel and Kissel 

(2000) report that the use of salt in the external aqueous phase stabilizes the system 

(compensating osmotic gradients), resulting in an increase in the EE and reduced burst release4 of 

active compound, improving additionally, the morphological characteristics of the formed 

microspheres. As surfactant is an amphiphilic agent, it covers the surface of the droplets with its 

hydrophobic moiety.  The most commonly used surfactants in DE systems by solvent evaporation 

are  amphoteric tensioactive agents such as polyvinyl alcohol (PVA), Tween 80 and Span 80 

(Rizkalla et al., 2006). Of the three aforementioned stabilizers, PVA is the most commonly used 

because it is an hydrophilic biocompatible polymer, having low fouling potential and good 

mechanical strength. Additionally, it is thermostable and also provides stability relative to pH. 

These unique properties make PVA suitable stabilizer in DE for DDSs (Xia et al., 2013). 

Nevertheless, the use of anionic and cationic surfactants, such as, respectively, sodium dodecyl 

sulfate (SDS) and cetyltrimethyl ammonium bromide (CTAB) are reported (Li et al., 2008). An 

                                            

4 This term will be detaily addressed in chapters 4 and 5. 
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interesting fact is that increasing the surfactant concentration decreases microspheres size 

because the addition of the surfactant lowers the surface tension in the CP, this, in turn, decreases 

microspheres size. However, there is a limit to the addition of surfactant due to the critical micelle 

concentration (CMC) effect: when the surfactant concentration reaches a certain level, the 

primary emulsion surface is completely filled with the surfactant agent and therefore further 

surfactant addictions make this compound to organize into micelles and thus the surface tension 

at the outer aqueous phase may not decrease more, which indicates the existence of a limit to 

the minimum size for microspheres that could be reach increasing the surfactant concentration 

(Yang et al., 2001).When a high stirring speed is required, it can be added to the CP, anti-foaming 

agents. Increasing the stirring speed, results in more air enters in the system and foam can be 

accumulated. This accumulation is undesirable because it disturbs microspheres formation. To 

solve this problem, silicon antifoaming agents can be added to increase the speed at which air 

bubbles are dissipated and thereby decrease the foam that interfers with the microspheres 

production (Nader et al., 2006). 

 

1.5 Parameters affecting microspheres properties 

The main factors that influence microspheres properties are divided into three classes:  

properties of materials, formulation parameters and operating conditions. Within the materials 

properties, there are two sub-classes that should take into account: the features of the DP 

(solvent, polymer, APC and co-solvent) and the characteristics of the CP (sufactant, stabilizers 

and antifoam agents). Within the class of formulation parameters, the most important factors are: 

the viscosity of the DP, volume fraction of the DP in the CP, the amount of APC in the DP and the 

surfactant concentration. Within operating conditions, should be considered the agitator and 

reactor geometry, the stirring speed, temperature and pressure. All of these factors affect 

microspheres properties. The main properties affected are the mean microsphere size, size 

distribution, surface morfology, inner structure and the EE. These properties affect the release 

profile of APC (Li et al., 2008). Table 4 outcomes the main factors associated with formulation 

parameters and operating conditions that affect microspheres properties. The impact of viscosity 

on the microspheres size depends on the viscosity of the CP and the viscosity of the DP. Increasing 

the viscosity of DP, increases the average size of the microspheres while increasing the viscosity 

of the CP results in a decrease in microspheres size. Generally, the viscosity of the CP is not 

considered as a size modeling parameter since its viscosity is more close to the viscosity of the 

water when compared to DP viscosity and hence, this is rarely modified. Additionally, a viscous 

CP entails a more complicated microspheres recovery process: microspheres recover from a 

viscous liquid is operationally more difficult than recovering them from a liquid with viscosity close 

to the viscosity of water. Therefore, changes in microspheres size by changes in viscosity is 

achieved by changing the viscosity of the DP. The viscosity of the DP varies with the concentration 
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of polymer and its 𝑀𝑤: increasing either of these two variables increases its viscosity which results 

in an increase of microspheres size and APC encapsulation efficiency. The reverse is also true: 

decreasing the concentration or the polymer 𝑀𝑤, decreases the viscosity of the DP and hence, 

microspheres size. The choice of solvent also determines the viscosity of the DP. However, 

changing the solvent to achieve significant changes in the viscosity of the DP is seldom taken into 

account, since the solvent is chosen so to provide an optimal production conditions, which includes 

a high solvent evaporation (André-Abrant et al., 2001). Regarding the amount of APC present in 

the DP is known to affect the surface morphology and the amount of encapsulated APC. An increase 

in the amount of APC in the DP improves the EE. The loss of APC for the CP is considered constant 

since the operating conditions do not undergo changes (André-Abrant et al., 2001). However, when 

too much APC is loaded, the EE may decrease. Three possible reasons can lead to this observation. 

The first explanation is based on the fact that the amount of APC that may be present in the 

solvent is limited, so, during microspheres solidification, the amount of the solvent in the DP 

descreases and hence the APC tends to be expelled to the CP. The second explanation is based on 

morphological characteristics: a higher encapsulation is associated to more porous microspheres 

and irregularly shaped. During microsphere solidification process, shrinkage due to solvent 

removal increases the volume occupied by the internal aqueous phase (𝑤1) inside of microspheres 

which can induce the 𝑤1 to contact miscrospheres surface which leads the APC to be expelled and 

resulting in surface pores formation. Consequently, is expected that porous surfaces are 

responsible for the release of the APC from the DP to the CP. Finally, is considered that a high 

APC loading increases the risk of APC leakage due to limited space within microspheres and 

shrinkage during solidification. Thus, 𝑤1 droplets should not be too big in order to avoid 

coalescence between them and because larger droplets are less stable inside microspheres. 

Therefore, is considered there is a limit to the amount of APC that may be encapsulated, which 

depends on the system under study (Li et al., 2008). Regarding operating conditions, stirring speed 

is considered one of the most important conditioning factors to microspheres size: increasing the 

stirring speed, microspheres average size is reduced. Other factors associated with agitation are 

also considered important to microspheres size, among which should be highlight the reactor 

geometry, the impellers number, its position and the ratio of impellers diameter to the reactor 

diameter (Kriznar et al., 2003). Other parameters to take into account are temperature and 

pressure. The solvent rate evaporation can be accelerated by increasing the temperature of the 

CP or by reducing the pressure in the reactor. However, the increase of temperature is associated 

with some disadvantages: the total mass recovery decreases, EE also decreases, the mean size 

distribution shifts to larger sizes and the morphology becomes coarser. Additionally, the 

temperature can not be too high in order to avoid reaching the solvent boiling point, moreover, it 

could lead to the proteinaceous active compound desnaturation. Since of all the aforementioned 

disadvantages associated with the increase of temperature, reducing the pressure in the reactor 
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is a viable alternative to accelerate the evaporation rate of the solvent and also it can improve 

the encapsulation efficiency (Miyazaki et al., 2006). As reduced pressure increases solvent 

evaporation rate, this should be kept as low as possible, however there is a limit: when the 

pressure is lower than the solvent saturated vapor pressure at a given temperature, the solvent 

begins to evaporate. This leads to bubble formation which can destroy 𝑤1 droplets. Thus, the 

pressure must be maintained above the solvent vapour saturation pressure. Microspheres produced 

at atmospheric pressure are more rough and porous while microspheres produced under reduction 

pressure conditions are smoother and less porous. This is due to the polymer crystallinity: 

crystalline polymeric matrices have rough surfaces associated with a high surface area while the 

amorphous polymeric matrices have smooth surfaces with low surface areas. Solvent removal 

under reduced pressure conditions is fast, not allowing to the polymer to crystalize and thus, 

smooth microspheres are obtained. Contrary, solvent removal at atmospheric pressure, as occurs 

slowly, allows the polymeric matrix to achieve a high degree of crystallinity and therefore rough 

and porous microspheres are obtained. Thus, due to their typically more porous surface, 

microspheres prepared at atmospheric pressure have initial high APC release. The choice of the 

optimal pressure depends on the release rate desired (Li et al., 2008). The final analysis should 

consist to find the optimum pressure and temperature conditions that enable a rapid and efficient 

solvent extraction taking into account the desired microspheres characteristics. The main material 

properties, formulation parameters and operational conditions associated to their main factors 

that influence microspheres properties, which in turn affect the APC release, were presented. 

However, lack information is available about the internal morphology of microspheres and how 

the abovementioned parameters affect this property. 

 

 

Table 6 - Formulation parameters and operating conditions affecting microspheres properties 

Type of 
factor 

Factor 

Impact on microspheres properties 

References Surface 
morphology 

Size Drug encapsulation 

In
c
re

a
se

 o
n
 f

o
rm

u
la

ti
o
n
 p

a
ra

m
e
te

rs
 

Viscosity of DP 
Smoother 
surface 

Bigger 
diameter 

Increase of 
efficiency;Slower 
drug release 

André-Abrant et al., 2001; 

 

Volume 
fraction of DP 
on the CP 

n.a. 
Decrease in 
diameter 

Increase of 
efficiency 

Deluca, 1997;  

 

APC quantity 
in the DP 

More 
porous and 
irregular 
shapes 

n.a. 

Low efficiency with 
high APC loading 
due to big pores 
formation 

Witschi and Doelker, 1998 

Surfactant 
concentration 

n.a. 
Smaller 
diameter 

n.a. Yang et al., 2001 
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1.6 Preparation of monodispersed microspheres 

Microspheres formulated according to the DE technique by solvent evaporation are generally 

heterogeneous and exhibit a wide size distribution. They usually are polydispersed, even though 

its size and external morphology can be controlled by variation of above mentioned factors (sub-

chapter 1.5). However, for DDSs is intended to obtain microspheres with approximated sizes, this 

is, with a narrow size distribution. In some cases, obtaining monodispersed microspheres is not a 

determining process factor. If the average size, surface morphology, the EE and physico-chemical 

properties are the desired ones, obtaining polydispersed microspheres may be appropriate. 

However, for intravitreal injections, specifically for AMD treatment, a high APC loading is required, 

which implies a high concentration of microspheres, which is achieved by producing 

monodispersed microspheres. 

 

1.6.1 Membrane emulsification to obtain monodispersed microspheres 

One of the most important steps in the manufacturing process of microspheres according 

to the 𝑤1/𝑜/𝑤2 technique is to achieve stable emulsions: both the 𝑤1/𝑜 and the secondary 

emulsion. For the secondary emulsion, the way is manufactured controls the 𝑤1 droplet size which 

affects the size and size distribution of microspheres. Traditionally, these emulsions are formed 

according to conventional methods of generating turbulence, among which stand out pressure 

homogenizers, ultra-sound homogenizers, spraying systems and rotor-stator systems such as 

Table 7 - Formulation parameters and operating conditions affecting microspheres properties 
(cont.) 

Type of 
factor 

Factor Impact on microspheres properties References 

 

 
Surface 

morphology 
Size Drug encapsulation  

O
p
e
ra

ti
o
n
 c

o
n
d
it

io
n
s
 Increase of 

agitation rate 
n.a. 

Smaller 
diameter; 
Small size 
distribution 

n.a. Kriznar et al., 2003 

Reduced 
pressure 
(compared to 
atmospheric 
pressure) 

Smoother 
surface 

Smaller 
diameter 

Can improve or not 
the APC 
encapsulation 
efficiency 
(different 
observations by 
different authors); 
Slower APC release 

Chung et al., 2001 
 

Increase of 
temperature 

Coarser 
surface 

Bigger 
diameter 

Decrease of 
efficiency 

Freitas et al., 2005;  
 

n.a. – not applicable (not found on literature) 
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stirred vessels, colloid mills or toothed disc dispersing machines (Freitas et al., 2005). 

Nevertheless, innovative methods, such as membrane emulsification for microspheres size control 

have being described on literature since the late twentieth century and early twenty-first century 

(Piacentini et al., 2014). The above-mentioned method when applied to 𝑤1/𝑜/𝑤2 DE by solvent 

evaporation comprises applying a pressure to force to the first emulsion to be permeated through 

a membrane into the CP, giving the formation of the DE, when the first emulsion contacts with 

the CP. The apparent shear stress is lower than the traditionals emulsification aforementioned 

methods because microspheres are directly formed by the primary emulsion permeation through 

micropores instead of breaking large droplets into high energy density zones. Therefore, this 

technique allows the production of DE with a low energy input (104-106 J.m-3) comparing to 

traditional methods which require a high energy input (106-108 J.m-3) (Serra and Chang, 2008). The 

equipment which allows microspheres formation through membrane emulsification technique is 

called microfluidic device. There are several types of microfluidic devices, nevertheless, the most 

common type is the T-junction microfluidic device (Figure 6). In this type of device, the 𝑤1/𝑜 

phase is delivered perpendicularly via a microchannel to the main channel in which the CP flows 

(Tran et al., 2011). A set of parameters associated with the use of this technique influence the 

average size of microspheres and the CP flow during membrane emulsification process. Membrane 

properties assume great importance, in particular the type of material, pore size, porosity and 

surface wettability. The size of the microspheres increases linearly with the increase of membrane 

pore size. The membrane material also affects microspheres size distribution. The membrane 

porosity is also an important parameter because it defines the distance between two adjacent 

pores determining whether two adjacent microspheres contact and coalesce during emulsification. 

However, a low porosity is not desired: implies low flux of DP (Charcosset et al., 2005). 

 

Figure 4 - Schematic representation of membrane emulsification process (confidential image) 
  

With regard to procedural parameters are considered important to crossflow velocity and 

transmembrane pressure. Microspheres are formed under the influence of the CP flow, which is 

characterized by crossflow velocity parameter or alternatively, by the wall shear stress. Thus, 

microspheres size decrease as the wall shear stress increases and this influence is greater for small 

shear stresses. This effect of wall shear stress on reducing microspheres size is dependent upon 

the membrane pore size being more effective for smaller pores. Additionally, the process involves 

the use of a transmembrane pressure responsible for the permeation of the DP into the CP. 

Increasing the transmembrane pressure, increases the flow in the DP into CP through the 
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membrane. However, for high flow rates, the average size and size distribution tends to increase 

due to microspheres coalescence on the surface of the membrane. The transmembrane pressure 

can be modeled by crossflow velocity and the type of surfactant. The surfactant plays a crucial 

role in the process of membrane emulsification: decreases the interfacial tension between the 

primary emulsion and the CP which facilitates microspheres formulation. Lastly, is considered the 

DP viscosity as a determinant factor: the DP flow is inversely proportional to its viscosity, as 

described by Darcy's law. If the DP viscosity is high, its flow will be low and consequently the 

formed microspheres will be larger than the average pore size membrane (Charcosset et al., 2004).  

As additional forces are not required to microspheres release from the membrane, process 

conditions associated with this technique are relatively simple. Nevertheless, the production of 

such microspheres is limited by the DP flow rate. Another limitation of the use of membranes and 

microchannels is the low required solutions viscosity. Although there are other alternatives, this 

process is the simplest to implement at laboratory scale and its scale-up is possible: is described 

that it can reach 1 kg.day-1 (Tran et al., 2011). Therefore, is possible to microencapsulated 

according to 𝑤1/𝑜/𝑤2 technique shear-sensitive materials, with a precise size control of 

microspheres through the use of a suitable pore size membrane. 

 

1.7 Sustained release of active pharmaceutical compounds  

The knowledge of the release mechanisms and physical-chemical processes that influence 

the release rate is essential to develop a sustained-DDS. For the sustained release of hydrophilic 

APC accordling to the 𝑤1/𝑜/𝑤2 technique, three mechanisms are involved: (i) dissolution of the 

polymer namely as erosion and does not imply APC transport, (ii) APC movement through water-

filled pores and (iii) transportation of the APC in microchannels inside the polymer by polymer 

hydrolysis. Due to the complexity of the process, is not possible to define which of the mechanisms 

is dominant: it is impossible define the rate-determining process. The transport through water-

filled pores (ii) is the most common route for the APC release because the majority of these 

compounds are proteinaceous and are, therefore, too large and hydrophilic to be transported 

through the polymeric matrix. It can occur by diffusion or by convention, in the case of swellable 

polymeric matrices or in the case of polymeric matrices that do not have the ability to swell, 

respectively. If the polymer is capable of absorbing water, diffusional processes are dominant and 

therefore random movements of molecules are driven by a chemical potential gradient 

(approximated by a concentration gradient). When the polymer has poor or no tendency to absorb 

water, as in the case of ethyl cellulose polymer, the APC is transported through water-filled pores 

by generating osmostic pressure which can be created by the inflow of water into the system. 

However, in most cases, the polymeric matrix used for the sustained release of APC is capable of 

absorb water and usually have polymeric flexible chains, which determines, difussion as the main 

process in APC transport via water-filled pores.  The erosion process (i) may occur either on the 
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surface and internally. The in vivo administration exposes the polymeric matrix to high water 

content, which facilitates the hydrolysis of the polymer, diminishing its 𝑀𝑊. Additionally, within 

the polymeric matrix, the polymer chains contact with the internal aqueous phase which also 

degrades by hydrolysis of the polymeric chains. According to this process are generated acids, 

which catalyze the hydrolysis, generating an auto-catalytic process in a heterogeneous 

degradation of the polymeric matrix. Associated to polymer degradation, 𝑤1 droplets of  are 

exposed to the external environment, and further, this deterioration associated with decreased 

𝑀𝑊 leads to formation of oligomers soluble in water which also exposes the APC to the release 

medium. The last reported type of transportation (iii) is due to bulk erosion: hydrolysis of 

polymeric intern chains can create internal pores (that can coalesce) and microchannels. Thus, 

through these microchannels connected to surface pores, the APC can be exposed to the release 

medium. The initial release rate is diffusion-controlled being degradation and erosion processes 

more dominant during the final stage of the release period. In addition to the hydrolysis processes, 

water absorption, erosion and APC release to the release medium are influenced by other factors 

that can be divided into polymeric matrix changes, interactions and morphological characteristics 

of the microspheres. Figure 7 demonstrates the main processes that occur in the polymeric matrix, 

how they influence the APC release and also how they affect each other5. Nevertheless, the 

combination of these mechanisms and physico-chemical interactions allows a sustained APC 

release (Desai et al., 2010). Nevertheless, other system properties, in particular, the release 

medium, the APC and the DDS itself influence the APC release.  

 

Figure 5 - Mechanisms and physico-chemical interactions during the release of APC 
The knowledge of APC release phenomena is essential to overcome the major obstacles associated 

with the microsphere formulation. Mathematical modeling can be crucial: identifies the main 

factors and mechanisms involved in APC sustained release. For sustained release, zero order 

release profile is preferred (the amount of APC released is intended to vary linearly with time). 

Generally, DDSs do not behave as monophasic systems and often this is not a necessary 

requirement: the disered release profile is the one that best suits to the characteristics of the 

APC, the carrier, the medium release and the disease to be treated (Berchane et al., 2007). 

 

                                            
5 Different processes are shown in different colour drawing boxes: aqua (water-related), orange (polymer erosion-
related), olive green (APC-related), purple (polymer-related), red (physico-chemical related); Single arrows (dark blue) 
represent one way interaction and double arrows (light red) represent two-way interactions 
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2 State of the art 
Microencapsulation by DE solvent evaporation techniques, allows to prepare polymeric 

microspheres for sustained release of APCs. Last stronghold, the microsphere protects APC for 

enzymatic degradation and oxidation process which naturally elapses in the human body. Although 

this method provides significant advantages that justify its use in the pharmaceutical industry such 

as allowing the microencapsulation of both hydrophilic and hydrophobic APCs through the correct 

choice of 𝑤1/𝑜/𝑤2 or 𝑜1/𝑤/𝑜2, respectively, this technique is complex and thermodynamically 

unstable (Benichou et al., 2004). However, some APCs have been successfully microencapsulated 

through DE technique by solvent evaporation using synthetic polymers and several studies have 

been done in this area (Table 6).  

Bilati, et al. (2005) describe the microencapsulation of proteins on PGLA matrices particularly 

with tatanus toxoid and insulin in order to define the main issues associated with 

microencapsulation of proteins. The most used solvent with this polymer is DCM. Ruan and Feng 

(2003) describe the use DCM solvent for the microencapsulation of pactitaxel, a medicine used for 

cancer treatment. Particles size varies in a wide range, which suggests that applying the same 

type of technique, the size distribution even though is technique dependent, also depends on 

other factors. 

Nevertheless, other polymers have been used. For example, PLA has been used to 

microencapsulate various nonproteinaceous APCs. Ahmed and Bodmeier (2009) describe the 

microencapsulation of DNA for antisense therapy. Although most methods described in the 

literature use PVA as a surfactant, Chen et al. (2002), describe the use of polyvinylpyrrolidone 

(PVP) with sodium chloride (NaCl) as a surfactant in microencapsulation process of ovalbumin, the 

main protein found in egg white. However, using PVP as a surfactant, the polydispersity is higher 

compared to the use of PVA as surfactant.  

The PCL polymer has been used to microencapsulate proteins in DCM and using PVA as a 

surfactant. Comparing studies of Bilati et al. (2005) and Mukerjee et al. (2007) for  insulin 

microencapsulation, which respectively uses PLGA and PCL but using the same solvent and CP, it 

appears that is obtained smaller microparticles and smaller size distribution when using PLGA as 

a polymer. 

The combination of these polymers (PLA and PCL) with PEG has been studied in protein 

microencapsulation. Although few studies have been available and these differ on the type of the 

solvent used, it can be concluded that is possible to obtain microspheres with different sizes and 

with different particle size distribution. 

Mundargi et al. (2007) propose a controlled delivery system of doxycycline for human 

periodontal pocket treatment, using a blend of PLGA and PCL. 

Ruan and Feng (2003) disclose the microencapsulation of paclitaxel using DCM as solvent and 

a target drug loading of 5% in PLGA and PLA-PEG-PLA co-polymer being the latter tested with two 
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different 𝑀𝑤 (50 kDa and 80 kDa). When paclitaxel was encapsulated in PLGA an average particles 

size of 13.72 µm was obtained, whereas when the APC was microencapsulated with PLA-PEG-PLA 

was obtained an average particles size of 22.14 µm and 21.18 µm respectively for the higher and 

the lowest 𝑀𝑤 of PLA-PEG-PLA co-polymers . It follows that the smaller particle size was obtained 

using PLGA followed by the use of PLA-PEG-PLA with higher 𝑀𝑤. 

Park and Kim (2004) compare the use of PLA polymer and PLA-PEG co-polymer for 

microencapsulation of erythromycin which allowed to achieve an average particle size of 40 µm 

and 57 µm, respectively. The size distribution was higher when the APC was microencapsulated 

with PLA-PEG. 

Huang and Chung (2001) present a microencapsulation procedure of gentamicin in PLA and 

PLA-PEG with different ratios in the co-polymer. For a target drug loading of 20%, the average 

particles size obtained using PLA as a matrix was 270.2 µm. When the PLA-PEG co-polymer (3%)6 

was used the average size of the particles obtained was 165.6 µm. The use of PLA-PEG (9%) yielded 

particles with an average size of 133.9 µm.  

According to these studies, increasing the 𝑀𝑤 of the co-polymer is associated with a decrease 

in particle size. Likewise, increasing the PEG content can decrease the average size of the 

particles. However, studies are no consensus concerning the comparison of the use of homo-

polymers over co-polymers: in some cases, resulted in the decrease in the average particle size 

and an increase in others. Given this disparity of results and due also to the few studies conducted 

in this area is urgent further research and study on the use of co-polymers for DDS accordling to 

DE solvent evaporation technique.  

Regarding the potential of using co-polymers for APCs microencapsulation, with special focus 

on small molecules, peptides and proteins, InnoCore Pharmaceuticals developed a designated 

SynBiosysTM multiblock co-polymers (MBCPs) systems. The SynBiosysTM drug delivery platform is 

based on proprietary biodegradable multi-block polymers that are designed for precisely sustained 

drug delivery. Small compounds, peptides as well as large protein molecules such as growth 

factors, cytokines and therapeutic antibodies can be formulated into depot formulations with 

extended release from several days to more than six months.  

The SynBiosysTM polymer platform comprises poly(ether-ester) multi-block co-polymers 

composed of various pre-polymeric building blocks of different combinations of D-lactide (D-LA), 

L-lactide (L-LA), GL, ε-caprolactone (ε-CL) and PEG. By varying the molecular composition and 

architecture, polymer characteristics such as hydrophilicity, swelling degree and degradation rate 

can be controlled. Using the concept of combining pre-made building blocks, SynBiosysTM is unique 

in that it provides optimal flexibility and control over the release kinetics of a wide range of 

therapeutics. 

                                            

6 3% (weight per cent in feed ratio) means that PLA:PEG during polymerization is 100:3 
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The production of these MBCPs can be described in three steps: (i)  monomers preparation by 

drying and distillation of reactants, (ii) development of pre-polymers typically by diol-initiated 

ROP catalyzed by SnOct, using PEG or 1,4-butanediol (BDO) as initator and finally (iii) assembly of 

the chains in dioxane using a chain extender (1,4-butanediisocyanate) (BDI), followed by filtration, 

freeze-drying, washing, vaccum-drying and packaging. Figure 8 shows the assembly of this type of 

MBCPs. 

 
Figure 6 - Typical assembly of multiblock co-polymers developed by Innocore Pharmaceuticals 

 
The fundamental steps above-mentioned are going to be described. After suitable 

preparation of monomers (i), the synthesis of the pre-polymers occur according to the ROP as is 

exemplified on Figure 9. 

 

 
Figure 7 - Synthesis of PLA and PCL-PEG pre-polymers 
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After the synthesis of the pre-polymers, occurs the chain-extension reaction (iii) which is a 

Fstep type addiction reaction (Figure 10) allowing the assembly of pre-polymers with random 

distributions of the PLA-PEG-PLA (semicrystalline, soft and hydrophilic block) and PCL (amorphous, 

rigid and hydrophobic block) which the blocks are attached the chain extender mentioned above. 

These are diol MBCPs which its terminal groups are hydroxyl groups. The ratio between the chain 

extender and the pre-polymer is always less than 1. 

Figure 8 - Final assembly of multi-block co-polymer 

 

The 𝑀𝑊 of MBCPs is controlled by quenching the reaction at the desired viscosity. In this 

way, SynBiosysTM MBCPs allow to obtain both amorphous and crystalline or semi-crystalline phase-

separated MBCPs in which the amorphous MBCPs may contain low amount of PEG, being suitable 

for sustained release of small molecules, peptides and proteins. 

For the last stage of AMD, treatment undergoes angiogenesis therapy via local delivery of a 

proteinaceous APC belong to anti-vascular endothelial growth factors (anti-VEGF) group. Examples 

of anti-VEGF drugs are bevacizumab, ranibizumab and aflibercept (Van Wijngaarden and Qureshi, 

2008). Carrasquillo et al. (2003), describe the preparation of microspheres of PLGA (𝑀𝑤 from 10 

kDa to 12 kDa) containing anti-VEGF aptamer RNA. Microspheres were produced according to the 

single emulsion technique by solvent evaporation. These microspheres that have sizes between 

14-16 µm, released the aptamer, in an average rate of 2 µg.day-1. These microspheres were 

injected into the sclera of Dutch belted rabbits. This is the only study available in the literature 

about the microencapsulation of APCs for treating AMD and also there is no reference type to the 

use of double emulsions techniques or even the co-polymers systems. 
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Table 5 - Studies on microencapsulation of active pharmaceutical compounds by double emulsion 

Dispersed phase Continuous 
phase 

Objective of the study Particle size 
(µm) 

Reference 

Polymer Active 
pharmaceutical 
ingredient 

Organic solvent 

P
L
G

A
 

Tetanus toxoid DCM PVA Process-related issues in encapsulation of 
proteins 

0.353-1.153 Bilati et al., 2005 

Insuline 0.468-1.402 

Lysozyme DCM PVA Analysis of the stability parameters of the 
encapsulated protein 

86 Pérez et al., 2002 

Clonidine 
(hydrophilic 
molecule) 

DCM PVA Sustained release for intra-articular 
administration 

10-20 Gaignaux et al., 2012 

SPf66 (malaria 
preventing vaccine) 

DCM PVA Evaluation of γ-irradiation on 
biopharmaceutical properties of PLGA 
microspheres loaded with SPf66 vaccine 

1.6-2  Igartua et al., 2008 

Pactitaxel DCM PVA Preparation and characterization of 
microencapsulated pactitaxel for controlled 
release 

13.72 Ruan and Feng, 2003 

P
L
A

 

BSA(Bovine serum 
albumin) 

DCM PVA Study of morphology, drug distribution and 
in-vitro profiles of biodegradable 
microspheres with BSA encapsulated 

98-121  Yang et al., 2001 

DNA DCM PVA Preparation of pourous loaded microspheres 
via leaching of pore former for antisense 
therapy 

100-300  Ahmed and Bodmeier, 2009 

Recombinant 
human epidermal 
growth factor 
(rhEGF) 

 

 

 

DCM PVA Encapsulation of rhEGF for chronic gastric 
ulcer healing 

 

 

75-130 Han et al., 2001 
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DCM – Dichloromethane; NaCl – Sodium chloride; PVA - Polyvinyl alcohol; PVP - Polyvinylpyrrolidone 

 

 

Ovalbumin DCM PVP/NaCl Study of encapsulation mechanism of 
ovalbumin  

14-500  Chen et al., 2002 

Getamicin DCM PVA Microencapsulation of gentamicin 249.8-270.2 Huang and Chung, 2001 

Rhi (recombinant 
human insulin) 

DCM/Tolueno PVA Study of the influence of process paramaters 
on size distribution of microparticles 
encapsulated with rhi 

3-16 Liu et al., 2005 

Erythromycin DCM PVA Microencapsulation of erythromycin by 
w/o/w solvent evaporation technique 

5-55 Park and Kim, 2004 

P
C

L
 Disodium 

norcantharidate 
DCM PVA Microencapsulation of an anticancer 

medicine 
39.2-181.6 Wang et al., 2008 

Steptococcus equi 
antigens 

DCM PVA Adjuvant vaccine to protect animals from 
strangles 

1.43-2.35 Florindo et al., 2008 

Insulin DCM PVA Microencapsulation of insulin 0.75-30 Mukerjee et al., 2007 

P
L
A

-

P
E
G

 

Getamicin DCM PVA Microencapsulation of gentamicin 133.9-165.6  Huang and  Chung, 2001 

Erythromycin DCM PVA Microencapsulation of erythromycin by 
w/o/w solvent evaporation technique 

25-105 Park and Kim, 2004 

P
L
A

-P
E
G

-

P
L
A

 

Pactitaxel DCM PVA Preparation and characterization of 
microencapsulated pactitaxel for controlled 
release 

18.42-22.14 Ruan and Feng, 2003 

P
C

L
-P

E
G

-

P
C

L
 

Anti-CD40 antibody DCM PVA Microencapsulation Anti-CD40 Antibodies 35-207 Gao et al., 2011 

P
L
G

A
/P

C
L
 

b
le

n
d
 

Doxycycline DCM PVA Controlled delivery system of doxycycline for 
human periodontal pocket treatment 

90-200 Mundargi et al., 2007 

Table 5 - Studies on microencapsulation of active pharmaceutical compounds by double emulsion (cont.) 
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3 Work outline 

3.1 Aims of the thesis  

This project aims to formulate microspheres for a sustained drug delivery system, 

encapsulating an APC for AMD treatment by DE solvent evaporation technique and membrane 

emulsification using biodegradable polymers.  Additionally, the project aims to set up an 

preliminary experimental design to investigate the influence of microsphere formulation 

parameters and polymer parameters on microspheres size distribution, on the outer and inner 

microsphere morphology, its APC encapsulation and release properties. It is proposed to perform 

different techniques in APC formulation development (microspheres production and a preliminary 

design of experiments) and in quality control (the in vitro APC release, particle size distribution 

analysis and the outer and inner morphological analysis). Moreover, the project aims to develop a 

cross-sectional experimental procedure for the analysis of the internal morphology of the 

microspheres produced and relate it with its APC encapsulation and release properties.  

 

3.2 Thesis organization 

This document is divided into eight chapters and their respective sub-chapters. In Chapter 1, 

a Background section provides a general perspective of the problem under study highlighting some 

reasons for the study of the thesis subject. The remainder of Chapter 1 is devoted to a 

presentation, review and explanation of theoretical concepts needed for the comprehension and 

presentation of this this project results: it is made a presentation of the main eye diseases, giving 

special emphasis to AMD. It follows the description of microencapsulation technology, as it can be 

applied to APCs delivery systems and its main preparative techniques having regard to the desired 

use. The DE solvent evaporation technique is discussed in more detail and is presented the 

parameters affecting microspheres properties and the membrane emulsification process. It is 

briefly discussed the sustained APC release. Chapter 2 provides a review on the state of the art 

about microencapsulation of active pharmaceutical compounds in different polymeric matrices 

and the SynBiosysTM drug delivery platform: the proprietary amphiphilic, phase-separated polymer 

platform of InnoCore Pharmaceuticals. Chapter 3 presents the aims of the thesis and the thesis 

organization. Chapter 4 describes the materials and methods for the formulation and 

characterization of microspheres. In Chapter 5 the results and discussion are presented. Chapter 

6 presents the main conclusions of this project. In Chapter 7 is indicated the limitations, possible 

future relevant work within the topic and a final appreciation. In the last chapter (Chapter 8) are 

presented all references studied and used for the elaboration of this document.  Additional data 

is presented in the Appendix sections (from Appendix 1 to Appendix 9).  
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4 Materials and Methods 

4.1 Materials 

4.1.1 Reagents  

The encapsulated active pharmaceutical ingredient7 for intravitreal devilery is a property 

compound of Allergan (Dublin, Ireland). Polyvinyl alcohol podwer with a 13-23 grade8 being 87-

89% hydrolyzed and hydrogen peroxide solutions were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). The embedding medium (Technovit® 7100) and the frozen tissue medium for cross-

sectional study were purchased from Kulzer (Hanau, Germany) and Klinipath (Diuven, 

Netherlands), respectively. Sodium chloride powder suitable for analysis and polysorbate 

commonly known as Tween 80, suitable for excipient use, were purchased from Merck kGaA 

(Darmstadt, Germany). Dichloromethane with 99.5% of purity suitable for analysis stabilized with 

ethanol was obtained from Acros Organics (Geel, Belgium). Hydrochloric acid with 37% of 

concentration and  sodium hydroxide powder were purchased from VWR Chemicals (Radnor, PA, 

USA). Ethanol blended with water for injection was obtained from Ecolab (Saint Paul, MN, USA). 

All the polymers used, were formulated in the synthesis laboratory at InnoCore Pharmaceuticals. 

Deionised water was obtained in the quality control laboratory in InnoCore Pharmaceuticals using 

a Merck Millipore Milli-Q water purification equipment (Billerica, MA, USA).   

 

4.1.2 Equipment 

Measurements were performed in three balances according to the proposed goal: less 

accurate measurements such as polyvinyl alcohol and sodium chloride weight were performed 

using an one decimal Sartorius balance (Gottingen, Germany), polymer weights were performed 

in a two decimal Kern balance (Balingen, Germany) and more accurate measures, such as active 

pharmaceutical ingredient weight, were performed in a four decimal Mettler Todelo balance 

(Greifensee, Switzerland). The CP flow was achieved using a Whatson Marlow pump (Cornwall, 

United Kingdom), circulating in silicon tubing of 3.2x1.6 mm and the DP was injected using a 

syringe pump purchased from Chemyx (Stafford, TX, USA). For the first emulsification was used 

an ULTRA-TURRAXTM high-performance homogenizer purchased from IKA (Staufen, Germany) and 

an ultrasonic homogenizer obtained from Hielscher (Teltow, Germany). Emulsification process of 

the double emulsion was performed using 40 µm diameter pore Iris40TM membranes purchased 

from Nanomi (Oldenzaal, Netherlands). Microspheres were freeze-dried using an Alpha LSC plus 

                                            
7 The active pharmaceutical ingredient is a property experimental protein-based active compound of Allergan in pre-
clinical development. The protein moiety (14 kDa) is linked with a 20 kDa polyethylene glycol at its C-terminus. The 
molecular weight is approximately 34 kDa and pI (calculated) is 4.51 
8 Grades are the simplest approaches to identify the 𝑀𝑊 of chemical substances: 13-23 polyvinyl alcohol grade means 
that the 𝑀𝑊 of PVA lies between 13 kDa and 23 kDa 
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freeze-dryer with a shelf diameter of 200 mm, total shelf area of 0.031 m2 and maximum container 

height of 60 mm, purchased from CHRIST (Osterode, Germany). Particle morphology was evaluated 

using a scanning electronic microscope (JCM-5000 NeoScope TM, Jeol;Tokyo, Japan) and particle 

size distribution was measured using a laser granulometry multisizer Beckman Coulter Counter 

(Woerden, Netherlands). The cross-sectional cutting of microspheres was performed in the 

pharmacokinetics, toxicology, and targeting department of Groningen Research Institute of 

Pharmacy, using a cryo-microtome (Cryostar NX70TM Cryostat, Thermo Scientific; Waltham, MA, 

USA). Images of the equipment used are presented in Appendix 2. 

 

4.2 Methods 

4.2.1 Preparation of API-loaded microspheres 

For the formulation of API-loaded microspheres eight steps were required: (i) materials 

and solutions preparation, (ii) preparation of polymeric solutions, (iii) preparation of the primary 

emulsion, (iv) emulsification, (v) solvent extraction, (vi) washing and emulsification (vii) 

microspheres collection and (viii) storage. The flowchat of API-loaded microspheres production is 

presented in Appendix 4 (Figure 4B). 

Materials and solutions (i) preparations are described in Appendix 3.  

For polymeric solutions preparation (ii), the polymer with the desired grade was removed 

from the synthesis laboratory freezer (-19 °C to -21 °C). The polymer(s), in an appropriated bottle, 

were left for 1 hour in the formulation laboratory in order reach the room temperature (RT). After 

1 hour, the temperature of the polymer was checked. Different types of experiences were driven. 

The detailed description of these experiences is presented in Appendix 4 (Tables 4A and 4B). An 

important step in the polymeric solution preparation is the solvent choice. The project set up the 

use of DCM as a solvent. Since the weight of the polymer or polymers mass cannot be exact, the 

exact mass of the solvent added was calculated so that the polymer concentration is kept constant. 

DCM was added with a disposable 20 mL syringe connected to a 0.50x80 mm needle in order to get 

a higher precision during the weighting. To the polymeric solution was added a magnet stirring 

bar of 1 cm and the flask was placed on a stirring plate at 200 revolutions per minute (rpm)9 and 

at RT to stimulate the dissolution of the polymer in the solvent. The dissolution time varied 

according to the polymer used. A 50 mL empty syringe was weight and the polymeric solution was 

filtered for this syringe using a disposable filter of 0.2 µm (VWR International, PA, USA).  

For the emulsification step (iii), firstly was calculated the required mass amount of API and 

the required massic amount of API solution. The API solution was previously prepared with the 

                                            
9 In the case of magnetic stirrers, unlike the equipment with a rotor is not described the unit conversion of revolutions 

per minute (unity of angular velocity) to units of the international system (SI) 
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desired concentration from lyophilized API. The  primary emulsion was prepared, accurately 

weighting the amount of API required with 1 mL disposable syringe connected to a 0.50x80 mm 

needle. The 𝑤1 solution was added to the polymeric solution and the first emulsification was 

performed using an ultrasonic homogenizer (US) or a high-performance homogenizer (UT), 

depending on the experiences. For the US emulsification the maximum power (400 W) was used 

and the primary emulsion was placed in the ultra-sound four times for 10 seconds (4x10 s). When 

the UT was used, a stirring speed of 21 600 rpm was chosen and the emulsification was carried out 

for 40 s.  Then, an empty glass beaker was weighed, followed by the weighting of 70010 g of PVA. 

The emulsification, this is, the microencapsulation was perfomed using an interceptor. A big tube 

was connected from the largest part of the interceptor passing the CP through the pump to the 

PVA beaker and a small tube was connected from the smallest part of the interceptor being also 

connected to the beaker containing PVA. After selected the set point of the CP flow on the CP 

pump, was fullfil the chamber of the interceptor with the CP (using a metallic and non-porous 

membrane) and then the system was closed with clamps and the non-porous membrane inside of 

the interceptor was replaced by a porous membrane after drying in a compressed air line. The 

filtered polymeric solution in a 20 mL disposable syringe was connected to the DP pump (injector). 

After the connection of the injector to the interceptor, the set point of the injector was selected, 

the chamber was fulfilled with the DP, after that the clamps were removed and the CP and DP 

were simultaneously circulated. The final assembly is presented on Figure 11.  

The solvent extraction (iv) started after emulsification. The emulsion was allowed on the 

fumehood under stirring at RT for 3 hours, with injection and exhaustion of filtered air at 3.5 

mL.min-1.  

The washing step (v) of microspheres was driven after the extraction. A 5 mL sample of 

the emulsion was collected using a 5 mL disposible syringe into a 20 mL disposable vial and put on 

frigde (1 - 8 ºC) for size distribution analysis. Subsequently, the beaker content was filtered using 

a filtration system with a 5.0 µm filter (VWR International, PA, USA). Then, the filtered 

microspheres were washed with 250 mL of Tween 80 three times (total volume of 750 mL), 

followed by washing with 250 mL of water for injection (WFI) three times (total volume of 750 

mL).  

Microspheres were collected into a disposable vial of 20 mL (vi) and stored in the 

formulation laboratory freezer at -21 ºC (vii). In the end of each week, the sample was placed in 

the freeze-dryer (FD) during 72 hours in vacuum conditions. As it was microencapsulated an APC, 

a general training on APC safety, health and environment issues was given and the sum-up is 

presented in Appendix 5. 

 

                                            
10 This is the PVA mass required for a 10 mL injection of the DP into the CP in order to keep the CP/DP ratio constant 
at 53, according to previous studies at InnoCore Pharmaceuticals and requirements of Allergan 
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Figure 9 - Final assembly for API-loaded microspheres formulation 

 

4.2.2 Characterization of API-loaded microspheres 

 

API target loading (%): 

The API target loading11 was evaluated considering the ratio between the amount of API 

and the amount of microspheres. The amount of API accounts the amount of API added to the 𝑜 

phase. The amount of microspheres accounts the amount of polymer in the polymer solution and 

the amount of API in the 𝑤1 (Equations 4.1 and 4.2).  

 

𝐴𝑃𝐼 𝑡𝑎𝑟𝑔𝑒𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑃𝐼

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠
                                                 (4.1) 

𝐴𝑃𝐼 𝑡𝑎𝑟𝑔𝑒𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%) =
𝐶𝐴𝑃𝐼×𝑚𝐴𝑃𝐼 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐶𝐴𝑃𝐼×𝑚𝐴𝑃𝐼 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑐 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛+𝐶𝑝𝑜𝑙𝑦𝑚𝑒𝑟×𝑚𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
              (4.2) 

 

 

Experimental API loading (%):  

The experimental API loading was evaluated considering the amount of API associated with 

microspheres, corresponding to the API amount in microspheres measured by extraction. The 

protocol followed for the experimental API loading determination is presented in Appendix 6. 

 
Oil-in-water ratio (OWR): 

For specific considerations in Chapter 5, the ratio between the organic phase (𝑜 phase) and 

the internal aqueous phase (𝑤1 phase), namely as OWR is a very important parameter to take into 

account. The OWR is calculated accoding to Equation 4.3. 

 

𝑂𝑊𝑅 =
𝑚𝑜𝑖𝑙 𝑝ℎ𝑎𝑠𝑒

𝑚𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
                 (4.3) 

 

                                            
11 In literature the target loading is commonly designated as theoretical loading. Target and theoretical terms, can be 
used interchangeably in this context 
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Encapsulation efficiency (EE%): 

The encapsulation efficiency was calculated regarding the ratio between the API 

experimental loading and the target API loading (Equation 4.4). In results presentation (Chapter 

5) one of these three parameters (EE, experimental API loading or target API loading) is omitted: 

the value of any one of them can be obtained, knowing the other two correspondent values. 

𝐸𝐸(%) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑃𝐼 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑇𝑎𝑟𝑔𝑒𝑡 𝐴𝑃𝐼 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
                 (4.4) 

 

Microspheres external morphology and particle size distribution: 

API-loaded microspheres external morphology was evaluated by SEM. The samples were let 

to equilibrate to RT. A carbon adhesive disc was placed on a metal sample plate and added a 

spatula tip of microspheres to the plate. A thin layer of microspheres was created. The samples 

were coated with gold in the spray coater for 3 minutes. Different magnifications were used: 100x 

for a overview picture and size distribution, 400x for checking the presence of agglomerates, 600x 

for checking porosity and 1500x for checking the surface of microspheres. The properties 

evaluated were sphericity, polydispersity, presence of agglomerates, porosity and the surface 

smoothness. For the analysis of the main morphological characteristics, a scoring system (Appendix 

6) was created by the author of this document and proposed to colleagues at InnoCore 

Pharmaceuticals to assess the main morphological characteristics of microspheres formulated. It 

is intended to transform qualitative variables (non-numeric) in quantitative variables and also 

introduce variability in the process: different operators interpret qualitative data differently. 

Particle size distribution was measured by laser granulometry. Each sample taken from the batch 

after extraction was injected with a disposable syringe of 1 mL in the diluent of coulter counter 

equipment (ISOTONTM II). 

 

Microspheres internal morphology:  

 The analysis of the internal morphology of the microspheres was assessed considering an 

experimental procedure developed by the author of this document and described in Appendix 6.  

 

Sustained in vitro release (IVR) study:  

API-loaded microspheres sustained release was performed for all experiments, using always 

the same protocol. Samples were analyzed at defined time intervals: the first analysis was done 1 

day after the start of the in vitro release (IVR)12 study and afterwards once a week. Nevertheless 

as this document focuses on the formulation and polymer parameters affecting different output 

variables, this description is presented in Appendix 6. The desired in vitro release (DIVR) profile 

                                            
12 In this project, the IVR corresponds to in vitro API release, at 37 ºC and pH of 7.4 
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depends on the main characteristics of the APC, the release medium among others. The DIVR for 

the API was defined by Allergan in collaboration with InnoCore Pharmaceuticals after pre-clinical 

trials in rats. The DIVR profile is also presented in Appendix 6.   

 

4.2.3 Preliminary design of experiments  

A preliminary design of experiments (DOE) was set up to study the effect of the three 

factors: API concentration, PVA concentration in 𝑤1 and the NaCl concentration in the CP on some 

output parameters: EE (%), the burst release13 (%) and the external porosity. In the preliminary 

DOE, the effect of these factors was tested simultaneously by changing the settings of the 

applicable factors in a predefined order. In this preliminary DOE, parameters were challenged at 

two different level settings at a low and a high setting. A centerpoint is taken into account to 

evaluate for curvature (non-linearity of the effect). At the centerpoint the level settings for all 

factors are chosen in the middle between the low and high factor setting. For this preliminary 

optimization study, statistical software (MinitabTM 17) was used. The preliminary DOE design is 

presented in Appendix 9. 

 

4.2.4 Quality assurance and control 

The company where this project was developed was inspected by the Dutch Health Care 

Inspectorate, the competent authority of The Netherlands. After this inspection, InnoCore 

Pharmaceuticals received the Good Manufacturing Practice (GMP) certificate according to the 

principles and guidelines of GMP that laid down in the Directive 2003/94/EC. Therefore, all the 

procedures within this project since the materials and methods preparation until the quality 

control analysis of microspheres, were controlled and the quality was always been guaranteed. 

 

4.2.5 Waste treatment 

Different type of residues were produced during the execution of this project. Residues 

generated in this project consisted in aqueous solutions of hydrochloric acid, sodium hydroxide14 

and ammonia. According to its basic or acid character were directed to acidic or basic residues 

bottles. PVA and NaCl solutions were discharged through pipes due to their high dilution. DCM was 

collected in specific and labeled bottles. Needles were collected in a labeled specific container. 

Glass materials were collected in a specific labeled container and all material. All the materials 

(disposable or not) contaminated with the API were collected in specific labeled bottles. All the 

residues were then collected by a company that makes the management of these residues and 

contaminated material. 

                                            
13 The API released within 24 hr upon IVR studies 

14 Sodium hydroxide solutions were used for interceptors cleaning 
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5 Results and Discussion 

API-loaded microspheres were formulated using a DE solvent evaporation technique under 

membrane emulsification to determine the most influential polymer and formulation parameters 

on particle properties such as:  API loading, the EE, particles morphology (shape, porosity and 

agglomoration), particle size distribution (𝑑10, 𝑑50,𝑑90 and CV%) and IVR. Target specifications of 

the final product are shown in Table 6. 

In this thesis the influence of the polymer type on the microsphere characteristics is mainly 

discussed and the results are shown in subchapter 5.1 and 5.2. In subchapter 5.1 is discussed the 

effect of the polymer type on microspheres properties while all the formulation and procedure 

settings remain constant, in 5.2 in addition to the polymer type the effect of some formulation 

parameters were also assessed.  

 
Table 6 - Target specifications of API-loaded microspheres 

 

5.1 Characterization of API-loaded microspheres made of  different 
polymers and the same input parameters 
In Chapter 2, SynBiosysTM polymer platform was introduced. In the following subchapter the 

effect of two different polymer types: MBCPs with the crytalline block composed of stereo isomers: 

                                            
15 The DIVR profile (accumulated release) is presented in Appendix 6 

Parameter 
class 

Parameter 
Target 
specifi-
cation 

Range 
Remarks 

Minimum Maximum 

Formulation 
API loading (%) 5.20 3.64 n.a. Required for the API 

effectiveness EE (%) n.a. 70.0 n.a. 

Particle size 
distribution 

𝑑10 (µm) n.a. 45.00 n.a. 

The tendency of the 
microspheres to migrate to the 
anterior part of the eye 
increases with decreasing their 
size and affects visual acuity 

𝑑50 (µm) 60.00 50.00 65.00 
Optimal particle size distribution 
after pre-clinical trials 

𝑑90 (µm) n.a. n.a. 100.00 

Big microspheres tend to deposit 
on the posterior part of the eye, 
which is associated with 
inflammatory responses 

CV (%) n.a. n.a. 25.00 Monodispersity guarantee 

IVR 

Burst release (%) n.a. n.a. 10.0 
Keep the API concentration in 
the release medium within the 
therapeutic window 

Duration16 (days) 155 60 n.a. 
Required to obtain a sustained 
release over time according to 
the API characteristics 

Final  accumulated 
release (%)15 

≥60% n.a. n.a. 
Optimal accumulated release 
after pre-clinical trials 

n.a. – not applicable 
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D-LA and L-LA as stereo-complex MBCPs (SC-MBCPs) and MBCPs with the crytalline block composed 

of poly-dioxanone (D-MBCPs) and also blends of this polymer type with SC-MBCPs and GL based 

MBCPs namely as GL-MBCPs on particle properties were studied. In Appendix 4, SC-MBCPs, D-MBCPs 

and their characteristics are further explained. 

 

Effect of polymer type on API loading and EE: 

In this part, the characteristics of microspheres based on SC-MBCPs and D-MBCPs polymers are 

compared. As seen in Table 7, all of the formulations, except L-1, meet the minimum loading and 

the EE target specification. Formulations L-1 and L-2 (Table 7) represent SC-MBCPs based 

microspheres with similar crystalline block but varying in the composition of the amorphous block 

from LA/CL =8/92 and PEG content of 30%16and LA/CL=2/98 and PEG content of 35%, respectively. 

As shown in Table 8, formulation L-2 reveals significantly a higher API loading and EE as compared 

to formulation L-1. The API is a protein molecule (14 kDa) coupled to a 20 kDa PEG chain17. MBCPs 

with higher PEG content in the amorphous block are relatively more hydrophilic and therefore 

compatible with the API. It can be assumed that the higher loading is due of the higher 

compatibility and missibility of API in the formulation L-2 polymer matrix. Formulations L-3 and 

L-4  represent microspheres made of D-MBCPs of different molecular weights and with a similar 

composition but a different content of the amorphous block. Results show an increase in API 

loading from 3.74% to 4.60% for microspheres made of the polymer with a higher intrinsic viscosity 

(IV) and lower content of the amorphous block. The amorphous block content decreases only 5.0% 

from L-3 to L-4 (Appendix 4) and therefore may not be a main contributing factor for higher API 

encapsulation. Nevertheless, the IV increases by 73% (from L-3 to L-4) which may be the main 

factor explaining the increase in loading. A higher viscosity of the organic phase reduces the 

partitioning of the API into the external aqueous phase, resulting in an increase in API entrapment 

efficiency. 

Table 7 - Output formulation parameters for L-1 to L-4 API-loaded microspheres batches 

Batch 
number 

Study 
Polymer 

used 
IV (dL.g-1) 

Experimental API 
loading (%) 

EE(%) OWR 

L-1 Use of SC-
MBCPs 

PO-1 0.86 2.03 39.4 13.0 

L-2 PO-2 0.94 4.05 77.2 11.7 

L-3 Use of D-
MBCPs 

PO-3 0.81 3.74 78.4 13.2 

L-4 PO-4 1.4 4.60 86.1 10.9 

 

Effect of polymer type on particle size distribution: 
Considering CV (%) values in Table 9, all formulations show an acceptable monodispersity 

(CV) and the majority of microspheres have a size below 100 µm, which is within acceptable 
criteria for 𝑑90. There is only a minor deviation from the minimum acceptance criteria for 𝑑50 for 

                                            
16 The PEG content calculation was based on its 𝑀𝑊, 𝑀𝑊 of the amorphous block and weight % of the amorphous block  
17 The PEG content in the API is approximately 59% 
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formulations L-3 and L-4 and only formulation L-4 show a significant deviation from the desired 
value of 𝑑10

18.  Sieving of microspheres could be applied to control size distribution and meet the 
target size specifications. Moreover, the procedure settings could be further optimized to gain 
more monodispersed microspheres. The coulter counter size distribution plots for these 
formulations are shown in Appendix 7. 

 

Table 8  - Size distribution parameters for L-1 to L-4 API-loaded microspheres batches 

Batch 
number 

Study 
Particle size distribution parameters 

𝑑10 (µm) 𝑑50 (µm) 𝑑90 (µm) CV (%) 

L-1 
Use of SC-MBCPs 

51.67 55.97 67.65 12.53 

L-2 49.45 53.58 59.49 11.20 

L-3 
Use of D-MBCPs 

41.76 48.82 59.33 14.89 

L-4 n.d.18 44.17 57.31 22.21 

 

 

Effect of polymer type on particles morphology: 

Generally, all of the microspheres are spherical and monodisperse as the values for these 

parameters are less than or equal to 1.50 (scoring system present on Appendix 6, page 70). D-

MBCPs formulations (L-3 and L-4) present higher agglomeration degree than SC-MBCPs formulations 

(L-1 and L-2). Regarding the porosity and surface smoothness, these two parameters are adversely 

affected when D-MBCPs are used. The particles morphology can highly affect the API loading and 

release pattern. High particles porosity may lead to a lower loading, a high burst and a relatively 

fast API release. Thus, it is concluded that the use of D-MBCP lead to sub-optimal morphological 

characteristics. Formulation L-1 present the best morphological parameters. Figure 12 shows the 

microphotographs for this batch. SEM photomicrographs of L-1 to L-4 formulations are shown in 

Appendix 7.  

 

 

 

 

 

 

 

Figure 10 - Microphotographs for L-1 experiment ( (A) – 100x of magnification; (B) – 400x  
of magnification; (C) – 600x of magnification; (D) – 1500x of magnification) 

                                            
18The aperture set up of the coulter counter was 200 µm to determine particle sizes between 3 µm and 120 µm. For this 
formulation, the aperture diameter could not  determine the 𝑑10 of the sample meaning the value is ≤3µm.  

n.d. – not defined 
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Table 9 - External morphological parameters for L-1 to L-4 API-loaded microspheres batches 

Batch 
number 

 

Study 

 Main morphological paramaters 

 Sphericity Monodispersity 
Presence of 

agglomerates 
Porosity 

Surface 
smoothness 

  (1-4) (1-4) (1-4) (1-4) (1-4) 

L-1 
Use of SC-MBCPs 

 1.00 1.25 1.00 2.40 1.50 

L-2  1.00 1.33 1.00 2.40 2.00 

L-3 
Use of D-MBCPs 

 1.40 1.50 1.60 4.00 2.00 

L-4  1.00 1.00 1.80 3.00 2.50 

 

 

Effect of polymer type on IVR: 

The API release profiles show the amount of released API as a function of time (Figure 1119) 

The DIVR profile is presented in Appendix 6 and the release profiles were compared to it. The 

release values higher than the maximum amount were set to 100%. Formulation L-1 presents a 

high burst release. After around 40 days the API content was completely released. High initial 

burst and faster release rate of formulation L-2 as compared with formulation L-1 can be explained 

by its higher loading. In fact that in case of higher OWR (Table 7), more polymer is available to 

maintain the API resulting in slower release rate (formulation L-1). Similar observations about the 

influence of OWR on the release rate are reported by other authors (Haznedar and Dortunç, 2004; 

Pongpaibul et al., 1984). Formulations L-3 and L-4 represent D-MBCPs based microspheres with 

significant difference on IV (from 0.81 to 1.4). A higher IV leads not only to a better entrapment 

of the API but also a slower API release. Longer polymer chains degrade more slowly resulting in 

a slower release rate. Data required for the cumulative IVR graph construction is presented on 

Appendix 7. 

 

 

Figure 11 - IVR study for L-1 to L-4 API-loaded microspheres batches 

                                            
19 The IVR over time is presented in the main graphic, the cumulative release for the first two weeks is shown in the 

smallest graph and the burst release is shown between the brackets in each designation experience 
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5.2 Characterization of API-loaded microspheres made of  different 
polymers and input parameters 

 

Effect of formulation parameters and polymer blends on API loading and EE: 

Characteristics of microspheres based on D-MBCPs formulated with different concentrations 

of the API solutions are compared. Additionally, characteristics of microspheres made of blends 

of D-MBCPs with GL-MBCP and SC-MBCP are also compared. Formulations L-5 and L-6 (Table 10) 

represent D-MBCPs based microspheres with the same polymer concentration but different API 

concentrations of 90 and 138 mg.mL-1, respectively.  As shown in Table 10, formulation L-6 

compared to formulation L-5 reveals a higher loading: from 2.19% to 3.08%. Higher API 

concentration leads to a higher API entrapment. An improved API entrapment is expected when 

using a higher OWR (formulation L-5). Formulation L-7 and L-8 show microspheres of blend of D-

MBCPs with GL-MBCPs and SC-MBCPs. In general blend microspheres show relatively higher loading 

and microspheres made of blend of D-MBCPs with GL-MBCPs reveal the highest loading which could 

be due to their improved morphology (see next section). The higher loading of formulation L-8 

when compared to L-5 and L-6 formulations could be related to a concentrated API solution. 

Comparing, D-MBCPs based microspheres with the same API concentration but varying the polymer 

matrix: a blend with GL-MBCP is used in L-7 formulation. Results show an increase in loading from 

2.19% to 4.40% from L-5 to L-7. The use of blends of D-MBCPs with SC-MBCP or GL-MBCPs increase 

the API loading and the EE: all output parameters are higher for microspheres based on blends 

than for only D-MBCP based microspheres.  

 

Table 10 – Output formulation parameters for L-5 to L-8 API-loaded microspheres batches 

Batch number 

Polymer type; 
Polymer concentration (%); 
API concentration (mg.mL-1);  
OWR 

Experimental 
API loading (%) 

 
EE(%) 
 

L-5 D-MBCP; 10.0; 90; 17.3 2.19 42.3 

L-6 D-MBCP; 10.0; 138; 16.5 3.08 66.1 

L-720 D-MBCP/GL-MBCP; 10.0; 90; 16.4 4.40 84.6 

L-821 D-MBCP/SC-MBCP; 10.0; 150; 27.3 3.55 67.3 

Effect of formulation parameters and polymer blends on particle size distribution: 

Regarding CV (%) values presented on Table 12, all formulations demonstrate an acceptable 

monodisperity as CV<25% and all of the microspheres formulated have a size below 100 µm: the 

target specification for 𝑑90 is meet for all formulations. There is only a minor deviaton from the 

minimum acceptance criteria for 𝑑50 for L-5 and L-7 formulations. Only L-5 show a significant 

deviation from the desired value of 𝑑10 (20.6% lower from minimum the acceptance criteria). As 

discussed in section 5.1 the target size specifications can be achieved by different approaches. 

                                            
20 Blend ratio between D-MBCP and GL-MBCP (D-MBCP/GL-MBCP) of 80/20 
21 Blend ratio between D-MBCP and SC-MBCP (D-MBCP/SC-MBCP) of 75/25 
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The coulter counter size distribution plots, mean and the standard deviation values for these 

formulations are shown in Appendix 8.  

 

Table 11 – Size distribution parameters for L-5 to L-8 API-loaded microspheres batches 
Batch 

number 
Polymer type; 
Polymer concentration (%); 
API concentration (mg.mL-1);  
OWR 

Particle size distribution parameters 

𝒅𝟏𝟎 (µm) 𝒅𝟓𝟎 (µm) 𝒅𝟗𝟎 (µm) CV (%) 

L-5 D-MBCP; 10.0; 90; 17.3 35.73 46.24 53.09 16.66 

L-6 D-MBCP; 10.0;138; 16.5 42.87 52.41 62.69 16.76 

L-7 D-MBCP/GL-MBCP; 10.0; 90; 16.4 42.88 49.77 56.56 14.15 

L-8 D-MBCP/SC-MBCP; 10.0; 150; 27.3 43.18 58.33 58.33 16.43 

 

Effect of formulation parameters and polymer blends on particles morphology: 

According to the scoring system present on Appendix 6 (page 70), the majority of microspheres 

formulated are spherical as the values for these parameters are less than 1.50. Only microspheres 

produced in formulation L-6 are not totally spherical. The majority of formulations show a high 

agglomeration degree.  Generically, all the microspheres are porous and present rough surfaces. 

Comparing, D-MBCPs based microspheres with the same API concentration but varying the polymer 

matrix: a blend with GL-MBCP is used in L-7 formulation. Results show improvements on porosity 

and surface smoothness from L-5 to L-7 formulation, even though the agglomeration degree is 

adversily affected in L-7 formulation. As discussed in section 5.1.1, the particles morphology can 

highly affect the API loading and release pattern. SEM photomicrographs of L-5 to L-8 formulations 

are shown in Appendix 8. 

Table 12 - External morphological parameters for L-5 to L-8 API-loaded microspheres batches 

Batch 
number 

Polymer type; 
Polymer concentration (%); 
API concentration (mg.mL-1);  
OWR 

Main morphological paramaters 

Spheri-
city  
(1-4) 

Monodi-
spersity 

(1-4) 

Presen-
ce of 

agglome-
rates 
(1-4) 

Porosi-
ty 

(1-4) 

Surface 
smooth-

ness 
(1-4) 

       

L-5 D-MBCP; 10.0; 90; 17.3 1.00 1.60 1.00 3.20 3.60 

L-6 D-MBCP; 10.0; 138; 16.5 2.40 2.80 3.00 2.40 2.40 

L-7 D-MBCP/GL-MBCP; 10.0; 90; 16.4 1.00 1.60 2.40 1.60 2.40 

L-8 D-MBCP/SC-MBCP; 10.0; 150; 27.3 1.40 3.40 3.60 2.60 2.40 

 

Effect of formulation parameters and polymer blends on IVR: 

The API release profiles for formulations L-5 to L-8 and the DIVR profile are shown in Figure 

1217. Formulation L-6 presents a high burst release as compared to L-5 formulation. It can be 

explained by its higher loading and lower OWR: the release rate increase as OWR decreases. 

Similarly to results obtained in section 5.1.1. Formulations L-7 and L-8 represent blends of D-

MBCPs with GL-MBCPs and SC-MBCPs, respectively with significant difference on burst release and 

release profiles. The high burst and faster release rate of L-8 formulation cannot be explained by 
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the relationship between the OWR and the API entrapment, the high porous surface may be the 

explanation reason for the faster API release.  

 

Figure 12 - IVR study for L-5 to L-8 API-loaded microspheres batches 
 

Comparative study of the internal, external morphology and the IVR for API-loaded 
microspheres, made with different polymers and formulation parameters: 

Surface and internal microspheres morphology are known as two controlling factors of 

microspheres release behaviour. A comparative study of the external, the internal morphology 

and their relevance to IVR results are described here. The photomicrograph of sliced microspheres 

were obtained as it is reported in Appendix 4. Formulation L-5 release pattern corresponds well 

with its surface and internal morphology. The internal and the external morphology in all cases 

can be related: the size of the surface pores are comparable with the size of inner pores. 

Comparing L-5 to L-6 formulations (the same polymer matrix is used) is observed  that by 

decreasing the OWR, the internal pores become more polydisperse, which is associated with a 

higher burst release. Similarly, using dioxanone-based polymers in blends, the higher the OWR, 

smaller and more uniform are the internal pores, however, unexpectedly L-8 reveals a much higher 

burst as compared with L-7, suggesting that the composition of the polymer matrix affects the 

burst release, but has no major effect on the distribution of internal aqueous phase within the 

polymer matrix. Results demonstrate that the internal morphology can be improved by decreasing 

the internal water phase. IVR behaviour is both dependent on microspheres morphology and on 

the composition of the polymer matrix. 

 

 

 

 

 

 

 

 

 

 

              (A)          (B) 

Figure 13 - Comparation between the internal and external morphology for L-5 (A), L-6  (B), L-7 

(C) and L-8 (D) API-loaded microspheres batches 

           (C)                 (D) 

Figure 13  - Comparation between the internal and external morphology for L-7 (A) and L-8 (B) 

API-loaded microspheres batches 
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6 Conclusions 

In this project, loaded microspheres with an active pharmaceutical ingredient were 

formulated using a double emulsion solvent evaporation technique under membrane emulsification 

in order to assess the most influential polymer and formulation parameters on particles properties 

(loading and the encapsulation efficiency), particles morphology, particle size distribution and the 

in vitro release. Moreover, a preliminary design of experiments was carried out in order to 

investigate the influence of a set of formulation parameters (the active pharmaceutical ingredient 

concentration, the concentration of surfactant on the internal aqueous phase and salt 

concentration in the continuous phase  on selected parameters (encapsulation efficiency, burst 

release and microspheres porosity). 

High loading and encapsulation efficiency of an hydrophilic protein-based active 

pharmaceutical ingredient coupled to polyethylene glycol chains were verified using a polymer 

matrix with high content of polyethylene glycol. High intrinsic viscosity resulted in high loading 

and encapsulation efficiency. Also, the use of blends of polymers led to high loading and 

encapsulation entrapment efficiency of the pharmaceutical ingredient.  

Particles size distribution is mainly independent of the polymer matrix characteristics. Sieving 

of microspheres could be applied to control particle size distribution. Moreover, the procedure 

settings could be further optimized to reduce polydispersity.  

Particles morphology highly affected the pharmaceutical ingredient loading and the release 

pattern. High porosity resulted in low loading, high in vitro burst release and fast pharmaceutical 

ingredient release.  

From the in vitro release of the pharmaceutical ingredient can be concluded that high oil-in-

water ratio, intrinsic viscosity and lower loading led to a better entrapment, lower in vitro burst 

and slower release of the pharmaceutical ingredient.  

The inner and outer morphology and the in vitro release of the active pharmaceutical 

ingredient can be related: the release pattern corresponded well with its surface and internal 

morphology and the size of internal pores were comparable with the size of surface pores. Higher 

oil-in-water ratio led to smaller and more uniform inner pores. Polymer matrix characteristics had 

no significant effect on the internal aqueous phase distribution within the polymer matrix. 
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7 Limitations, future work and final appreciation 

7.1 Project limitations 

Some drawbacks emerged during the development of this project. It was necessary to 

purchase silicone embedding molds and the package of chemical compounds to embed the 

selected formulated microspheres to obtain sliced microspheres for internal morphology analysis. 

Nevertheless, delivery delays of these items to InnoCore Pharmaceuticals hindered this specific 

procedure. Additionally, was necessary to develop a novel experimental procedure to embed 

successfully loaded microspheres. Once following the experimental protocol published in an article 

did not allow to obtain samples with the desired hardeness. In addition, the cross-sectional cutting 

was held in a cryo-microtome on pharmacokinetics, toxicology and targeting department of 

Groningen Research Institute of Pharmacy, shared with other researchers which led to the 

impossibility to use it several times. Additionally, the equipment has broken down after the 

embedding microspheres process optimization. Preliminary studies with embedded microspheres 

were carried out with samples of different hardeness in a paraffin microtome, however, as the 

results were not expected, these are not shown herein. Another drawback associated with this 

part of the project was the availability of the vacuum oven shared with other researchers at 

InnoCore Phamaceuticals. The limitations with microspheres formulation were: dioxanone based 

multi-block co-polymers and some blends of polymers were difficult to filter or even impossible 

to perform it. Additionally, sometimes the freeze-dryer did not work which delayed the in vitro 

release study. The extraction method was not the most suitable for the in vitro release study. 

 

7.2 Future work 

Even though, the preliminary studies on the internal morphology of the microspheres were 

significant: further studies on the inner morphology of the microspheres during the in vitro release 

are required for a better understanding of the physico-chemical processes taking place during the 

release of the active pharmaceutical ingredient. Additionally, it is suggested the investigation of 

the active pharmaceutical ingredient and polymer matrices interactions, using  absorption 

spectroscopy techniques. It is recommended to investigate the influence of amorphous and 

crystalline or semi-crystalline content of polymer matrix in formulation  parameters such as the 

active pharmaceutical ingredient loading. Moreover it is suggested to explore the influence of 

changing the polymer chains polydispersity  in order to achieve optimal particle size distribution 

parameters. 
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Appendix 1 – Main features of age-related macular degeneration 

 

As it was mentioned on the sub-subchaper 1.2.1, the macula is the central part of the posterior 
retina that contains a high concentration of photoreceptors. Posteriorly to the photoreceptors, 
there is the retinal pigment epithelium: it is a part of the blood-ocular barrier. This structure has 
many functions such as nutrient transport, cytokine secretion and photoreceptor phagocytosis. 
After the retinal pigment epithelium, in the posterior segment of it, lays the Bruch's membrane, 
which is a semipermeable exchange barrier that separares the retinal pigment epithelium from 
the chroid. The last structure is responsible to suplly blood to the outer layers of the retina(Jong, 
2006). 

The acellular deposits associated with aging and referenced herein as drusen. These deposits 
can which accumulate between the retinal pigment epithelium and Bruch's membrane can be 
identified in eye examinations as yellow or pale lesions in the macula, but may also be found in 
the peripheral portion of the retina. Drusen may be categorized as small (less than 63 µm of 
diameter), medium (between 63 and 124 µm) or big (more than 124 µm), depending on the lesion 
size, which is indicative of the state of degeneration. Additionally, drusen may be classified, as 
appearance of their edges, as hard or soft: hard drusen have well defined edges whereas soft 
drusen have poorly differentiated margins, often co-fluent (Bird et al., 1995; Klein et al., 1992). 
The presence of drusen is only related to the age-related macular degeneration when the lesions 
are observed bilaterally. Thus, is considered that the unilateral presence of drusen does not 
indicate the existence of the disease, since the presence of drusen naturally occurs in persons 
over 50 years related to the natural aging process (Klein et al., 1992). The excessive presence of 
such acellular deposits can lead to irreversible damage in the retinal pigment epithelium, resulting 
in a chronic inflammatory response that can lead to multiple and diferenres areas of the retina 
atrophy: it is called as geographic atrophy among experts of the field(Fajnkuchen and Cohen, 
2008).  

Abnormalities in elastin, collagene Bruch's membrane, the outer retina or in choroid, are 
considered to increase the probability of occurence of such excessive acellular deposits, which 
may result in the advanced AMD (Hageman et al., 2001; Kijlstra & Berendschot, 2015). The end 
result of these processes is the proliferation of sanguenos vessels of the choroid to other ocular 
structures (Zarbin, 2004). The choroidal neovascularization (CNV) can extend to Brunch’s 
membrane which is, in turn, associated with several complications above mentioned in the 
document (lipid deposition in the membrane, fibrotic scars, subretinal hemorrhage, displacement 
of the retinal pigment epithelium). 

Currently are available in the literature, various classification systems for AMD, however, in 
the most consensual classification AMD can be classified as early, intermediate and advanced, 
being the latter differentiated in non-vascularized and vascularized. Table A1 outcomes the main 
features of AMD disease stages.  

As is described in Table A1, in the early AMD, loss of visual acuity is considered too low and 
may even be asymptomatic, which causes the disease is not treated early. However, there are 
some typical symptoms of this stage of the disease such as decreased contrast sensitivity, blurred 
vision, difficulty in adapting to night vision, need for brighter light to read. In this first stage, the 
disease symptoms are not always reported, nevertheless, the existence of these symptoms 
becomes increasingly clearer as the disease progresses to later stages. However, it is considered 
that the evolution of the disease is slow: it takes months or even years for the disease ceases to 
be asymptomatic and pass to be symptomatic (Sunness et al., 1997). Loss of central and pericentral 
vision usually occurs in the third stage of the disease. On its turn, the last stage of the disease is 
characterized by a rapid loss of vision: from weeks to months. 

All stages of the disease are more dominant in caucasian populations than in populations of 
black race populations. It is believed that melanin, one biopolymer pigment, has a protective 
effect on the development of CNV (Friedman et al., 1999). 

As it is described on Table A1, in the first three stages, the pathology can be monitored 
changing lifestyle. One of the risk factors considered preponderant for the onset of the disease is 
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smoking (Bidwell et al., 2005). Non smokers for more than 20 years are significantly less prone to 
disease compared to smokers (Evans et al., Khan et al., 2006).  

Antioxidant supplementation reduces disease progression from intermediate state to the 
advanced by about 25% over 5 years. The appropriate nutricinal supplementation results in a 
reduction of about 19% probability of visual loss. However, this therapy is not appropriate for all 
patients with AMD. For example, supplementation with large doses of vitamin E increases the risk 
of heart failure. On its turn, supplementation with beta-carotene increases by 17% the relative 
risk of developing lung cancer within smokers (Iii et al., 2005).
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Disease stage Early AMD (I) Intermediate AMD (II) Advanced non-neovascular AMD 
(III) 

Advanced neovascular AMD 
(IV) 

Ophthalmologi
c evidence 

 

 

   

Histopathological 
evidence 

 

 

   

Clinical features Retinal pigmentary abnormalities 
or  medium-size drusen 

At least one large druse 
associated to numerous medium 

size drusen, or geographic 
atrophy that does not extend to 

the macula center 

Drusen and geographic atrophy 
extending to the macula center 

Appearance  of choroidal 
neovascularization 

Current control 
and treatment 

Changes in lifestyle such as stop 
tobacco use, weight control, 

blood pressure control, insertion 
of more antioxidants in the diet 

Lifestyle modification and diet 
complementation with vitamins 

rich in antioxidants 

Same control type as the 
previous phase of the disease 

Antiangiogenic therapy 
such as intravitreal 

injection of angiostatic 
agents or antiangiogenic 

Table A1 - Characterization of the different stages of the AMD disease (adapted from Jager, 2008) 
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Appendix 2 - Equipment used in this project 

In this appendix are presented some of the most important equipment used for the right 

execution of this project, including the emulsification equipment (the high performance liquid 

homogenizer and the ultrasonic homogenizer) for the first emulsification (Figure 2A and Figure 2B) 

interceptor (Figure 2C) for microspheres formulation.  It is also presented the equipment used to 

freeze-dry microspheres (Figure 2C). Moreover the equipment required for microspheres quality 

control analysis namely the coulter counter and the scanning electron microscope are presented 

(Figure 2D) as well as the equipment required for the IVR study (Figure 2E). Additionally, is 

presented the equipment used for the cross-sectional cutting of microspheres (Figure 2J). 

 

 
Figure 2A – Ultrasonic homogenization  

((A) – experimental execution of homogenization; (B) – Results of homogenization steps using an 
ultrasonic homogenization) 

 

 
Figure 2B – High performance liquid homogenization  

((A) – experimental execution of homogenization; (B) – Final result of homogenization step) 
 

 

 

 

 

 

  

Figure 2C – Equipment for microspheres formulation and drying  

((A)  - interceptor final assembly; (B) – freeze-dryer) 
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Figure 2D – Equipment for the morphology and size distribution analysis 
((A) – scanning electron microscope; (B) – coulter counter) 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 2E – Equipment for IVR study 
 ((A) – Bath; (B) – SEC-UPLC) 

 

 

 

 

 

 

 

 

 
Figure 2J – Equipment for the cross-sectional microspheres cutting 

((A) – Cryo-microtome overview; (B) – Detailed view of cryo-microtome) 

 

 

 

 

 

 



Formulation and characterization of polymer-based microspheres of an active pharmaceutical ingredient 

Materials ands solutions preparation 56 

Appendix 3 – Materials and solutions preparation 

 
Preparation of polyvinyl alcohol solution (4.000 wt% of polyvinyl alcohol and 5.000 wt% of 
sodium chloride) 

The continuous phase consisted in an aqueous polymer solution of 4.000 wt% of polyvinyl 
alcohol with 5.000 wt% of sodium chloride. It was prepared 5 kg of polyvinyl alcohol solution. 

It was accurately measuared 200.0 g of polyvinyl alcohol podwer in a 2 L beaker and also 
4550.0 g of water for injection in a 5 L beaker. For this 5 L beaker was poured the polyvinyl alcohol 
podwer. The 5 L beaker was placed in a stirring plate with heating, at 200 rpm and 75.0 ºC until 
is clear the dissolution of polyvinyl alcohol podwer. Even though polyvinyl alcohol is a water 
soluble polymer, its solubility depends on the degree of hydrolysis, 𝑀𝑊 and the tendency to form 
hydrogen bonds in aqueous solutions. Although, typically displays two critical temperatures to its 
solubility in aqueous solutions, increasing the temperature, increases the solubility of polyvinyl 
alcohol in water until it reaches the upper critical temperature(Hassan et al., 1998). 
Consequently, to improve the solubility of polyvinyl alcohol in water for injection, the solution 
was placed on stirring at 75.0 ºC. After the hot dissolution of polyvinyl alcohol in water for 
injection, 250.0 g of sodium chloride was added after the system reached the room temperature, 
under stirring on a stirring plate.  

During the hot dissolution of polyvinyl alcohol, a certain quantity of water for injection 
evaporates, so after dissolving the salt, was added the amount of water for injection required to 
complete 5 kg, which allowed to maintain the calculated concentrations.  

 
Preparation of polysorbate 80 solution (0.0500 v%) 

Polysorbate 80 solution was prepared for the washing and emulsification step (vi) of 
microspheres. The mass of liquid polysorbate added to water for injection was exactly 2.50 mL to 
5 L of water for injection in a 5 L beaker, under stirring on a stirring plate with a 2 cm magnet 
inside of the beaker. For the calculatation of the required 2.50 mL of polysorbate 80, was 
considered a volumetric concentration of 0.0500%. 

 
Membranes cleaning  

The washing of membranes was performed in two steps: (i) washing with a basic solution 
followed by (ii) acid washing. The basic aqueous solution (i) was prepared in a beaker of 500 mL, 
adding 140 mL of water for injection, followed by addition of 70 mL of ammonia being then added 
70 mL of water for injection, followed by the addition of 70 mL of hydrogen peroxide and again 
70 mL of water for injection. To the aqueous solution was added 1 cm magnet and placed on a 
stirring plate with heating. Stirring was maintained at 200 rpm and the temperature was kept  at 
65.0 °C for 1 hour. After the first wash, the second wash (ii) was performed. The acidic solution 
was prepared in a beaker of 500 mL, adding 140 mL of water of injection, followed by the adding 
of 70 mL of hydrochloric acid and then added 70 mL of water for injection, followed by the addition 
70 mL of hydrogen peroxide and again 70 mL of water for injection. After the acid cleaning, the 
assembly containing membranes was placed in a 500 mL beaker with water for injection. The 
beakers with the acidic and basic solutions were covered with petri dishes and left overnight 
allowing them to cool, so that they can reach the room temperature, necessary condition for their 
disposal in their appropriated waste collection bottles. All measurements were made using a 250 
mL measuring cylinder. For the cleaning of membranes, volumetric measurements were not 
accurate. The residues treatment produced during membranes cleaning was performed as 
described in sub-subchapter 4.2.5 (page 28). The cleaning membranes assembly and the final 
outputs of membranes cleaning (Figure 3A). 
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Figure 3A – Membranes cleaning 
((A) – Cleaning membranes assembly; (B) – Clean membranes) 

 



Formulation and characterization of polymer-based microspheres of an active pharmaceutical ingredient 

API-loaded microspheres formulation design 58 

Appendix 4 – API-loaded microspheres formulation design 

 

The main goal of this project is to microencapsulate the API, evaluating the polymer and 
formulation parameters affecting the output formulation parameters (experimental API loading 
and the encapsulation efficiency), morphological characteristics, particles size distribution and 
the IVR. In this context, seventeen experiments were carried out for the formulation of API-loaded 
microspheres. Polymer parameters play a central role in the degradation of the polymer matrix 
and consequently, in sustained API release. The target release period for this API is 5 to 6 months 
with a corresponding polymer degradation in a period of 8 to 12 months. Thus, Table 4A presents 
the main characteristics of the polymer matrix for all formulations. Table 4B outcomes the main 
features of the DP design such as target polymer concentration, target batch size, the target 
solvent mass regarding the 𝑜 phase and API concentration, API target loading and the use of 
additives regarding 𝑤1 phase. Within the CP design was considered the PVA grade, the PVA 
concentration, NaCl concentration and the target CP/DP. Concerning process settings is presented 
the stirring speed, the DP flowrate,the membrane pore size and the method used for the first 
emulsification. All these input operating parameters are considered to affect the main output 
features above-mentioned. Additionally, is presented in this appendix, the API-loaded 
microspheres formulation flowchart (Figure 4B). 

 

Main characteristics of each polymer matrix used 
For the preparation of API-loaded microspheres, firstly was necessary to choose the possible 

best polymer or blend of polymers. The best polymers or blend of them are those lead to the 
desired formulation, size distribution and morphological characteristics, having predicted 
degradation kinetics. Until recently the polymer used for releasing this  API was constituted by an 
amorphous part with a weight percentage (of the amorphous block) of 50, comprising CL, D-LA 
and PEG wherein the PEG 𝑀𝑊 was 1000 g.mol-1 and the 𝑀𝑊 of this block was 2000 g.mol-1, 
associated to a crystalline block composed by L-LA with a 𝑀𝑊 of 4000 g.mol-1. Studies developed 
at InnoCore Pharmaceuticals report that although the API release kinetics from this polymer grade 
was acceptable, nevertheless, its degradation of 2-3 years is too long. Therefore optimization was 
needed on faster polymer degradation without changing the release kinetics. Since is known (by 
previous studies at InnoCore Pharmaceuticals) that the crystalline L-LA block is mainly responsible 
for the slow degradation, many possibilities arise: (i) build-in a L-LA and D-LA into the crystalline 
block , (ii) build-in LA (both D and L isomers) into the amorphous block, (iii) use of GL in the 
amorphous block with lactide (GL-LA), (iv) build-in polydioxanone (PDO) in the the crystalline 
block. As it is reported on Chapter 5, all the polymers with D-LA and/or L-LA on the crystalline 
block are designated SC-MBCPs, dioxanone-based polymers are designated as D-MBCPs and 
polymers built with GL are known as GL-MBCPs. Futhermore, the ratio between LA and CL 
monomers (LA/CL) in the amorphous block and also the ratio between the amorphous and 
crystalline blocks will also influence the degradation rate and the IVR: changing the polymer 
composition will not only affect the polymer degradation rate but also other output parameters 
such as processability, thermal characteristics, API encapsulation and the API release.  

An important factor which has been referenced in the main text, is the intrinsic viscosity of 
the DP, which is essentially determined by the viscosity of the polymer matrix. Figure 4A outcomes 
the relationship between the viscosity (mPa.s) and the IV (dL.g-1) for most MBCPs formulated in 
polymer synthesis laboratory at InnoCore Pharmaceuticals. 
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Figure 4A – General relationship between viscosity and intrinsic viscosity of MBCPs 
 

In this context, formulations with different polymer matrix composition were synthesized and 
processed into microspheres and tested various output parameters.  
 

API-loaded microspheres formulation flowchart 
The flowchart for the API-loaded microspheres production is represented on Figure 4B (page 

60). This layout is intended to illustrate the API-loaded microspheres production process in a 
simplistic way, being easy to understand the API-loaded microspheres production process. The 
reagents necessary for the production are not within drawing boxes. The main processes are 
represented in blue drawing boxes, equipment/materials and chemical preparations are 
represented in green and orange drawing boxes, respectively. Additional descriptions of chemical 
processes taking place (evaporation of DCM and the removal PVA) are represented in red drawing 
boxes. All processes arising during production are connected by arrows to indicate the order in 
which they occur. 
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Figure 4B – Flowchart of API-loaded microspheres production 
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Table 4A – Description of the polymer matrix characteristics used in each batch 
B
a
tc

h
 n

u
m

b
e
r Polymer 

matrix 
designation 

Polymer 
type 

Amorphous block characteristics Crystalline block characteristics IV 
(dL.g-1) 

Remarks 

Weight % 
of the 

amorphous 
block 
(LA-CL 
based) 

Weight % of 
the 

amorphous 
block 

(LA-GL 
based) 

PEG 𝑴𝑾 
(g.mol-1) 

Poly(LA-
CL)-PEG 

𝑴𝑾 
(g.mol-1) 

Poly(LA-
GL)-PEG 

𝑴𝑾 
(g.mol-1) 

D-LA 𝑴𝑾 
(g.mol-1) 

L-LA 𝑴𝑾 
(g.mol-1) 

PDO 𝑴𝑾 
(g.mol-1) 

L-1 PO-1 SC-MBCP 60 n.a. 1000 2000 n.a. 1500 1500 n.a. 0.79 LA/CL=8/92 

L-2 PO-2 SC-MBCP 70 n.a. 600 1200 n.a. 1500 1500 n.a. 0.86 LA/CL=2/98 

L-3 
L-5 
L-6 
L-9  
to 
L-17 

PO-3 D-MBCP 60 n.a. 1000 2000 n.a. n.a. n.a. 2300 0.81 n.a. 

L-4 PO-4 D-MBCP 57 n.a. 1000 2000 n.a. n.a. n.a. 2300 1.4 n.a. 

L-7 
PO-5 

D-MBCP 40 n.a. 1000 1600 n.a. n.a. n.a. 2300 0.75 Blend ratio 
of 80/20 GL-MBCP n.a. 50 n.a. n.a. 2000 n.a. 4000 n.a. 0.79 

L-8 

PO-6 
D-MBCP 60 n.a. 1000 2000 n.a. n.a. n.a. 2300 0.81 

Blend ratio 
of 75/25 

SC-MBCP 60 n.a. 1000 2000 n.a. 1500 1500 n.a. 0.79 LA/CL=8/92 

 

 

 

 

 

n.a. – not applicable 
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B
a
tc

h
 n

u
m

b
e
r 

Polymer 
used 

DP design CP design Operating settings 

Target 
polymer 

concentration 
(%) 

Target batch 
size (g) 

Target 
DCM 
mass 
(g) 

API 
concentration 

(mg.L-1) 
API target 
loading (%) 

Additives 
to 𝐰𝟏 
(PVA)  
(wt%) 

PVA grade 
PVA 

concentration 
(%) 

NaCl 
concentration 

(%) 

Target 
CP/DP 

CP flow 
(mL.min-1) 

Stirring 
speed 
(rpm) 

DP flow 
(mL.hr-1) 

Membra-
ne pore 

size (µm) 

First 
emulsi-
fication 
method 

L-1 PO-1 
15.00 
2.5000 

14.1800 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 UT 

L-2 PO-2 
15.00 
2.5000 

14.1800 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 UT 

L-3 PO-3 
15.00 
2.5000 

14.1800 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 UT 

L-4 PO-4 
15.00 
2.5000 

14.1800 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 UT 

L-5 PO-5 
10.00 

2.00000 
18.0000 

138 
5.20 

None 
13-23 
4.0 
5.0 

53 305 200 20 40 US 

Table 4B – DP, CP design and operating conditions for all batches 
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B
a
tc

h
 n

u
m

b
e
r 

Polymer 
used 

DP design CP design Operating settings 

Target 
polymer 

concentration 
(%) 

Target batch 
size (g) 

Target 
DCM 
mass 
(g) 

API 
concentration 

(mg.L-1) 
API target 
loading (%) 

Additives 
to 𝐰𝟏 
(PVA)  
(wt%) 

PVA grade 
PVA 

concentration 
(%) 

NaCl 
concentration 

(%) 

Target 
CP/DP 

CP flow 
(mL.min-1) 

Stirring 
speed 
(rpm) 

DP flow 
(mL.hr-1) 

Membra-
ne pore 

size (µm) 

First 
emulsi-
fication 
method 

L-6 PO-5 
10.000 
2.0000 

18.0000 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 US 

L-7 PO-7 
10.000 
2.0000 

18.0000 
90 

5.20 
None 

13-23 
4.0 
5.0 

53 305 200 20 40 US 

L-8 PO-8 
10.000 
2.0000 

18.0000 
150 
5.20 

None 
13-23 
4.0 
5.0 

53 337 200 18 40 US 

L-9 PO-9 
10.000 
2.0000 

18.0000 
90 

5.20 
0.00 

13-23 
4.0 
5.0 

53 305 200 18 40 US 

Table 4B – DP, CP design and operating conditions for all batches (cont.) 
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B
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h
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u
m

b
e
r 

Polymer 
used 

DP design CP design Operating settings 

Target 
polymer 

concentration 
(%) 

Target batch 
size (g) 

Target 
DCM 
mass 
(g) 

API 
concentration 

(mg.L-1) 
API target 
loading (%) 

Additives 
to 𝐰𝟏  
(PVA)  
(wt%) 

PVA grade 
PVA 

concentration 
(%) 

NaCl 
concentration 

(%) 

Target 
CP/DP 

CP flow 
(mL.min-1) 

Stirring 
speed 
(rpm) 

DP flow 
(mL.hr-1) 

Membra-
ne pore 

size (µm) 

First 
emulsi-
fication 
method 

L-
10 

PO-9 
10.000 
2.0000 

18.0000 
90 

5.20 
0.00 

 

13-23 
4.0 
10.0 

53 305 200 18 40 US 

L-
11 

PO-9 
10.000 
2.0000 

18.0000 
90 

5.20 
 

0.30 
13-23 
4.0 
5.0 

53 305 200 18 40 US 

L-
12 

PO-9 
10.000 
2.0000 

18.0000 
90 

5.20 
0.30 

13-23 
4.0 
10.0 

53 305 200 18 40 US 

L-
13 

PO-9 
10.000 
2.0000 

18.0000 
200 
5.20 

0.00 
13-23 
4.0 
5.0 

53 305 200 18 40 US 

Table 4B – DP, CP design and operating conditions for all batches (cont.) 
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m
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e
r 

Polymer 
used 

DP design CP design Operating settings 

Target 
polymer 

concentration 
(%) 

Target batch 
size (g) 

Target 
DCM 
mass 
(g) 

API 
concentration 

(mg.L-1) 
API target 
loading (%) 

Additives 
to 𝐰𝟏 
(PVA)  
(wt%) 

PVA grade 
PVA 

concentration 
(%) 

NaCl 
concentration 

(%) 

Target 
CP/DP 

CP flow 
(mL.min-1) 

Stirring 
speed 
(rpm) 

DP flow 
(mL.hr-1) 

Membra-
ne pore 

size (µm) 

First 
emulsi-
fication 
method 

L-
14 

PO-9 
10.000 
2.0000 

18.0000 
200 
5.20 

0.00 
13-23 
4.0 
10.0 

53 305 200 18 40 US 

L-
15 

PO-9 
10.000 
2.0000 

18.0000 
200 
5.20 

0.30 
13-23 
4.0 
5.0 

53 305 200 18 40 US 

L-
16 

PO-9 
10.000 
2.0000 

18.0000 
200 
5.20 

0.30 
13-23 
4.0 
10.0 

53 305 200 18 40 US 

L-
17 

PO-9 10.000 
2.0000 

18.0000 145 
5.20 

0.15 
13-23 

4.0 
7.5 

53 337 200 18 40 US 

Table 4B – DP, CP design and operating conditions for all batches (cont.) 
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Appendix 5 - Safety, health and environment training: working 
with potential APCs  

 

The main objectives of this training were providing background for new procedure and 
increase awareness of risks of cross contamination with APCs.  

Firstly, it should be considered three important points in the thematic of the danger of APCs. 
It should analyzed if they are carcinogenic, mutagenic or reprotoxic (CMR), also it should be 
considered their toxicity and potency, that are related to their ability to cause a deleterious 
response in a biological system and the potent compounds produce effects at low doses, 
respectively.   

In the formulation laboratory, where all the formulations presented in this project were 
processed, was almost impossible to reach zero percentage of expose to these compounds. In this 
way, it was defined a risk level, based on the following equation:  

 

𝑅𝑖𝑠𝑘 𝑙𝑒𝑣𝑒𝑙 = 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝑜𝑓 𝐸𝑓𝑓𝑒𝑐𝑡 × 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑂𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 × 𝐶ℎ𝑎𝑛𝑐𝑒 𝑛𝑜𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑        (5A.1) 
 

In this equation is clear that are three important parameters affecting the risk level: the 
severity of effect, the probability of occurrence and the chance not detected. All of these 
parameters contribute the same way to the risk level. This equation should be used to calculate 
the risk of working with APCs, in order to reduce risk to an acceptable level. APCs can be classified 
in four levels. The classification system is presented on Table 5A. 

 

Table 5A - Classification system of APC safety class 
APC safety class Description of the toxicity and potency of the class 

1 Low toxicity and potency 

2 Intermediate toxicity and potency 

3 Potent(default) or toxic 

4 Highly potent or highly toxic 

 
But, a question arises: how to reduce the risks? If alternative compounds are not possible to 

use, thus, it can be considered no change in severity. It should be considered, reducing the risks 
by reducing the probability of exposure.  

Routes of occupational exposure should be considered and analyzed (inhalation, dermal 
absorption, and ingestion).  

In fact, many factors lead to significant exposures such as: 

 Physical form of the material  

 Labour intensive steps: weighing active materials and manual transfer of materials 

 High energy operations: milling, sizing, spraying and over-pressurisation 

 Poor work practices: carelessness or lack of awareness  

 Cleaning and maintenance operations 

It is defined a control approach, that should be include the engineering controls (facilities and 
processes), administrative controls (work practices and procedures, worker education and training 
and job rotation) and personal protective equipment (PPE) that comprises the various levels of 
respiratory equipment and protective clothing, gloves and eyewear.  

At facilities level included on the engineering controls, InnoCore Pharmaceuticals has powder 
weighing cabinets (for powders), fumehoods (for liquids and fumes) and biosafety 
cabinets/isolators (for powders and liquids). Note that weighing is considered the first line of 
containment. The company also has a containment laboratory with negative pressure with airlock. 
It is considered the secondary line of containment in case of spill. Administrative controls are 
actually done in InnoCore Pharmaceuticals: each employee or trainee has its own personal training 
file.  
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Focusing on PPE, about protective clothing, gloves and eyewear it should be considered that 
is required the use of gloves and disposable sleeves for high risk contact surfaces, also gowning 
and safety glasses for spills. Taking account the respiratory protection, a FFP3 mouth mask should 
be used. Filtering face piece class 3 (FFP3 mouth mask) is a disposable mouth and nose which 
filters at least 99% of airborne particles.  

After this expose, many questions still remain:  

 At which steps, the risk of exposure is higher?  

 What is the most likely way to be exposed to APCs?  

 Which surfaces can be contaminated?  

 What is the risk of contaminated surfaces?  

Answering these questions, it should be state that the risk is considered higher on the weighing 
of powder stock namely with largest quantity, highest dose, risk of inhalation and dermal 
absorption (direct or indirectly).The most likely way to be exposing to APC is by skin contact: 
removing gloves, surfaces touched with contaminated gloves such as pens and door handles and 
rubbing contaminated finger close to eye or mouth. The main surfaces that can be contaminated 
are: equipment, work surface around equipment, glassware, weighing spoons, door handles, pens, 
logbooks and labjournals.  

Nevertheless, the risk of contaminated surfaces is related to the employee exposure to 
dangerous APCs and also cross contamination with possible impact on analysis results.  

It can be concluded that every employee and trainee should take your responsibility, be aware 
of cross contamination and do not let the others run unnecessary risks. 
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Appendix 6 – API-loaded microspheres analysis  

 

The analytical trials were extremely important after the formulation of API-loaded 
microspheres. Generically these: (i) provide information about the main features of the 
formulated API-loaded microspheres such as the experimental loading, the encapsulation 
efficiency and the release behaviour, (ii) based on analytical results is possible to develop a 
theoretical assessment to justify the obtained results, (iii) also based on the analytical results is 
possible to develop new formulation procedures to improve the main characteristics of the API-
loaded microspheres, additionally (iv), the analysis of the main features API-loaded microspheres 
ensures the quality control of the formulated microspheres.  

The analysis of the main characteristics of the formulated microspheres can be divided into: 
(i) encapsulation and release characteristics, using experimental and analytical procedures, (ii) 
analysis of morphological characteristics using a scanning electron microscope and (iii) analysis of 
particle size distribution using a coulter counter.  

Regarding the analytical procedures (i) is presented in this appendix the determination of the 
experimental API loading and the IVR study procedure. Concerning the analysis of morphological 
characteristics (ii) of API-loaded microspheres is presented the experimental protocol developed 
for the internal morphology visualization of microspheres using a scanning electron microscope.  
 

Determination of the experimental API loading 
The experimental API loading is the actual amount of API associated with microspheres, 

measured by extraction. The extraction protocol is displayed on Table 6A. 
 

Table 6A – Extraction method for API-loaded microspheres experimental loading determination 

Step Action 

1 Weight 10 mg (dry weight) of microspheres in 12 mL glass vial 

2 Add 2 mL of DMSO containing 1% HFIP 

3 Incubate 30-40 min at 39 °C 

4 Cool down to RT 

5 Dilute 50 µL DMSO solution with 950 µL of 10 mM PBS 

6 Incubate 15 min at RT 

7 Centrifuge 5 min at 5000 rpm 

8 Transfer 700 µL supernatant to HPLC vial 

9 Measure the API content with SEC-UPLC 

 
In this procedure, dimethyl sulfoxide (DMSO) was used because it is an aprotic and polar 

solvent that dissolves both polar and non-polar compounds. To DMSO was added hexafluoro-2-
propanol (HFIP) because it is a polar solvent enabling to dissolve substances hydrogen-bond 
acceptor, such as amides and ethers: the main constituents of the API and the MBCPs, respectively. 
Phosphate-buffered saline (PBS) is used because it is a well-known buffer in biological research. 
The osmolarity and ion concentration corresponds to the human eye and thus an isotonic buffer is 
adequate for this application. The API detection was performed using an ultra-performance size-
exclusion chromatograph (SEC-UPLC).   

 

Sustained IVR study 

The IVR study aimed to reproduce the in vivo conditions for the API release (intravitreal 
injections for AMD treatment). 
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Table 6B – Analytical method for API-loaded microspheres IVR study 
Step Action 

1 Weight empty tubes 

2 Add of wet microspheres, considering the ratio of dry microspheres in the wet 
fraction to a 2 mL polypropylene (PP) tube in a 4 decimal balance 

3 
Add 2 mL of the release buffer (100 mM of phosphate buffer)  

4 
Vortex  

5 
Put the samples in the water bath (50 rpm and 37 °C) 

6 
Centrifugation at 5 000 rpm for 5 min 

7 
Collection of 90% of the sample (1.8 mL)  

8 
Refresh microspheres sample with 1.8 mL of release buffer 

9 
Release analysis was accomplished by evaluating the amount of API released to 
the release buffer using a SEC-UPLC equiment 

 

Some considerations about the above procedure should be borne in mind: according to step 
2, wet microspheres were analyzed instead of using freeze-dried microspheres, this is because 
some studies conducted at InnoCore Phamaceuticals, reveal that using wet microspheres instead 
of dry microspheres will not affect the IVR, if the amount of wet microspheres analyzed is 
considered equivalent to the dry amount. Other considerations should taken account: PP tubes 
are used due to their unique mechanical, termal e chemical properties: they resist to high 
temperatures and do not undergo chemical reactions with the majority of organic chemicals (apart 
from strong oxidants). The samples were placed in the vortex in order to get a good dispersion of 
microspheres that have the tendency to settled on the bottom of the tube. Addicionaly, should be 
considered that the samples are are heated until 37 ºC (the average human temperature), in a 
water bath instead of using a high-vaccum oven. The supernatant (90% of the sample) is replaced 
by a new release buffer. It is not removed all of the solution for analysis because there may be 
some microspheres which have not sedimented and consequent they keep dispersed in the release 
buffer. Previous experiences at InnocePharmaceuticals report the ideal release refresh is only 90% 
of the total volume.  

 

Desired in vitro release (DIVR) profile  
A desired release was obtained by InnoCore Phamaceuticals and Allergan, after pre-clinical 

trials. Figure 6A outcomes the accumulated desired in vitro release (%) over time. 

 

Figure 6A - Graphical representation of the DIVR profile 
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SEM scoring system  

For the analysis of the main morphological features a scoring system was created. The 
parameters to be evaluated are: sphericity, monodispersity, presence of agglomerates, porosity 
and surface smothness.  

 

Table 6C – SEM scoring system for the analysis of morphological parameters 
Sphericity grade (1-4) Spherical microspheres Non-spherical microspheres 

1 Many None 

2 Many Few 

3 Moderate Moderate 

4 None Many 

Monodispersity (1-4) 
Monodisperse microspheres Non-monodisperse microspheres 

1 Many None 

2 Many Few 

3 Moderate Moderate 

4 None Many 

Presence of agglomerates 
(1-4) 

Nono-agglomerated 
microspheres 

Agglomerated microspheres 

1 Many None 

2 Many Few 

3 Moderate Moderate 

4 None Many 

Porosity (1-6) Microspheres with small pores Microspheres with big pores 

1 
None None 
Few None 

2 
None Few 
Few Few 

3 
Moderate None 
Moderate Few 

4 
Few Moderate 

Moderate Moderate 

5 Many Few 

6 Many Many 

Surface smootheness (1-4) 
Microspheres with smooth 

surface 
Microspheres with rough surface 

1 Many None 

2 Many Few 

3 Moderate Moderate 

4 None Many 
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Table 6D - Examples of each grade of SEM scoring system 

Sphericity grade (1-4) 
Monodispersity grade 

(1-4) 

Presence of 
agglomerates grade 

(1-4) 

Surface smootheness 
(1-4) 

Porosity grade (1-6) 

1 

 

1 

 

1 

 

1 

 

1 

 

5 

 

2 

 

2 

 

2 

 

2 

 

2 

 

6 

 

3 

 

3 

 

3 

 

3 

 

3 

 

- 

4 

 

 

 

4 

 

4 

 

4 

 

4 

 

- 
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Development of cross-sectional method for API-loaded microspheres internal morphology 
analysis 

  Van De Weert et al. (2000) proposed a method to determine the distribution of lysozyme 
and its conformation in a biodegradable polymer matrix by fourier transform infrared spectroscopy 
(FTIR). The proposed method for infra-red (IR) imaging and confocal microscopy of sliced 
microspheres was adapted in order to obtain sliced microspheres for SEM visualization. 

Freeze-dried microspheres were embedded in a commercial resin to embed compounds: 
Technovit 7100TM. The manufacturer’s package (Figure 6A) include: Technovit 7100TM (a liquid 
containing hydroxyehyl-methacrylate), a solid hardened I and a liquid hardened II.  

Firstly, the selected freeze-dried microspheres were removed from the formulation 
laboratory (at – 21 ºC) at InnoCore Pharmaceuticals and placed in the workbench for 1 hour to let 
them to equilibrate to RT (Figure 6B). After checking the temperature of the selected samples, a 
small portion of each sample was placed in each mold of a sillicone embedding molds. To get a 
good dispersion of microspheres in each mold was used a disposable spatula tip to spread 
microspheres across the bottom of the mold (Figure 6C). After that, Technovit 7100TM was 
admixied with the solid hardened (hardened I) in a transparent glass bottle of 100 mL at 300:3 
v/w ratio. To transfer the solid compound (the hardened I) was used a funnel in order to facilitate 
the mixing of the two compounds (Technovit 7100TM and hardened I). After the mixture of these 
two compounds, was inserted 1 cm stirring bar in the glass bottle (Figure 6D) and placed under 
stirring in a stirring plate for 10 minutes in order to promote the dispersion of the solid compound 
(hardened I) in the liquid compound (Technovit 7100TM). Thereafter, the bottle was labeled. The 
stirring bar was removed and cleaned. Part of this mixture was transferred to a 20 mL disposable 
vial, to which was added with a syringe connected to a needle, the second liquid compound (the 
hardened II) (Figure 6E), in order to maintain the 300:3:20 v/w/v ratio between Technovit 7100TM, 
hardened I and hardened II. The mixture of compounds was performed by hand shaking the vial 
for 2 minutes. After 2 minutes, the vial was allowed to stand for 1 minute in order to obtain a 
transparent liquid. With the aid of a 5 mL syringe connected to a needle was carefully transferred 
dropwise to each mold this mixture to its maximum volumetric capacity (Figure 6F). Subsequently, 
the molds containing the desired preparations were left in the fumehood for 4 hours, the first 
mixture was placed in the freezer of formulation laboratory at InnoCore Pharmaceuticals so that 
can be used on other occasions and the vial with the rest of the mixture of the three compounds 
was referred to the waste. After 4 hours was obtained a gelatinous mixture in each mold. It may 
be assumed that exist interactions between microspheres and the mixture placed into the mold 
because different stiffness states were observed. Subsequently, the molds were covered with 
aluminum foil in which small holes were made with the aid of a needle. The molds covered with 
aluminum foil were placed in vacuum oven for 1 hour to allow the penetration of microspheres in 
the embedding medium (Figure 6G). After that, samples were removed and the hardness of each 
sample obtained was evaluated by tactile inspection (Figure 6H). All samples were transferred to 
20 mL disposable vials, being each vial labeled. Vials were left in the fridge (1 to 8 ºC) of the 
formulation laboratory overnight. Posteriorly, samples were let to equilibrate to RT and were 
cuted on a cryo-microtome using a histoknife to yield slices of 10 µm at the pharmacokinetics, 
toxicology, and targeting department of Groningen Research Institute of Pharmacy. For the cross-
sectional cutting some considerations were taken into account: a paper with water was placed 
into a metal sample plate and let to freeze (at -70 ºC) inside of microtome equipment. After 
freezing the paper, the sample in the a vertical position was placed in the metal sample plate and 
the tissue medium (liquid at RT and solid at -70 ºC) was spread around the sample. After the 
complete freezing of the tissue medium the metal sample plate was placed in the correct position 
and the cutting was performed (Figure 6I). Inside of the microtome equipment and after obtaining 
a sliced sample, the tissue medium was removed with the aid of tweezers and the samples were 
collected to new vials (Figure 6J). Several slices were obtained for each sample. Before the 
analysis of the internal morphology, the presence of microspheres on sliced samples was checked 
(Figure 6K) on LM. The inner morphology visualization was perfomed similarly to the external 
morphology analysis (reported on Chapter 4, page 27) (Figure 6L). 
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Figure 6A – Manufacturer’s commercial resin to embed compounds 
 ((A) – manufacturer’s package; (B) – bottles within the package)  

 

Figure 6B – Selected freeze-dried microspheres to be embedded  

((A) – Overview of the selected samples on the workbench; (B) - Detailed view of the 

selected samples) 

 
Figure 6C – Settling of the freeze-dried API-loaded microspheres in the embedding molds 

((A) – overview of the molds; (B) – transference of the selected samples for the molds; (C) - 
dispersion of the samples within each mold) 
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Figure 6D – First step for the preparation of the embedding medium 

((A) – transference of the hardener I to Technovit 7100TM; (B) - addiction of a stirring bar to the 
compound mixture) 

 
Figure 6E – Admixing of the first compounds mixture with hardener II 

 ((A) – removal of the hardener II from the manufacturer’s bottle; (B) – addiction of the 
hardener II to a 20 mL vial; (C) - final preparation for embedding microspheres) 

 

Figure 6F – Final embedding of the mixture of compounds to the molds  
((A) - dropwise transference; (B) – final result of the embedding microspheres in the 

resin) 
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Figure 6G – Incorporation of microspheres in the embedding resin  

((A) – cover of the molds with aluminium foil; (B) – performance of holes in the aluminium 
foil; (C) – final result of the the performance of holes in the aluminium foil; (D) – place of the 

covered embedding molds in the vaccum oven) 

 

 

Figure 6H – Embedded microspheres  
((A) – final result after 1 hour in the vaccum oven; (B) and (C) – samples hardness tactile 

inspection) 

 

 

Figure 6I – Cross-sectional cutting of embedded microspheres  
((A) – embedding the sample in the tissue medium; (D) – the tissue medium) 
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Figure 6J – Sliced samples with embedded microspheres 

 ((A) – collection of the sliced microspheres in a vial; (B) – placing samples in glass blades 
for visualization in LM) 

 
Figure 6K – Analysis of the presence of microspheres on LM  

((A) – 4x of magnification; (B) – 10x of magnification; (C) – 40x of magnification) 

  

Figure 6L –Visualization of the sliced microspheres on SEM  
((A) – Sliced microspheres very close to each other in the end of the embbeding cutted 

medium; (B) - partially sliced microsphere; (C) –sliced microspheres on parrafin microtome as a 
preliminary study; (D) – SEM visualization of the resin without microspheres) 
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Appendix 7 – Characterization of API-loaded microspheres made 
of different polymers and the same input parameters 

 
For the characterization of API-loaded microspheres using different polymer matrices but the 

same input parameters, some additional results are presented: (i) results of particle size 
distribution and (ii) results related to external morphology of microspheres.  

Regarding particle size distribution (i), plotos of differential volume (volume percentage 
versus particle size in µm) for L-1 to L-4 formulations are presented (Figure 7A).  

Concerning the qualitative results obtained for the external  morphology of microspheres  (ii), 
it presented in Table 7A photomicrographs of these batches.  

 

Figure 7A – Differential volume for L-1 (A), L-2 (B), L-3 (C) and L-4 (D) batches 
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Table 7A - Photomicrographs for L-1  to L-4 batches 

Analysis L-1 L-2 L-3 L-4 

Overview picture and size 
distribution (x100) 

    

Presence of agglomerates (x400) 

    

Porosity (x600) 

    

Surface (x1500) 
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Appendix 8 – Characterization of API-loaded microspheres made 
of the different polymers and different input parameters 

 
For the characterization of API-loaded microspheres using different polymer matrices and 

different input parameters, some additional results are presented: (i) results of particle size 
distribution and (ii) results related to external morphology of microspheres. 

Plots in Figure 8A represent the volume percentage versus particle size in µm for formulation 
L-5 to L-6.  

Taking account of the qualitative results obtained for the external  morphology of 
microspheres  (ii), it presented in Table 8A the main morphological external characteristics for 
these batches. 

 

Figure 8A – Differential volume for L-5 (A), L-6 (B), L-7 (C) and L-8 (D) batches 
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Table 8A - Photomicrographs for L-1  to L-4 batches 

Analysis L-5 L-6 L-7 L-8 

Overview picture and size 
distribution (x100) 

    

Presence of agglomerates (x400) 

    

Porosity (x600) 

    

Surface (x1500) 
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Appendix 9 – Characterization of API-loaded microspheres made 
of the same polymer 

Regarding the API target release period of 5 to 6 months with corresponding polymer 
degradation in a period of 8 to 12 months, the majority of MBCPs led to an acceptable release 
kinetics of loaded microspheres, nevetheless, the degradation time of 2-3 years was too long. 
Therefore optimization was needed on faster degrading polymer degradation without changing the 
release kinetics. Previous studies at InnoCore Pharmaceuticals show that dioxanone based 
polymers22 prove significant faster degradation properties however the API release was suboptimal 
and microspheres showed a high degree of porosity. Therefore a optimization process was 
required. For a preliminary study, a DOE was performed on Minitab 17TM software. 

A DOE is a powerful tool used in a variety of experimental situations. It allows for multiple 
input factors to be manipulated determining their effect on a desired output (the response). The 
DOE involves the plan, the conduct, the analysis and the interpretation of controlled tests to assess 
the influence of factors that control the value of a parameter or a group of parameters. A well 
planned and executed experience design, allows to recognize relevant information about the 
influence of one or more factors in a given response variable. One of the most common approaches 
is the one-variable-at-a-time (OVAT) whichin a factor is changed over time while the other factors 
remain constant. However, this approach is inefficient and time-consuming when compared with 
changing various factor levels simultaneously and may wield false optimum condition for the 
process. Thus, is important to carry out a minimum number of experiments in order to achieve 
maximum relevant information. The DOE ensures that the selected experiences give as much 
relevant information as possible. By manipulation of various inputs at the same team, the DOE 
identifies interactions that may be missed. Usually a screening is used at the beginning of the 
experimental procedure to explore the principal factors affecting a given response (Bower, 2013; 
Christolear, 2013). Before the creation of a design or collect any data, should be defined the 
objectives and outline a general plan for the experiments to conduct. Because resources are 
limited, is very important to get the most information from each experiment. Firstly, is important 
to use a sequential experimentation process. By definition, a sequential experimentation approach 
uses a sequence of smaller experiments where the results at each stage guide the experimentation 
at the next stage. An advantage of the sequential approach is that at each stage, only a small 
number of experimental trials are run so that are less likely to waste resources on unproductive 
trials.  

For this preliminary DOE was used a preliminary screening: a list of potential factors was 
created after a brainstorming. Nevertheless, this screening could be more accurate: hypothesis 
tests and graphical analysis could be used. Therefore three formulation parameters were 
challenged to learn the effect of these parameters on API EE, on API burst release and 
microspheres porosity. The parameters are: API concentration in 𝑤1 phase, PVA concentration in 
𝑤1 phase  and the NaCl concentration on CP.  For this study the polymer chosen was processed 
into microspheres and tested on the various output parameters. The objective of this preliminary 
DOE was defined: optimize three factores and analyze their influence on three responses. These 
factors were chosen based on brainstorming activities of formulation group at InnoCore 
Pharmaceuticals, identifying the critical set of factors for the modeling design. All of the factors 
are controllable and have adequate measurement systems. 

After this stage, the planning of the optimization experiment was performed. The factors 
have already been identified. The next step within the planning of the optimization experiment 
was define the factors level: for simplicity was chosen a two level settings for each factor 
(maximum and minimum). Then, the sample size was chosen: for each numerical factor, was 
considered how much was possible to increase and decrease the factor from its current setting to 
see a difference in the response, for example for the API concentration, previous experiments 
were done with 90 mg.mL-1 (L-1 to L-4 and L-6, L-7) and 138 mg.mL-1 (L-8) so, the API minimum 

                                            
22 The polymer chosen is characterized by having a weight percentage of 60 the amourphous block, containing CL and 
PEG with PEG 𝑀𝑊 of 1000 g.mol-1 and the amorphous block of 2000 g.mol-1, associated with a crystalline block composed 
by PDO with a 𝑀𝑊 of 2300 g.mol-1, with an IV of 0.81 dL.g-1 
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concentration was set up at 90 mg.mL-1 and the maximum concentration was set up at 200 mg.mL-

1. The Minitab 17TM DOE estimates the main effect for each factor as well as the interactions 
between each pair of factors. The main effect is the difference between the mean of the response 
at the low setting of a factor and the mean of the response at the high setting. An interaction is 
the difference in the effect of one factor at different levels of another factor. Minitab 17TM  offers 
diferent types of design types: the right design depends on the number of factors under study, the 
number of levels in each factor. Thus for this preliminary DOE, was chose a two-level full-factorial 
for three factors also known as 23 design. This implies eight runs (not counting the center point 
run).  

 

Figure 9A – The two-level full-factorial for three factors for this specific preliminary DOE 

 

Additionally a centerpoint is taken into account to evaluate for curvature (non-linearity of 
the effect). At the centerpoint the level settings for all factors are chosen in the middle between 
the low and high factor setting. Also the variation on the outputs can be tested by repeating the 
centerpoint several times. This was not tested during this DOE for time reasons. If curvature is 
observed during analysis, any of the challenged parameters can be responsible for the effect. To 
identify the parameter responsible for the curvature, additional experiments are required. 

The Analysis of Variance (ANOVA) table is the basis for the DOE analysis and building the 
various graphs. It is a collection of statistical models used to analyze the differences between 
group means and their associated procedures, such as “variation” among and between groups. The 
appropriate hypotheses for model evaluation are: 

𝐻0: 𝑏𝑖 = 𝑏𝑖𝑗 = 𝑏𝑘 = 0                         (9A.1) 

𝐻1: 𝑏𝑘 ≠ 0 for at least one 𝑘                                                                                              (9A.2) 

Rejection of 𝐻0 implies that at least one of the variables (from 𝑥𝑖 to 𝑥𝑘) contributes 
significantly to the model. To determinate the statistical significance of the model, the Fisher’s 

F-test is used. If the statistic 𝐹0 exceeds 𝐹𝛼,𝑘,𝑛−𝑘−1 (similarly if F-probability is less than 0.05 for 

95% confidence level) the 𝐻0 is rejected and there is at least one variable that contributes 
significantly to the model, and the response variation can be attributed to the model and not to 
random errors. In order to determine the parameters and/or interactions with statistical meaning 
it is usual to use the Student’s t-test. So, if t-probability is smaller than 0.05, the parameter or 
interaction is considered to be significant. 

In this context, for each output parameter (the response), the Pareto chart shows the 
standardized effects (absolute effect divided by its standard error/standard deviation). The red 
dotted reference line shows the factors or interactions considered to have significant effect (thus 
factors that are equal to, or exceeding the red dotted line) also corresponding to a p-value smaller 
than 0.05 from the ANOVA table. Minitab 17TM  uses a standard confidence level of 95% (α =0.05) 
meaning that if a factor is indicated to have significant effect while there is still a chance of 5% 
that it is not significant and that the observed effect is attributed to chance. This needs to be 
kept in mind in case a factor is indicated to be significant.  
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In this context, the preliminary DOE was set up to study the effect of the three factors 
aforementioned factors on the selected output parameters. The DOE setup is summarized in Table 
9A. 

Table 9A - DOE factors with corresponding factor settings 
Factor Low setting Centerpoint High setting 

API concentration in 𝒘𝟏 (mg.mL-1) 90 145 200 

PVA concentration in 𝒘𝟏 (wt%) 0 0.15 0.30 

NaCl concentration in CP (wt%) 5 7.5 10 

 

Other formulation and process parameters were kept constant such as the API target loading 
around 5.20 wt%, the polymer concentration of 10.0% in DCM, the preparation temperature at RT, 
the set-up for the primary emulsification (4x10 s with US at 100% of power), the secondary 
emulsification with interceptor and a membrane pore size of 40 µm, the DP flow rate at 18 mL.hr-

1 and the CP flow rate of 305 mL.hr-1.  
For the DOE, the number of cornerpoint runs was 23 = 8. Including one centerpoint (CenterPt) 

run, the total number of DOE runs was 9. Table 7B shows the DOE runs with the corresponding 
formulation settings.  

 

Table 9B -  DOE runs using the same polymer 

Batch 
number 

RunOrder CenterPt 
API 

concentration 
(mg.mL-1) 

PVA 
concentration 

(%) 

NaCl 
concentration 
in the CP (%) 

L-9 1 0 90 0.00 5.0 

L-10 2 0 90 0.00 10.0 

L-11 3 0 90 0.30 5.0 

L-12 4 0 90 0.30 10.0 

L-13 5 0 200 0.00 5.0 

L-14 6 0 200 0.00 10.0 

L-15 7 0 200 0.30 5.0 

L-16 8 0 200 0.30 10.0 

L-17 9 1 145 0.15 7.5 

 

DOE analysis of API-loaded microspheres made of the same polymer 

For this preliminary optimization process, Table 15 outcomes the DOE set-up: the API target 
loading, the analytical results such as the EE and the burst release and one morphological 
parameter (porosity).  

A D-MBCP23 was chosen for this preliminary DOE (PO-3 polymer matrix chosen, detailed 
description in Appendix 4, page 61).  

 

                                            
23 Previous studies at InnoCore Pharmaceuticals show that dioxanone based polymers prove significant faster degradation 

properties however the API release was suboptimal and microspheres showed a high degree of porosity 
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Table 9C - Settings and results of API-loaded microspheres batches for the preliminary DOE 

 
 
For the EE, none of the DOE terms24 seem to be significant25 (Figure 10B.A). Nevertheless the 

most influencing factor is the NaCl concentration in the CP, followed by third order interaction 
and the interaction between API concentration in the 𝑤1 and NaCl in the CP. The effect of NaCl 
concentration is only 4.95% (Figure 10B.B) which may be within the measuring error of the 
extraction method. Concerning the interaction between the API concentration in the 𝑤1 and the 
NaCl in the CP, only for 90 mg.mL-1, the NaCl concentration shows influence in the EE: this 
interaction is responsible for 6.95% of the EE variation (Figure 10C.A). Regarding the third order 
interaction (Figure 10C.B), only for 10% of NaCl concentration and 0.3% of PVA in 𝑤1, API 
concentration has a slight effect: it is responsible for 7.20% of EE variation.   

Regarding the Pareto chart for burst release (Figure 10D.A), none of the DOE terms seem to 
be significant. Nonetheless, the most influential terms are the third order interaction, the 
interaction between the API concentration and the PVA in the 𝑤1 and the API concentration 
considered alone. Whitin the third order interaction (Figure 10B.B), for 10% of NaCl and 0.3% of 
PVA in the 𝑤1, the API concentration influence 28.8% of the burst release, also within 10% of NaCl 
but at 0.0% of PVA in 𝑤1 the effect of API concentration is 12.8%. Even though the effect over 
burst release for 5% of NaCl are less significant than for 10% of this salt concentration: at 0.0% of 
PVA in the 𝑤1, the API concentration is responsible for 9.80% of the burst release variation. For 5% 
of NaCl concentration and 0.3% of  PVA in the 𝑤1, the burst release variation is only 4.20% when 
the API concentration varies, which may be within the extraction method error. The second most 
influential DOE term is the interaction between the API concentration and the PVA in the 𝑤1: for 
90 mg.mL-1 of API concentration, the variation on PVA in the 𝑤1 is responsible for 13.9% of burst 
release variation, however this effect is negligible for 200 mg.mL-1 of API concentration 
considering variation of PVA in 𝑤1 (responsible for only 4.1% of burst release variation) (Figure 
10B.A). The other DOE term most influential is the API concentration considered alone (Figure 
10E.B): is responsible only for 7.5% of the burst release variation.  

Concerning the porosity, the most influential factors are the NaCl concentration in the CP, 
followed by the API concentration and the PVA in the 𝑤1 (Figure 10F.A), influencing respectively 
0.70%, 0.46% and 0.36% the variation in porosity. None of the DOE terms is decisive for the 
porosity, which indicates that porosity is not dependent on the selected input formulation 
parameters.  

 
 

                                            
24 Effects of one single factor together with all interactions, based on α-value of 0.05 
25 A DOE term is considered significant when is onto or exceeding the reference line of the standardized effect (red line 
on Pareto Chart)  

Batch 
number 

API 
concentration 

(mg.mL-1) 

PVA 
concentration 
in 𝒘𝟏phase(%) 

NaCl 
concentration 
in the CP (%) 

API target 
loading (%) 

EE 
(%) 

Burst 
release 

(%) 

Porosity 
(1-6) 

L-9 90 0.00 5.0 5.19 70.4 13.5 4.21 

L-10 90 0.00 10.0 4.34 72.1 1.90 2.96 

L-11 90 0.30 5.0 5.22 66.7 10.0 4.52 

L-12 90 0.30 10.0 5.35 78.9 33.2 3.98 

L-13 200 0.00 5.0 5.30 69.3 3.70 3.52 

L-14 200 0.00 10.0 5.31 73.9 14.7 3.32 

L-15 200 0.30 5.0 5.10 70.3 5.80 3.90 

L-16 200 0.30 10.0 5.78 71.2 4.40 3.06 

L-17 145 0.15 7.5 5.20 78.9 6.20 3.42 
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Figure 9B - Pareto chart (A) and main effects (B) for EE 
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Figure 9C- Interaction plot (A) and multi-vari chart (B) for EE 

Figure 9D - Pareto chart (A) and main effects (B) for burst release 
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Figure 9E - Interaction plot (A) and multi-vari chart (B) for burst release 

Figure 9F- Pareto chart (A) and main effects (B) for microspheres porosity 

Figure 9G - Interaction plot (A) and multi-vari chart (B) for microspheres porosity 
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Even though in the main text, API-loaded microspheres characterization using the same 

polymer matrix but varying the formulation parameters is displayed over an optimization study 

(the DOE), the evaluation of output parameters formulation, particle size distribution and the 

main morphological characteristics were made and are presented in this appendix. 

 

Output formulation parameters of API-loaded microspheres made of the same polymer 
 

Table 9E - Output formulation parameters for L-9 to L-17 API-loaded microspheres batches 
Batch 

number 
API concentration (mg.mL-1); PVA 

concentration in 𝒘𝟏phase (%); NaCl 
concentration in the CP (%) 

Experimental 
API loading (%) 

EE(%) 
 
 

L-9 90;0.00;5 3.65 70.4 

L-10 90;0.00;10 3.16 72.1 

L-11 90;0.30;5 3.48 66.7 

L-12 90;0.30;10 4.22 78.9 

L-13 200;0.00;5 3.67 69.3 

L-14  200;0.00;10 3.92 73.9 

L-15 200;0.30;5 3.59 70.3 

L-16 200;0.30;10 4.12 71.2 

L-17 145;0.15;7.5 4.10 78.9 

 

Size distribution parameters of API-loaded microspheres made of the same polymer 

 

Table 9F - Output size distribution parameters for L-9 to L-17 API-loaded microspheres batches 
Batch 

number 
API concentration (mg.mL-1); PVA 

concentration in 𝒘𝟏phase (%); NaCl 
concentration in the CP (%) 

Particle size distribution parameters 

𝒅𝟏𝟎 (µm) 𝒅𝟓𝟎 (µm) 𝒅𝟗𝟎 (µm) CV (%) 

L-9 90;0.00;5 51.04 58.36 69.64 16.4 

L-10 90;0.00;10 53.25 61.84 73.25 14.5 

L-11 90;0.30;5 55.68 64.96 75.66 14.4 

L-12 90;0.30;10 52.53 60.89 75.57 16.0 

L-13 200;0.00;5 53.09 67.23 80.48 15.9 

L-14 200;0.00;10 53.27 60.18 75.28 16.8 

L-15 200;0.30;5 54.58 64.90 78.52 15.7 

L-16 200;0.30;10 53.62 61.69 72.01 13.7 

L-17 145;0.15;7.5 50.50 65.07 83.23 20.2 
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Figure 9H – Differential volume for L-9 (A), L-10 (B), L-11 (C) and L-12 (D) batches 

 

Figure 9I – Differential volume for L-13 (A), L-14 (B), L-15 (C) and L-16 (D) batches 

 

 

Figure 9J – Differential volume for L-17 



Formulation and characterization of polymer-based microspheres of an active pharmaceutical ingredient 

Characterization of API-loaded microspheres made of the same polymer       89 

Morphological parameters of API-loaded microspheres made of the same polymer 

 

Table 9G – Photomicrographs for L-9 to L-17 batch 

Analysis L-9 L-10 L-11 L-12 L-13 L-14 L-15 L-16 L-17 

Overview 
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IVR study for API-loaded microspheres made of the same polymer 

 

 

Figure 9K - IVR study for L-9 to L-17 API-loaded microspheres batches 
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