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The present dissertation focuses on the removal of solvents from biodegradable 

microparticles, a long-acting injectable dosage form. The following introduction begins 

with an overview about the relevance and variance of long-acting injectables in 

Chapter 1.1, followed by a presentation of poly(lactide-co-glycolide) (PLGA) as the 

most important biodegradable polymer for drug delivery and excipient for microparticle 

preparation in Chapter 1.2. An overview of the common manufacturing techniques for 

PLGA microparticles is given in Chapter 1.3. The extraction/evaporation method, which 

is the focus of this work, is then described in detail, divided into the emulsification 

process, described in Chapter 1.4 and the solvent removal described in Chapter 1.5. 

Based on this introduction, the research objectives are finally specified in Chapter 1.6. 

1.1. Long-acting injectables  

Parenteral administration of drug formulations is often superior compared to other 

administration routes in terms of bioavailability and targeted drug delivery [1–6]. 

Especially when administered orally, low solubility, permeability or stability limit the 

absorption of drugs [6–8]. Injections can circumvent these challenges but usually 

require repeated administration at short intervals due to the metabolism and systemic 

clearance of drugs. Long-acting injectables (LAI) are depot formulations, also called 

long-acting drug delivery systems (LADDS), for parenteral use, which reduce the 

frequency of administration by controlled release of the drug over a period of several 

days to several months [1–6]. This improves the patient compliance and the therapy 

adherence. In addition, uniform release avoids fluctuations in the plasma concentration 

of the drug and prevents it from falling below the minimum effective or exceeding the 

minimum toxic concentration. This increases the efficacy and safety of the therapy and 

minimizes side-effects [6,9,10].  

Typically, LAI are injected subcutaneously or intramuscularly to achieve a systemic 

effect. It is also possible to administer directly into or close to the target tissue, such as 

the vitreous body of the eye [3,5,6]. Depending on the requirements, for example the 

release profile, there are different LAI of varying complexity. Oily solutions of drugs are 

easy to prepare, and final sterilization can be performed by sterile filtration instead of 

often for LAI required gamma sterilization. The drug is released by partitioning from 

the formulation, depending on its concentration, the surface area of the oily depot and 
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the partitioning coefficient between the tissue fluid and the formulation. Crystal 

suspensions are prepared by milling (top-down) or precipitation (bottom-up), allow high 

dosage of the drug per volume and release the drug by the rate of dissolution [4,5,11]. 

Suspensions and oily solutions can release drug over several days to weeks 

depending on the drug and formulation properties [4,5]. From more complex polymer 

or lipid-based solid formulations, drug is usually released by diffusion and/or erosion, 

which usually results in a prolonged release of weeks to months [4–6,12].  

Biocompatible polymers used for LAI are differentiated based on whether they are 

biodegradable or not. Non-biodegradable polymers such as ethylene vinyl acetate, 

polyimide, poly(vinyl alcohol), poly(vinyl acetate) have to be surgically removed from 

the tissue after therapy. Drug release from such systems occurs by diffusion. 

Biodegradable polymers eliminate the need for resurgery of LAI. Natural and semi-

synthetic polysaccharides (e.g., cellulose derivatives, sodium alginate, dextran, 

chitosan, and hyaluronic acid) and polypeptides (e.g., collagen, elastin, and albumin) 

or synthetic polyesters (e.g., methacrylates, poly(lactide-co-glycolide) (PLGA), 

polylactide, and polycaprolactone) are being researched for this purpose [6,13]. The 

release from polymer-based systems is often not or not only controlled by diffusion, 

but also by erosion. A distinction can be made between surface and bulk erosion [5,14]. 

PLGA is the most widely used biodegradable polymer on the market, with more than 

20 approved LAI formulations for human use [5,12,15]. These are solid implants  

(e.g., Zoladex®, Ozurdex®, Propel®), in-situ forming implants (e.g., Atridox®, Eligard®, 

Perseris®) and, as the largest group in terms of numbers, microparticles (e.g., Lupron 

Depot®, Risperidal Consta®, Zilretta®) [5,12,15]. PLGA-LAI can be used as carriers for 

small drugs as well as for large complex biomolecules for various indications including 

mental disorders, metabolic disorders, pain, infections, etc. [5,6,15]. 

Solid PLGA implants are usually small cylindrical rods with 10 - 35 mm length and  

1 - 3 mm diameter [5]. Commonly used preparation methods for implants include hot 

melt extrusion (HME), compression molding, injection molding and solvent casting 

[6,16]. More complex shapes are also possible, in particular through molding 

processes or 3D-printing, which may allow the control of the drug release or application 

in tissue engineering [6,17,18]. A major advantage of solid implants is the ease of 

manufacturing and the high drug loading capacity and release retardation due to the 
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small surface area to volume ratio. A disadvantage is the large size, which necessitates 

the use of large, painful cannulas or small surgical interventions for application [5]. 

In-situ forming implants are liquid or semi-solid PLGA solutions, which are easy to inject 

and solidify/gel after application [6,19–21]. Solvents used here to dissolve PLGA must 

be biocompatible and dissolve to a certain extent in aqueous body fluid. Commonly 

used solvents for in-situ systems include dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), ethyl benzoate, N-methyl-2-pyrrolidone (NMP), and triacetin [16,20,22].  

A variation of this concept are in-situ forming microparticles, in which an O/W- or O/O- 

emulsion with PLGA and drug in the inner phase is injected [21–23]. At the application 

site in-situ forming implants/microparticles solidify fast due to fast diffusion of the 

solvent into the surrounding tissue. A significant proportion of drug can also be 

released during this step. Due to the high and possibly fluctuating burst release, in-situ 

forming systems may not be suitable for drugs with a small therapeutic window [5,21]. 

Furthermore, high solvent concentrations after application may cause myotoxicity [22].  

Microparticles are dispersible particles of a size of 1 - 1000 µm. Microparticles made 

of PLGA with a size of approximately 1 - 250 µm, often 10 - 125 µm, are most 

commonly used for drug delivery to achieve good cannula mobility and to prevent 

phagocytosis of particles smaller than 10 µm [5,24,25]. Microparticles, in which drug is 

encapsulated dissolved or dispersed throughout the entire matrix, are called 

microspheres [5,24,25]. If the drug is deposited in the form of a reservoir system only 

in the inner core, covered by a drug-free polymer layer, microparticles are called 

microcapsules [5,24,25]. The administration of PLGA microparticles is less invasive 

compared to PLGA implants, because small needles can be used due to the small 

particle size instead. Surgical insertion or the use of large needles can therefore be 

avoided [5,25]. Disadvantages of microparticles, compared to implants, are that they 

cannot be removed to terminate the therapy, the maximum drug loading is usually 

lower and the release faster due to a larger surface area and shorter diffusion 

pathways. Furthermore, the manufacturing of microparticles is in general more 

complex compared to solid or in-situ forming implants. Most manufacturing methods 

for microparticles require several manufacturing steps, long process times and the use 

of organic solvents to dissolve the PLGA, which then must be removed again  

(Chapter 1.5).  
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1.2. Poly(lactide-co-glycolide)   

The polyester PLGA consists of the monomers lactic acid and glycolic acid, typically 

arranged in blocks of polylactic acid and polyglycolic acid. Since the bond between two 

lactic acids forms an asymmetric stereochemical center, two enantiomers poly L-lactic 

acid and poly D-lactic acid can be divided. PLGA usually contains both forms in equal 

ratio and is therefore called poly(D,L-lactic-co-glycolic acid) [26]. PLGA can be 

produced by polycondensation of lactic acid and glycolic acid, whereby only a limited 

molecular weight is achieved. Therefore, ring-opening polymerization from the cyclic 

dimers lactide and glycolide, catalyzed by organometallic compounds, is used 

industrially to produce high-molecular weight PLGA efficiently (Figure 1) [27,28]. 

Figure 1: Synthesis of PLGA by ring-opening polymerization of lactide and glycolide 
(adapted from [27]) 

The physico-chemical properties of PLGA are mainly affected by its molecular weight, 

lactic to glycolic ratio and chemical groups at the polymer chain ends [12,15,27,28]. 

Furthermore, the distribution and length of polylactide and polyglycolide blocks, both 

strongly dependent on the synthesis process, can affect for example solubility, 

crystallinity and degradation behavior [28,29]. In general, increasing molecular weight, 

lactic content and end-capping increase the hydrophobicity of PLGA, thus altering its 

affinity for solvents, additives and drugs [12,15]. The molecular weight refers to the 

chain length of the polymer. An increase of molecular weight increases, for example, 

the viscosity of PLGA solutions, having a major effect on particle size of microparticles. 

Therefore, the inherent viscosity of a PLGA grade is often given as an indication of the 

molecular weight.  
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PLGA degrades primarily through hydrolysis of its ester bonds, which link the lactic 

acid and glycolic acid monomers, in the presence of water [27,30–32]. Progressing 

degradation results in monomers and oligomers which become water soluble below a 

critical molecular weight of about 1100 Da [30]. As degradation progresses, the PLGA 

matrix loses its mechanical strength until visible bulk erosion starts. As long as the 

matrix is not eroded, the monomers are only released slowly and accumulate, thus 

lowering the inner micro-pH of the matrix and promoting the hydrolytic degradation in 

the form of autocatalysis [27,30–32]. The degradation products of PLGA can be 

eliminated by renal excretion or metabolized from the body. Lactic acid and glycolic 

acid can be converted into pyruvate via a number of intermediate reactions and then 

metabolized into carbon dioxide and water by the tricarboxylic acid cycle (also known 

as Krebs cycle) [26,27].  

The morphology of a PLGA matrix and the physicochemical properties of the PLGA 

grade affect degradation [32]. An increased hydrophobicity of PLGA delays the 

hydration and therefor the hydrolysis [30–33]. In addition, the methylene group of lactic 

acid impede the hydrolysis sterically, resulting in a 1.3 times faster hydrolysis of the 

ester bonds of the glycolic unit compared to the lactic unit [31,33]. Thus PLGA with a 

high blockiness, i.e. an uneven distribution of lactic and glycolic units, degrades faster, 

due to a larger number of sterically easy accessible glycolic-glycolic bonds [28,29]. 

Increasing molecular weight may increase degradation rate due to an increased 

number of ester bonds, which can be hydrolyzed [31]. However, due to the initially 

higher molecular weight, it still takes more time until cleavage products have fallen 

below the critical molecular weight being water soluble and the integrity of the PLGA 

matrix is retained longer compared to an initially low molecular weight [14,29,31]. 

The release of drugs from PLGA microparticles is based on the diffusion through the 

polymer or water-filled pores and the erosion of the matrix [34]. The release depends 

primarily on the physicochemical properties of the drug and PLGA grade, the 

microparticle size and morphology [29,34,35]. The release profile can be monophasic 

linear, biphasic or most commonly triphasic [34–37]. During the first phase, the burst, 

drug, which is encapsulated close to the surface or in contact with surface-connected 

pores, is released rapidly by dissolution and diffusion. The burst is increased by a high 

drug loading, a small particle size or a high porosity [29,35,37,38]. Percolation, which 
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can occur at high loading with drug undissolved in the polymer (above so-called 

percolation threshold), greatly increases the burst. Dissolution of drug crystals close to 

the surface, create pores that allow media access to further drug crystals, creating a 

pore network that enables the rapid initial release of large amounts of the encapsulated 

drug [39]. The release in the second phase is almost constant and controlled by the 

diffusion of the drug through the slowly swelling PLGA-matrix [36,37]. Depending on 

the solubility and diffusivity of the drug in the polymer, little to almost all of the 

encapsulated drug is released within the second phase [37]. The last phase is 

controlled by substantial swelling and bulk erosion of the matrix due to progressed 

degradation of PLGA, so that remaining drug is released fast [29,36]. 
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1.3. Overview: Preparation of PLGA microparticles 

For the preparation of PLGA microparticles different methods can be used. For most 

manufacturing processes, PLGA must be dissolved in an appropriate organic solvent, 

for example chloroform, dichloromethane (DCM), or ethyl acetate (EtAc) [16,40]. 

The most common process is the solvent extraction/evaporation method, where a 

solution of PLGA in an organic solvent is emulsified in an aqueous continuous phase, 

which usually contains a surfactant or stabilizer (e.g., Polyvinyl alcohol (PVA) 

polyethylene glycol sorbitan monolaurate (Tween), sorbitan monooleate (Span), 

sodium dodecyl sulfate (SDS)) [41–43]. The resulting emulsion droplets solidify into 

microparticles through extraction and evaporation of the organic solvent. The various 

modifications of this manufacturing method might be differentiated by the targeted 

emulsion system, the process of emulsification (Chapter 1.4) and the solvent removal  

(Chapter 1.5). The simplest emulsion system is oil (drug:PLGA:organic solvent) in 

water (usually containing a stabilizer), abbreviated as O/W. A distinction can be made 

as to whether the drug is dissolved in the organic phase or dispersed, i.e. as a solid in 

oil in water (S/O/W) system. The drug can also be dissolved or dispersed in a second 

aqueous phase, which is emulsified into the organic phase to form a water in oil in 

water (W/O/W) system, also called double emulsion [16]. Challenges of the solvent 

extraction/evaporation method include the low encapsulation efficiency of water-

soluble drugs, instabilities of drugs and PLGA due to the presence of water or organic 

solvent, and the removal of residual solvents [16]. 

In the phase separation method, the solubility of a dissolved polymer is decreased, for 

example by the addition of non-solvents, salts, incompatible polymers, complex-

forming polymers, or temperature change to form coacervates onto the surface of drug 

crystals, that where subsequently solidified into particles [40]. For the preparation of 

PLGA microparticles by the organic phase separation method, the gradual addition of 

a solvent-miscible PLGA non-solvent (e.g., liquid methacrylic polymers, silicone oil, 

vegetable oil, or light liquid paraffine oils) to a stirred solution of PLGA in an organic 

solvent (e.g., dichloromethane, ethyl acetate, or acetonitrile), initiating liquid-liquid 

phase separation is most commonly performed [40,44,45]. Resulting droplets of PLGA-

rich phase are solidified into microparticles by addition of an extractant (e.g., hexane, 
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heptane, or petroleum ether). The absence of water in this process may improve the 

encapsulation of hydrophilic drugs and stability of proteins, but process stability, scale-

up and removal of non-volatile organic solvent residues are challenging [16,40]. 

In the spray drying method, a solution of PLGA in an organic solvent is atomized into 

fine droplets in a spray drying apparatus [40,46]. Warm drying gas facilitates fast 

solvent evaporation and thus solidification of the droplets. The need for fast 

solidification and a high risk of particle aggregation typically limit the flexibility of 

formulation and process development [16]. Even if the thermal stress is short-term and 

rather low due to evaporation cooling, it can be critical for some drugs. To avoid the 

use of heat, droplets can be sprayed into a cryogenic liquid such as nitrogen or argon, 

during so called spray freeze drying (SFD). The atomized droplets solidify immediately 

and organic solvent is removed in a subsequent process by lyophilization, or cryogenic 

solvent extraction in a non-solvent, as in the ProLease® process, used for 

manufacturing the discontinued Nutropin DEPOT® [40,43,47]. Microparticles prepared 

by spray drying or SFD typically have a high encapsulation efficiency, but may be 

porous, have significant burst release and low yield [40,48,49]. 

Methods that do not involve dissolution of PLGA in organic solvents are rarely used. In 

the so-called rapid expansion of supercritical solutions (RESS) method a polymer is 

dissolved in a supercritical fluid at high pressure and precipitated by a rapid 

decompression, due to a loss of the liquid-like solvent power [40].  Due to the limited 

solvent power of common supercritical fluids for high molecular weight polymers, this 

process is not commonly used for PLGA. Instead, supercritical fluids or compressed 

gas are more likely to be used to precipitate atomized or emulsified PLGA: or 

PLA:organic solvent droplets [40,50,51] or to extract residual solvent from formed 

microparticles (Chapter 1.5.2.). The high viscosity and low thermostability of PLGA limit 

the use of manufacturing techniques that require a low melt viscosity, like spray-

congealing (atomization of a lipid or polymer melt into droplets, solidified by spraying 

them into a cold air stream or cold non-solvent) [40,43,52]. In top-down granulation, 

also called melt-grinding method in this context, PLGA is first melted, extruded, or 

compressed together with the drug and then grinded [53–55]. If necessary, these 

granules are redispersed in a non-solvent and heated to achieve a rounded shape with 

a smooth surface [56]. Alternatively, in the melt emulsification method, also called melt 



 1.3 Overview: Preparation of PLGA microparticles 

10 
 

encapsulation, PLGA and drug are dispersed in a hot non-solvent without 

preprocessing. The temperature is chosen so that PLGA is sufficiently liquid to be 

emulsified into droplets, which are solidified into microparticles by cooling [57]. In 

particular, the high thermal stress on drugs and PLGA limits the use of these solvent-

free methods [16]. 
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1.4. Emulsification in the solvent extraction/evaporation method 

Emulsification is a crucial step in the preparation of PLGA microparticles with the 

solvent extraction/evaporation method. The size of the droplets formed essentially 

determines the size and size distribution of the final microparticles. The microparticles 

are generally smaller than the droplets, as these shrink due to the removal of solvent. 

The extent of shrinkage depends mainly on the initial concentration of PLGA in the 

dispersed phase [58] and the solvent extraction rate (Chapter 1.5.1). 

Emulsification for microparticle preparation can be performed with various techniques, 

whereby stirring (batch process) (Chapter 1.4.1) and microfluidic flow focusing 

(Chapter 1.4.2) are used in this dissertation and are therefore discussed in more detail 

in the following chapters. In addition, there are various other techniques, including e.g. 

static mixing, membrane emulsification, and step emulsification [41]. 

Static mixers are pipes equipped with built-in flow obstacles that break up and reunite 

the fluid flows, creating a homogeneous mixing field [41,59]. A static mixer has no 

moving parts, which reduces abrasion and maintenance. The droplet size is mainly 

determined by the geometry and number of mixing elements used, the flow velocities, 

viscosities, and the interfacial tension of the dispersed organic and continuous 

aqueous phase [41,59,60]. The effort of a classical scale-up can be reduced by 

producing continuously and minimizing downtimes. If this does not facilitate a sufficient 

production capacity, a numbering-up can be easily performed, where several mixers 

are connected in parallel, which leads to a considerable increase in throughput [41].  

Emulsions can also be prepared by interfacial tension driven droplet formation. In this 

process, the organic PLGA solution is slowly introduced through microchannels [61,62] 

or porous membranes [63,64] into a slowly agitated continuous aqueous phase 

containing a surfactant. Droplets usually do not detach due to significant shear, but due 

to the instability resulting from the elongation of their surface and a drop of Laplace 

pressure [41,65]. For this reason, the droplets can be highly monodisperse and their 

size depends mainly on the geometry of the channel exits or pores. This passive 

droplet detachment is slow, but an acceptable throughput might be achieved by an 

easy numbering-up [41,65]. 
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1.4.1. Droplet formation by the batch process  

In the classical batch process, a continuous aqueous phase, usually containing a 

stabilizer, is stirred in a vessel with an impeller. The organic PLGA solution, containing 

the drug, is added slowly or all at once. Essentially, droplets of the forming emulsion 

can be split by drag and shear force induced by the impeller. This is counteracted by 

the Laplace pressure, i.e. pressure between the convex and concave side of the curved 

droplet interface, as a shape-retaining cohesion force [66]. This ratio between drag and 

cohesion force can be expressed by the Weber number: 

 𝑊𝑒 =  
ρ𝑐  𝑣2 𝑑 

𝜎
 Equation 1 

ρ𝑐 denotes the density of the continuous phase, 𝑣 the velocity, 𝑑 the droplet diameter,𝜎 

the interfacial tension between dispersed and continuous phase. 

Increasing the shear forces by increasing size, number, agitation rate or changing 

impeller geometry decreases droplet size and possibly also polydispersity due to a 

homogeneous power input [41,67,68]. Vertical baffles in the vessel can increase the 

axial velocity and thus circulation and reduce the tangential and swirl velocity [69]. This 

results in a decreased and narrower size distribution of droplets, reduced air 

entrainment by preventing vortex formation and increased yield of solidified 

microparticles [70].  

Formulation parameters that are relevant for the droplet size are the viscosity, 

interfacial tension and the phase ratio of the dispersed and the continuous phase [41]. 

The viscosity of the dispersed phase can be increased by a higher molecular weight 

of the PLGA grade used and a higher initial concentration. The viscosity of the 

continuous phase and the interfacial tension can be changed by adding 

surfactants/stabilizers. The most commonly used stabilizer PVA reduces particle size 

more efficiently than other surfactants/stabilizers [71], as it lowers the interfacial 

tension with increasing concentration to the critical micelle formation concentration 

(CMC), but also increases the viscosity of the continuous phase. With increasing PVA 

concentration, smaller droplets are formed and stabilized by reducing coalescence 

[41,72]. Since small satellite droplets that may form when larger droplets break up can 
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also be better stabilized, the particle size distribution can be broadened by increasing 

the stabilizer concentration. 

In accordance with the relationships described above, various studies were carried out 

to calculate the droplet size of emulsions in general. However, due to the defined 

assumptions and limitations (e.g., viscosities) in the creation of many equations, these 

may not be applicable to microparticle preparation. An important mathematical 

correlation for O/W emulsions was developed by Calabrese [73]: 

 
D32

L
= C (

ρc

ρd
)

3/8

(
μd

μc
)

3/4

 Re−3/4 Equation 2 

𝐷32 denotes the Sauter diameter, L the impeller diameter, C a dimensionless empirical 

constant, ρ𝑐 and ρ𝑑 are the densities and 𝜇𝑐, and 𝜇𝑑 viscosities of the continuous and 

dispersed phases. 𝑅𝑒, the Reynold number, describes the ratio of inertia forces to 

frictional forces and is defined as: 

 Re =
ρc N L2 

μc
 Equation 3 

Here 𝑁 denotes the impeller speed. Calabrese points out that the influence of the 

viscosity of the continuous phase is cancelled out by inserting the Reynolds number, 

although this actually has an influence on the droplet size [73]. The effect of the phase 

ratio on the droplet size is also neglected in this correlation and might be described as 

follows [74]: 

 D32 L = (1 + b φ)n We−0.6 Equation 4 

Here φ denotes the volume phase fraction and b and n are a numerical coefficient and 

exponent. 

In principle, the correlations described for emulsions also reflect the influencing factors 

during microparticle production. However, predicting the size of microparticles is more 

complex. The described equations are based on an emulsion system in which an 

equilibrium is established between the droplet break-up and coalescence after some 

time. In microparticle preparation the formulation-dependent parameters, particularly 
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the viscosity of the dispersed phase, change significantly due to the solvent removal. 

The theoretical equilibrium of the droplet size distribution changes dynamically during 

the preparation process and may not be reached due to the solidification of PLGA. 

Therefore, opposite effects of the phase ratio on the microparticle size are described 

[41]. Theoretically, according to emulsion theory, an increasing volume of continuous 

phase reduces the final particle size. In practice, the particle size may not be affected 

by a change in the phase ratio [67,68] or even increases with an increasing proportion 

of continuous phase [75–77]. Increasing the solvent dissolving capacity of the 

continuous phase accelerates the solvent removal and solidification of PLGA and thus 

may prevents complete shrinkage of the droplets (Chapter 1.5.1). 

1.4.2. Droplet formation by microfluidic flow focusing 

Microfluidics describes the manipulation of small amounts of fluids through small 

channels ranging in size from ten to hundreds of micrometers [78]. At this microscale, 

interfacial and viscous effects dominate over bulk forces, enabling unique multiphase 

flow behavior [79]. A major advantage of this technique is the enormous control over 

the droplet size, as only one droplet is produced at a time. This allows, for example, 

the preparation of monodisperse droplets or the formation of multiple emulsions with a 

well-defined layer thickness [80]. A droplet generation frequency of hundreds to over 

ten thousand droplets per second can be achieved. However, this only corresponds to 

very small volumes, resulting in a low throughput, which might be seen as the biggest 

disadvantage of microfluidics. This challenge can be partially overcome by numbering 

up, i.e. the parallelization of different channels [81]. However, this may require complex 

geometries for distributing the fluids and a high level of manufacturing precision in 

order to achieve comparable hydrodynamic conditions in each channel. There are 

various microfluidic geometries for passive droplet generation (i.e. without moving 

parts or external actuation), the most common being coaxial, flow focusing and  

T-junction (Figure 2). These can be operated in different flow regimes, which determine 

whether, how and where (relative to the junction) droplets are formed, with the most 

common distinction between dripping, jetting and stable co-flow [78,79,81]. 
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Figure 2: Schematic representation of different flow regimes in (a) coaxial, (b) flow 
focusing and (c) T-junction microfluidic devices [79]  

In this study, only the flow focusing geometry was used, which has the advantage of 

avoiding contact of the dispersed phase with the channel walls downstream of the 

junction, which increases the process stability. In hydrodynamic flow focusing, the 

continuous phase flows on both sides of the dispersed phase to a junction/orifice, 

which is fabricated in a microfluidic device, usually a chip of glass, 

polydimethylsiloxane, silicon or polymethylmethacrylate [78,79,81]. At the junction, the 

continuous phase shearing of droplets of the dispersed phase when leaving the 

junction (dripping regime) or focusing it to a jet, which may break into droplets 

downstream of the junction due to shear induced elongation and undulation (jetting 

regime) [79]. Whether a droplet or a jet is formed depends on whether shear forces or 

capillary pressure predominate in the junction. This ratio can be expressed by the 

capillary number Ca: 

 Ca =  
μ Q

𝜎 h2
 Equation 5 
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Here μ, Q and 𝜎 indicate the viscosity, flow rate and interfacial tension of the described 

phase and h the channel height of the microfluidic device. The transition from dripping 

to jetting occurs, if the critical capillary number Ca ≈ 0.1 - 1 of the dispersed or 

continuous phase is exceeded [80,82]. Near the critical capillary number, a viscous tail 

may form during droplet deposition, which can break into satellite droplets [82]. Jetting 

can also lead to a broader particle size distribution compared to dripping [83]. The 

dripping regime is sometimes subdivided depending on whether droplets are 

generated in the junction orifice (mode 1) or directly behind it (mode 2) [83]. In the 

dripping regime, droplets are formed by a combination of capillary instability and 

viscous drag [78]. With a fixed junction geometry and formulation, increasing the ratio 

of the continuous phase flow rate to the dispersed flow rate decreases the droplet size 

and increases the droplet generation frequency [83–85]. Increasing the flow rate of the 

continuous and the dispersed phase increases the droplet generation frequency while 

maintaining the droplet size until jetting occurs. As the viscosity of the dispersed phase 

increases, the droplet size increases and the dependency on the flow ratio becomes 

weaker [83].  

The addition of water-soluble polymers, solvents or surfactants to the continuous 

phase may reduce the droplet size by reducing the interfacial tension and/or increasing 

the viscosity [86,87]. The effect of the interfacial tension seems to be predominant in 

some studies, since SDS reduced the droplet size more than PVA, although it 

increases the viscosity less, but significantly reduces the dynamic interfacial tension 

more [87]. Erb et al. observed no significant effect of the surfactant in the continuous 

phase on the droplet size in microfluidics. This is explained by the fact that the diffusion 

rate of surfactants at the interface (100 - 1000 ms) is usually much slower than droplet 

formation in microfluidics (often less than 1 ms) [80]. As a result, surfactants barley 

influence dripping, but can be decisive for the stability of the generated emulsion 

downstream of the junction. 
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1.5. Solvent removal in the solvent extraction/evaporation method 

Most manufacturing methods for the preparation of microparticles require the 

dissolution of PLGA in an organic solvent (Chapter 1.3). The selection of a solvent for 

the solvent extraction/evaporation method primarily aims for a good solubility of PLGA, 

a limited miscibility with water to form an emulsion and often a high volatility to promote 

removal by solvent evaporation [12,88]. The solubility of PLGA in organic solvents 

depends on the molecular weight and especially on the lactide:glycolide ratio  

(Table 1), while the effect of end-capping is negligible [12].  

Table 1: Dissolution of 2.5 % (w/V) PLGA in different solvents depending on the 
lactide:glycolide ratio at a constant molecular weight of around 80 kDa [12] 

 

Other aspects, such as drug solubility or interfacial tension, may also be considered 

for solvent selection to control the encapsulation efficiency or distribution of the drug 

in the microparticle [89–91]. By far, the most common solvents are dichloromethane 

and ethyl acetate. Dichloromethane has a slightly better solubility for PLGA with less 

than 65 % lactide, a higher volatility, a lower interfacial tension to and solubility in water 

compared to ethyl acetate [12,89,90]. Mixtures of these solvents with other PLGA 
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solvents or non-solvents can also be used to modify the solubility of drugs and PLGA 

or the extraction rate and thus possibly morphology and drug release profile [88,91,92].  

The removal of organic solvent is essential to transfer droplets into solidified 

microparticles and controlling the critical properties of the final product including drug 

release and storage stability [93]. Additionally, most of the organic solvents used have 

a certain toxicity and must therefore be removed to a minimum [93,94] (Chapter 1.5.4). 

The solvent removal process during microparticle manufacturing in the solvent 

extraction/evaporation method can be divided into a wet-processing step and a 

secondary drying step depending on whether the microparticles are dispersed in a 

liquid continuous phase or have been collected. In the following, wet processing is 

subdivided into rapid initial (Chapter 1.5.1) and slow final extraction (Chapter 1.5.2), 

since the latter is mechanistically comparable to secondary drying (Chapter 1.5.3) and 

can theoretically be skipped by early collection of the microparticles from the 

continuous phase.  

1.5.1. Initial solvent extraction 

When emulsification begins, the organic solvent is extracted from the dispersed 

droplets into the aqueous continuous phase by Fickian diffusion. This process is initially 

driven by the organic solvent concentration gradient between the dispersed 

drug:PLGA:solvent phase (O) and the continuous aqueous phase (W) [95,96]. The 

mass transfer follows Fick`s second law: 

 ∂c

∂t
= D 

∂2c

∂x2
  Equation 6 

Here c is the concentration of organic solvent, t the time, D the mutual diffusion 

coefficient and x the position. In parallel to the solvent extraction, various processes 

may take place including water influx, drug extraction, shrinkage of the droplet and 

thus shortening of the diffusion path and simultaneous increase in viscosity. Figure 3 

summarizes the complex interplay of the main sub-processes around a single droplet 

during the initial extraction step, which are described in more detail below. 
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Figure 3: Initial sub-processes around a single droplet after emulsification during the 
solvent extraction/evaporation method [12] 

Due to those various processes, the rate of solvent extraction is essential for the 

properties of the final microparticles. Generally summarized: Slow initial extraction of 

the organic solvent facilitates the formation of small microparticles, which tend to have 

pores and a low encapsulation efficiency due to an water influx [77,88,97,98]. Rapid 

initial extraction, by increasing the continuous phase volume initially or by fast dilution, 

facilitates fast solidification of the polymer. This may increases the encapsulation 

efficiency [99], but also the particle size, pore size, burst release and residual solvent 

content [75,100]. Moderate continuous extraction may allow particle shrinkage, thereby 

reducing the microparticle porosity and burst release of drugs [77,98]. 

Fast diffusion enables the extraction of the majority of the solvent volume within a few 

seconds from the dispersed phase, if the solvent dissolving capacity is unlimited [96]. 

The diffusion speed decreases with increasing droplet diameter and PLGA 

concentration [96]. Due to the limited aqueous solubility of the common organic 

solvents, the continuous phase is often saturated after a short time, terminating this 

first diffusion-controlled extraction step. The dissolution capacity for the organic solvent 

in the continuous phase, depends on the O/W phase ratio and the solubility of the 

organic solvent [38,97,101]. The solubilities of the organic solvents used differ, for 

example about 0.8 % chloroform, 1 - 2 % dichloromethane, 8 % ethyl acetate dissolve 

in pure water. The solubility might be increased by the addition of surfactants or by 
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changing the temperature [38]. Dichloromethane, for example, shows better solubility 

at decreased temperature [97]. However, it should be noted that diffusion generally 

slows down when the temperature is decreased.  

Rapid initial solvent extraction causes fast solidification of PLGA. If the extraction rate 

is faster than the diffusion within the droplet, a skin of solidified PLGA may form on the 

droplet surface. This skin can interrupt the emulsification process, leading to irregular 

precipitates or particles with a broad size distribution, slowing the further extraction of 

organic solvent and drug loss, preventing droplet shrinkage, favoring the influx of 

water, and thus increasing the porosity of the resulting microparticles [75,77,97,102]. 

Increased porosity may reduce drug encapsulation efficiency and increase burst 

release. The diffusion-controlled initial extraction can be reduced by pre-saturating the 

continuous phase with the organic solvent, which is for example commonly practiced 

if ethyl acetate is used due to its high aqueous solubility [103,104].  

As soon as the continuous phase is saturated with organic solvent, the removal from 

the continuous phase limits further solvent extraction [96,104]. To prevent saturation, 

the continuous phase can be diluted incrementally or continuously [97,105] or be 

replaced by (membrane) separation techniques [102,106,107]. Classically, the volatile 

organic solvent evaporates from the continuous phase, allowing further organic solvent 

to be extracted from the dispersed phase. This manufacturing method is therefore often 

abbreviated as solvent evaporation method, without mentioning extraction. The 

evaporation rate depends on the volatility of the organic solvent, temperature, 

pressure, homogeneity of mixing in the continuous phase, volume-surface ratio of the 

continuous phase, and the removal of the evaporated organic solvent [95,108]. Fast 

solvent evaporation due to elevated temperature [98,100,105,109] and/or decreased 

pressure [42,110,111] may lead to the formation of a porous surface, inner, or a hollow 

core. At temperatures above almost 50 °C of the glass transition temperature of PLGA, 

very rapid solvent extraction and yet a dense microparticle structure can be achieved, 

because PLGA remains liquid or rubbery [109]. However, the resulting microparticles 

may have a smaller size and accelerated drug release. 
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Based on the mass loss of a batch over time an evaporation constant can be 

determined. If the evaporation constant K is known for the given conditions, it can be 

used to calculate the evaporation rate and thus the solvent removal rate under 

saturation [108]: 

 VCP

∂c

∂t
=  −K c Equation 7 

VCP is the volume of the continuous phase. The prediction of the evaporation constant 

after scale up might be performed by taking into account the changed surface to 

volume ratio of the continuous phase [108]: 

 K2 = K1  
VCP1

 ACP2

VCP2
 ACP1

 Equation 8 

Here K1, VCP1
and ACP1

are the evaporation constant, the continuous phase volume and 

the surface area of the first batch. K2, VCP2
and ACP2

 refer to the second batch for which 

the evaporation constant is calculated. 

Continuous emulsification methods e.g. static mixers or microfluidic flow focusing may 

require a small phase ratio and processing in tubing prevents solvent evaporation. The 

variation of phase ratio in these processes is usually performed to control droplet size 

and not initial solvent extraction (Chapter 1.4.2). The subsequent solvent extraction 

after emulsification can be carried out continuously in tubing or discontinuously by 

introduction into an extraction vessel [102,112,113]. In continuous processing, 

extraction can be achieved by dilution or membrane separation techniques 

[102,113,114]. In the case of microfluidic, membrane-free extraction processes could 

also be possible, as two liquid streams can be brought into contact without mixing, 

flowing laminar next to each other and then be separated [115]. To achieve sufficient 

contact times in continuous processing for extraction, long lag-tubing or recirculation 

might be necessary. A distinction between complete or continuous/incremental dilution 

might be made. Gibson et al., for example, present a process in which a continuous 

phase is added downstream through several inlets to an emulsion created by a static 

mixer and a slower, but more complete solvent extraction is achieved by this 

incremental dilution because skin formation is avoided [102]. 
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The use of membrane separation techniques, e.g. tangential flow filtration, enables the 

controlled and sometimes selective removal of the organic solvent, stabilizers and 

unencapsulated drugs in batch or continuous processes [102,113,116–119]. 

Diafiltration, i.e. the simultaneous removal of continuous phase and addition of the 

same amount of volume of fresh extractant, makes it possible to keep the equipment 

volume small and reduce the total extraction volume used [117,119]. Perstraction refers 

to the diffusion of the organic solvent from the continuous phase through a membrane 

into an extraction phase and pervaporation to the evaporation of volatile organic 

solvent out of a membrane [114,118]. Both enable the selective and uniform removal 

of organic solvent without interrupting the fluid stream during continuous processing. 

The extraction rate might be slow, especially for semipermeable membranes, due to 

the low diffusivity, which is essentially changed only by changing the temperature or 

the membrane [114]. If necessary, the extraction can be accelerated by increasing the 

membrane surface area, for example by splitting the fluid stream into hollow fiber 

membrane contactors [117]. Regardless of whether components or the complete 

continuous phase are removed, the dispersed phase must usually be retained by 

membranes, filters, or sieves. Sufficient shear by flow viscosity might be required to 

avoid deposition of droplets or sticky particles on the membrane [114]. To reduce the 

risk of blockage, membrane separation is usually performed separated in place and 

time from emulsification, when parts of dichloromethane have already been extracted 

[114,117,119].  

As extraction progresses, the proportion of organic solvent in the dispersed phase 

decreases and the proportion of PLGA increases. Therefore, the viscosity of the 

dispersed phase increases and the diffusivity decreases. When the solvent extraction 

rate from the dispersed phase becomes slower than the solvent evaporation rate from 

the continuous phase, the organic solvent content in the continuous phase decreases. 

Further solvent removal is diffusion controlled and limited by low diffusivity within the 

dispersed phase [96,120]. This phase of solvent removal is referred to as final solvent 

extraction and is described in the following chapter. 
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1.5.2. Final solvent extraction & free volume theory 

 The final extraction essentially depends on the diffusivity of the organic solvent in the 

dispersed phase, which decreases with decreasing organic solvent content and thus 

increasing viscosity and glass transition temperature and decreasing free volume 

[96,120]. The depression of the glass-transition temperature with increasing solvent 

content can be calculated with the Gordon-Taylor equation: 

Here, 𝑤P  and  𝑤S  are the weight fractions and 𝑇𝑔P
 and 𝑇𝑔S

 the glass transition 

temperatures of the polymer P and the solvent S. The constant 𝑘 can be estimated with 

the corresponding densities 𝑝P and 𝑝S and the glass transition  

temperatures [121]: 

Diffusion in rubbery polymers, such as PLGA, is described by the free volume theory, 

introduced by Vrentas and Duda [122,123]. The volume of the polymer is therefore 

divided in a proportion occupied by the polymer molecules (occupied volume), an 

interstitial free volume, which is the temperature dependent space occupied by the 

vibration of molecules and the remaining so-called hole free volume (Figure 4) 

[124,125]. The hole free volume refers to vacancies discontinuously distributed in the 

polymer matrix. Diffusion results from elementary jumps of small segments of the 

molecules, the so-called jumping units, between these holes. Increasing the hole free 

volume, facilitates diffusion of molecules, like solvents, through the polymer matrix 

[120,124–126]. As the temperature decreases, the free volume decreases. Below the 

glass transition temperature, the extra free volume describes vacancies formed by 

incomplete volume reduction due to solidification [124,125]. This extra free volume 

might also enhance the drug release from the final microparticles, but can be lost over 

time due to the so-called aging, caused by the relaxation of the PLGA chains [127,128]. 

  TgSystem
=

wP TgP
+k wS TgS

wP +k wP 
 Equation 9 

  k =
pSTgS

pPTgP

  Equation 10 
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Figure 4: Schematic representation of the different contributions to the polymer 
volume as a function of temperature based on the free volume theory [124] 

The free volume and thus the diffusivity in PLGA increases not only with increasing 

temperature, but also with increasing (residual) solvent content [125,126]. This 

dependency of the diffusion coefficient was described in the free volume theory 

[122,123]: 

 D1 = D0 exp (
−E

RT
 ) exp (−

ω1V̂1 + ξ ω2V̂2

V̂FH1/γ
 ) Equation 11 

Here, D0 is a constant preexponential factor, E is the activation energy for a jumping 

unit making a jump into a hole of free-volume, R is the gas constant, T is the absolute 

temperature, ω and V̂ are the mass fraction and specific volume at 0 K of the organic 

solvent and PLGA, ξ is the ratio of the molar volume of the organic solvent and PLGA 

jumping units. V̂FH1/γ is the hole free volume of the dispersed phase, which is obtained 

by the addition of the free volumes of PLGA and organic solvent from the following 

expression: 

 V̂FH1

γ
= ω1

K11

γ1
[(K21 − Tg1) + T] + ω2

K12

γ2
[(K22 − Tg2) + T] Equation 12 
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Here, K11/γ1 and K21 are the free-volume parameters and Tg1 the glass transition 

temperature of the pure solvent while K12/γ2, K22 and Tg2 are the values of pure PLGA. 

These were determined for PLGA 502H and dichloromethane, for example [120]. 

Particularly after solidification, when the glass transition temperature of the 

PLGA:solvent systems falls below the process temperature and thus the PLGA turns 

into the glassy state, the solvent extraction slows down [96,97,120]. To prevent the 

glass transition temperature from falling below and generally to accelerate diffusion 

during the final extraction, the process temperature can be increased. 

The diffusivity in PLGA:solvent systems was only investigated above the glass 

transition temperature due to a high residual solvent content [96,97,108,120] or 

temperature [129]. The diffusion of organic solvents was not investigated in glassy 

PLGA, but in other amorphous polymers. Below the glass transition temperature, the 

dependency of volumetric dilations, contractions and thus the free-volume on the 

temperature becomes weaker [125,130–132]. Therefore, the diffusivity in a glassy 

polymer below the glass transition is greater than would be predicted with Equation 12 

to calculate the free volume based on the original theory from Vrentas and Duda. 

Various approaches have attempted to achieve a better approximation of the free 

volume below the glass transition temperature. Inaccuracies arising from assumptions 

that, for example, the solvent content [130] or the temperature [132] no longer have 

any effect below the glass transition temperature. Sturm et al. established an equation 

for determining the free volume below the glass transition temperature, in which the 

effect of the residual solvent on the glass transition temperature is weighted, similar to 

the modification of the free volume theory by Vrentas and Vrentas [125,133]: 

 

V̂FH1

γ
= ω1

K11

γ1
[(K21 − Tg1) + T]

+ ω2

K12

γ2
[K22 − (1 − λ)f(ω1) + λ(T − Tg2)] 

Equation 13 

Here λ describes the change in the volume contraction at the Tg, as established by 

Vrentas and Duda [130]. f(ω1) is a function to model the effect of solvent content on 

the glass transition temperature and can be calculated by the difference of the glass 

transition temperature of the pure polymer and the polyer:solvent system [125]. The 
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latter can be predicted with the Gordon-Taylor equation (Equation 9). Sturm et al. 

successfully predicted the removal of water, acetone, methanol and tetrahydrofuran 

from spray dried hypromellose acetate succinate particles at different temperatures 

below the glass transition temperature by combining Equation 9, 11, and 13 [125].  

The diffusivity of a solvent in a polymer does not depend exclusively on its 

concentration, but on the glass transition temperature and the free volume of the 

polymer:solvent system and can therefore also be influenced by other components, 

like solvents or drugs [134]. Schabel et al. showed that the diffusion coefficient of both 

solvents in a ternary polymer:solvent:solvent system is already increased by orders of 

magnitude at a low content of one of the solvents [135,136]. The plasticizing effect of 

different components does not necessarily add up, due to potential competing effects, 

known as antiplasticization [121,137]. Since even small amounts can have a major 

effect on the diffusivity, the third component does not have to be classified as a good 

solvent for the polymer, but only have to dissolve to a certain extent in the polymer. 

The solubility or miscibility of solvents and drugs in PLGA can be estimated using the 

Hansen solubility parameters (HSP) [138,139]. The partial solubility parameters, 

dispersive interactions 𝛿𝑑, polar interactions 𝛿𝑝 and hydrogen bonding 𝛿h, are assigned 

to a substance so that it can be positioned in a three-dimensional coordinate system. 

The smaller the distance 𝑅𝑎  of the coordinates between two substances, the higher 

their principal affinity and thus expected solubility in each other. 

 𝑅𝑎 = √4(𝛿𝑑1 − 𝛿𝑑2)2 + (𝛿𝑝1 − 𝛿𝑝2)2 + (𝛿ℎ1 − 𝛿ℎ2)2  Equation 14 

Water, classified as non-solvent for PLGA, can migrate from the continuous phase to 

the dispersed phase during wet processing and plasticize PLGA [121,128]. Water may 

only hydrate the individual molecular chains of PLGA to a very limited extent and is 

rather present in pores or cavities, due to its low solubility in dichloromethane and 

PLGA [97]. Similarly, only the molecularly dissolved portion of encapsulated drug can 

decrease the glass transition temperature [140,141]. Thus, the effect of water and 

encapsulated drug on the free volume might be rather small.  
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Organic non-solvents for PLGA can also be used for extraction of residual solvents 

from microparticles. This is commonly described for the organic phase separation 

technique, in which residual dichloromethane or ethyl acetate is extracted by e.g. 

octamethylcyclotetrasiloxane or alkanes after the phase separation has been caused 

by addition of silicon oil [109,142,143]. In the cryogenic solvent extraction of the 

ProLease® spray freeze drying process, dichloromethane is extracted from frozen 

PLGA:dichloromethane droplets by cooled ethanol and absorbed ethanol is removed 

by subsequent vacuum drying [47]. For the solvent extraction/evaporation method, the 

addition of alcohols, especially ethanol, to the continuous aqueous phase or post-

processing with alcoholic media to remove the solvent was also investigated, but 

primarily as a modifier of the surface porosity of microparticles and thus a modifier of 

the drug release profile [144,145] or of the powder flow and the respirability [146].  

Aqueous solutions of 10 - 30 % ethanol (mostly 25 %) were used to wash dried 

microparticles and extract residual dichloromethane, ethyl acetate or non-volatile 

benzyl alcohol [147–149]. The residual solvent content decreased with increasing 

process temperature [148]. Methanol and isopropanol were also used to extract 

dichloromethane from PLGA microparticles, but without investigating the effect on 

solvent residues [150,151]. Alonso et al. decreased time for wet processing before 

washing and freeze drying from 3 h to 30 min by the addition of 2 % isopropanol to the 

continuous phase [151]. Alcohol concentration, temperature and wet process time are 

limited by particle sticking, a reduction in encapsulation efficiency and altered drug 

release [144,145,148].  

Increasing temperature during ethanolic washing increased extraction of encapsulated 

drugs, e.g. risperidone and naltrexone [145,148]. Alcohols might affect drug release 

profiles differently due to competitive effects: on the one hand, the closure of surface 

pores, the structural relaxation of PLGA and thus the reduction of the free volume can 

be caused by plasticization. Due to the reduced influx of water and reduced diffusivity, 

ethanol might decrease the initial burst release of drugs [144] and prolong [145] or 

avoid a potential lag phase [148]. On the other hand, increased molecular mobility due 

to plasticization by alcohols and increased process temperature can promote 

recrystallization of drugs and degradation of PLGA, leading to an increased burst 

release [145,148]. 
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In a process called supercritical fluid extraction of emulsions (SFEE), supercritical 

carbon dioxide (scCO2) is mixed with the PLGA in Water emulsion or suspension for 

the final (and possibly also initial) extraction of organic solvent [152–154]. Above its 

critical point in terms of pressure and temperature, an extractant has liquid like density, 

solvating characteristics and gas-like diffusivity [154,155]. Supercritical carbon dioxide 

(scCO2) is mostly used due its rather low critical pressure and temperature (7.38 MPa 

and 32.1 °C) and good solubility for various organic solvents. Due to the pressure 

needed, special equipment is required for the SFEE process. The solubility, density, 

viscosity, and tensile strength of scCO2 change with variation of temperature and 

pressure, thus changing extraction rate of organic solvent [156]. PLGA is usually not 

dissolved by scCO2, but both components have a high affinity for each other. 

Increasing the lactide content of PLGA increases absorption and thus plasticization 

and swelling of the PLGA matrix [157]. Pressure and temperature are limited in the 

SFEE process by the coalescence or aggregation of microparticles and drug loss [152]. 

Della Porta et al. shortened the time for ethyl acetate removal from small PLGA 

microparticles from 4 - 8 h in a conventional solvent evaporation process to 30 min by 

using a static SFEE and to 5 min by using continuous SFEE [152,153]. 

Microparticles can be collected from the continuous phase with a filter or sieve as soon 

as they are solidified, i.e. the glass transition temperature of the PLGA:solvent system 

has been reached. Early collection of microparticles might be advantageous to 

increase the manufacturing throughput, to prevent loss of encapsulated drug and to 

minimize the degradation of drug and PLGA. A high solvent content in the continuous 

phase can result in aggregation when the microparticles are collected [96]. Especially, 

if the wet extraction has been carried out with additional plasticizing solvents or at 

elevated temperature, their effect might be attenuated by dilution or cooling. 

Depending on the process temperature and the organic solvent used, solidified 

microparticles may still contain several percent of residual solvent. The residual solvent 

distribution in a microparticle can be very inhomogeneous, so that the outer skin of the 

apparently solidified microparticles is glassy, but the inside is still rubbery [97]. The 

remaining residual solvent and water are then removed by secondary drying, which is 

described in the next chapter. 
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1.5.3. Secondary drying 

Secondary drying is usually performed after collecting the microparticles from the 

continuous phase to remove residual organic solvents and water to reach the ICH limits 

and produce storage-stable microparticles. The most common processes include 

vacuum drying and freeze drying, also called lyophilization [128]. Thomasin et al. 

showed that increasing the temperature during vacuum drying, limited by aggregation 

above the glass transition temperature of PLGA, increases the solvent removal rate 

from microparticles, while decreasing the pressure does not have a significant effect 

[142].  

During freeze-drying, particles might still be suspended in water and are shock-frozen 

and then dried under vacuum [113,158,159]. This minimizes the crystallization of water, 

enables very gentle removal of water and residual organic solvents driven by the 

remaining vapor pressure in the frozen state. To prevent collapse of the sample, 

suitable cryo- and lyoprotectants such as sucrose, trehalose, mannitol or PVA might 

be added to the aqueous phase before freezing [113,159]. As diffusion in the PLGA is 

very slow at low temperatures, this process is usually less effective in solvent removal 

compared to conventional vacuum drying and energy intensive [160]. Freeze-drying 

might be used to ensure chemical and physical stability e.g. for PLGA nanoparticles, 

as they are difficult to separate completely from water without aggregation [113,159].  

The choice of drying method not only affects the efficiency of the manufacturing 

process but can also change the properties of the microparticles. Although drug loading 

and particle size are usually not affected by secondary drying, the particle morphology 

and the drug release can be changed [77,158,160]. On the one hand, Yeo and Park 

stated that the removal of residual organic solvents and water by vacuum drying may 

cause migration of drug to the surface, increasing drug distribution inhomogeneity and 

burst release [77]. On the other hand Wu et al. showed that decreasing pressure during 

vacuum drying, increases shrinking and collapse of microparticles and thus delay drug 

release due to a denser structure [160]. During freeze drying, the microparticles are in 

the glassy state, independent of their residual solvent content, reducing drug migration 

and shrinkage. Freeze-dried microparticles may have a higher porosity and thus faster 

water uptake, which reduces the delay of drug release, but may cause an initial burst 

and accelerated PLGA degradation [158,160]. 
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Residual organic solvents can also be extracted from collected microparticles with 

supercritical fluids, mostly scCO2, similar to what has already been described for the 

final extraction (Chapter 1.5.2). The extraction rate is affected by temperature, 

pressure and contact time with the microparticles [156]. Kamali et al. achieved the best 

extraction rates of dichloromethane from PLGA at a temperature of approximately  

45 °C and a pressure more than 15 MPa. With increasing static and dynamic extraction 

time, the residual solvent content decreases. Expansion of CO2 during 

depressurization might lead to an increase of particle size, porosity, pore size of 

microparticles and thus increased water influx during drug release, resulting in an initial 

burst and accelerated PLGA degradation [155,156]. 

Organic non-solvents could theoretically also improve solvent removal during 

secondary drying in a similar way as described for the final extraction in wet processing 

(Chapter 1.5.2), e.g. by adding them as vapor. Kim et al. used ethanol vapor in a 

fluidized bed process to close surface-connected pores of PLGA microparticles, 

thereby reducing the burst release [161]. Aggregation of the microparticles caused by 

strong plasticization of PLGA limited the process time to 10 min. The absorption of 

ethanol and a potential effect on solvent residues were not investigated in alcohol 

vapor-assisted fluidized bed drying. Shepard et al. showed that water or methanol 

vapor-assisted nitrogen purge flow drying in an agitated vessel can improve the 

extraction of residual acetone or tetrahydrofuran from spray-dried particles, made of 

poly(methyl methacrylate-co-methacrylic acid) (Eudragit L100) and cellulose acetate 

phthalate compared to vacuum drying [162]. Methanol was more efficient compared to 

water as assisting solvent, as sufficient absorption was easier to achieve, due to its 

higher volatility and polymer affinity. Furthermore, methanol increased diffusivity 

stronger compared to water at an equal absorbed content, due to a greater contribution 

to the hole free volume [162]. The results were consistent with a model derived by 

Shepard et al. from the previously presented approaches of Vrentas and Duda [134], 

Sturm et al. [125] and Schabel et al. [135]. The polymers used by Shepard et al. have 

a significantly higher glass transition temperature than PLGA and are therefore easier 

to handle, as plasticization by the assisting solvent does not lead to sticking as fast. 

Compared to an agitated vessel, the use of a fluidized bed as used by Kim et al. offers 

the advantage that the particles have little contact with each other and are evenly 
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surrounded by the purge gas. This might reduce the risk of sticking, but (commercial) 

fluidized bed dryers are usually restricted to particles larger than 50 µm [163]. 

1.5.4. Solvent residues  

Methods for final solvent removal mentioned above aiming for low residual solvent 

contents to assure storage stability and patient safety [93,94]. Acceptable limits for a 

permitted daily exposure (PDE) to residual solvents are recommended by the ICH 

Guideline Q3C, depending on the toxicity of the solvents [164]. Based on the dose [g/d] 

of a drug formulation administered daily and the PDE [mg/d] an acceptable residual 

solvent concentration can be calculated: 

 Concentration [ppm] =  
1000 × PDE

dose
 Equation 15 

The solvents are categorized into three classes [164]: solvents to be avoided (class 1), 

solvents to be limited (class 2) and solvents with low toxic potential (class 3). For the 

latter PDEs of at least 50 mg/d are accepted. Some PLGA (Co-)Solvents or Non-

solvents frequently used in the preparation of microparticles with the solvent 

extraction/evaporation method are listed below with their PDE limit (Table 2). 

Table 2: Classification and permitted daily exposure (PDE) of organic solvents 
commonly used for preparation of PLGA microparticles by solvent 
extraction/evaporation method (adapted from [164]) 

 

Solvent Class PDE [mg/d] 

Acetonitrile 2 4.1 

Acetic acid 3 50 

Acetone 3 50 

Chloroform 2 0.6 

Dichloromethane 2 6 

Ethanol 3 50 

Ethyl acetate 3 50 

Isopropanol 3 50 

Methanol 2 30 



 1.5 Solvent removal in the solvent extraction/evaporation method 

32 
 

The residual solvent content of microparticles can be determined with various 

analytical methods. Most commonly (static) headspace gas chromatography (hsGC) 

with a flame ionization detector (FID) is used. It offers the advantage of universal 

determination of the common volatile organic solvents with a high sensitivity sufficient 

regarding ICH limits. Headspace analysis instead of direct injection prevents 

contamination of the GC column with PLGA and drug [94]. Other GC detectors may 

have advantages such as a significantly higher sensitivity (mass spectrometer) or 

enable the parallel determination of residual water (thermal conductivity detector) 

[94,165]. Usually, residual water is determined with Karl Fischer analysis. Although 

water is toxicologically harmless, it must be removed to prevent the degradation of 

PLGA and thus achieve storage stability. Alternative methods for residual solvent 

analysis include simple loss of drying (LOD) or the more sensitive thermogravimetric 

analyses (TGA) [94]. The disadvantage of these two methods is the lack of 

identification and differentiation of solvents. Identification and quantification can be 

facilitated by evolved gas analysis, in which TGA is coupled with other analysis 

techniques such as Fourier transform infrared spectroscopy (FTIR) or mass 

spectrometry (MS) [166]. Derivative thermogravimetry (DTG) is a type of thermal 

analysis in which the rate of mass change is determined in dependency of temperature, 

so that not only different solvents can be distinguished, but also information about 

PLGA and the drug substance can be obtained [166]. Another method that can be used 

to determine various also non-volatile solvents in parallel is nuclear magnetic 

resonance spectroscopy (NMR) [94,109,142]. 
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1.6. Research objectives 

The purpose of this dissertation was to investigate and optimize the solvent removal 

from biodegradable microparticles prepared by solvent extraction/evaporation 

methods to increase the efficiency of manufacturing. The specific objectives were: 

• Investigation of a diafiltration-driven solvent removal process and its effect on 

the properties of PLGA microparticles 

• Investigation of the effect of temperature- and alcohol-assisted final extraction 

of residual solvents and its effect on the properties of PLGA microparticles 

• Development and investigation of an alcohol vapor-assisted fluidized bed drying 

process for residual solvent removal from microparticles 

• Evaluation of the effect of PLGA grade and drug loading on initial and final 

solvent removal from microparticles 

• Preparation of microparticles with microfluidic flow focusing, comparison with 

the classical batch process and optimization of drug encapsulation and solvent 

removal
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2.1. Materials 

2.1.1. Drugs 

Micronized dexamethasone (DEX) (Caesar & Loretz GmbH, Hilden, Germany); 

risperidone (RIS) (RPG Life Sciences limited, Navi Mumbai, India) 

2.1.2. Biodegradable polymers 

Poly(lactide-co-glycolide) (PLGA) RG 502H, RG 503, RG 503H, RG 504H, RG 752S, 

RG 753S (Resomer®, Evonik Industries AG, Darmstadt, Germany) 

2.1.3. Solvents and others  

Acetonitrile (HPLC grade), ethyl acetate (EtAc) (chemical pure grade), glycerol, 

isopropanol (IPA) (technical grade), methanol (MeOH) (HPLC grade) (VWR 

International GmbH, Darmstadt, Germany); dichloromethane (DCM) (HPLC grade), 

dimethyl sulfoxide (DMSO) (headspace grade), propylene glycol (PG) (Carl Roth 

GmbH + Co. KG, Karlsruhe, Germany); ethanol absolute (EtOH), polyvinyl alcohol  

4–88 (PVA) (Merck KGaA, Darmstadt, Germany) 
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2.2. Methods  

2.2.1. Preparation of microparticles and films 

2.2.1.1. Preparation of microparticles with diafiltration-driven extraction 

Microparticles were prepared in two different batch sizes. The organic phase was 

prepared by dispersing or dissolving 0 - 40 % (w/w) dexamethasone or risperidone 

(based on polymer weight) in a 10 % (w/w) PLGA in dichloromethane solution for 1 min 

(VF2, IKA-Werke GmbH & Co. KG, Staufen im Breisgau, Germany). 2.5 or 10.0 mL of 

the organic phase was emulsified in 50 or 200 ml aqueous continuous phase 

containing 0.25 % (w/V) PVA using a propeller stirrer (d = 3.5 cm, 800 rpm or  

d = 5.0 cm, 500 rpm). The 50 mL batches were prepared in a stirred cell (Millipore 

Corporation, Bedford, USA) equipped with a 10 µm stainless-steel sieve at the bottom 

to retain the dispersed phase. The 200 mL batches were prepared in a filter funnel with 

an integrated sintered glass filter (VitraPOR® Filter-Funnel 250 ml Por. 4, ROBU 

Glasfilter-Geräte GmbH, Hattert, Germany), equipped with two probes for in-process 

video microscopy (PVM) and focused beam reflectance measurement (FBRM) (PVM 

V819 and Lasentec FBRM D600T, Mettler Toledo AutoChem Inc., Redmond, USA) 

(Figure 5). To control solvent extraction by diafiltration, the aqueous phase was 

continuously exchanged for 60 min, by removing it through a bottom outlet and 

replacing the same amount of volume with fresh PVA solution from above with a 

double-head peristaltic pump (323S, Watson-Marlow Limited, Falmouth, England). 

Figure 5: Schematic setup for diafiltration-controlled extraction for microparticle 
preparation, equipped with probes for in-process video microscopy (PVM) and focused 
beam reflectance measurement (FBRM) 



 2.2. Methods 

37 
 

If a one-step dilution was carried out instead of continuous diafiltration, the entire batch 

was transferred into a ten times larger volume of continuous phase 15 min after the 

start of emulsification and stirred with a magnetic stirrer. The microparticles were 

collected 24 h after emulsification by vacuum filtration with a 10 µm stainless-steel 

sieve, washed three times with 250 mL deionized water and dried under vacuum at  

35 °C for 72 h. Dried microparticles were stored in a desiccator at 7 °C. 

2.2.1.2. Preparation of microparticles for final extraction and secondary drying 

PLGA microparticles were prepared by the solvent extraction/evaporation method. The 

organic phase was prepared by dispersing or dissolving 0 - 40 % dexamethasone or 

risperidone (based on polymer weight) in a 10 % (w/w) solution of PLGA in 

dichloromethane or ethyl acetate for 1 min (VF2, IKA-Werke GmbH & Co. KG, Staufen 

im Breisgau, Germany). 2.5 mL of drug:PLGA:dichloromethane phase was emulsified 

with a propeller stirrer (d = 3.5 cm, 800 rpm) in 50 mL of 0.25 % (w/V) PVA solution. If 

the organic phase contained ethyl acetate, 50 mL of 0.25 - 1 % (w/V) PVA solution 

containing 0 - 4 g ethyl acetate was used as continuous phase. Drug-loaded 

microparticles were transferred into 450 mL 0.25 % (w/V) PVA solution 15 min after the 

start of emulsification, stirred with a magnetic stirrer and collected after further 15 min. 

Blank microparticles were collected after 2.5 h without previous dilution. Separation 

and washing of the microparticles was performed by vacuum filtration with a 10 µm 

stainless-steel sieve and rinsing them three-times with 250 mL deionized water. 

Subsequently they were analyzed for solvent content, dried (hood, vacuum oven or 

fluidized bed), or redispersed in 50 mL aqueous extraction phase containing  

0 - 50 % (w/w) non-solvent. This extraction phase was sampled over time and 

microparticles were separated, washed, and analyzed in the same way as untreated 

samples. Microparticles were dried under vacuum at 35 °C for determination of 

encapsulation efficiency and stored in a desiccator at 7 °C. 

2.2.1.3. Preparation of films 

PLGA films were prepared by evaporating a solution of 10 % (w/w) PLGA in DCM 

containing 2 % (w/w) dexamethasone or 10 % (w/w) risperidone based on the polymer 

weight. 1.0 mL of this solution was dosed in a petri dish (d = 3.5 cm) and placed for  

24 h under a hood to form a film. Within the first hour petri dishes were covered with 

paper to slow down evaporation 
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2.2.1.4. Preparation of microparticles with microfluidic flow focusing 

PLGA microparticles were prepared by a modified solvent extraction/evaporation 

method. The organic phase was prepared by dissolving 0 - 30 % risperidone (based 

on polymer weight) in a 10 % (w/w) solution of PLGA in dichloromethane for 1 min 

(VF2, IKA-Werke GmbH & Co. KG, Staufen im Breisgau, Germany). This organic 

phase and an aqueous 0.25 - 2 % (w/V) PVA solution were each placed in the pressure 

chamber of a pressure pump (Mitos P-Pump, The Dolomite Centre Ltd., Royston, 

UK) with a connected flow sensor. The pumps are connected with tubing (0.8 mm inner 

diameter) to a 7-channel junction microfluidic flow focusing chip made of glass (Telos 

1 Reagent 3D Flow Focusing Chip Surface Connection (100 µm etch depth) 

Hydrophilic, The Dolomite Centre Ltd., Royston, UK), assembled in the 

corresponding manifold device to divide both fluids evenly into 7 channels each. In the 

7 junctions of the chip, an O/W-emulsion was formed. The pressure and flow rates 

were controlled by the corresponding software (Flow Control Centre, The Dolomite 

Centre Ltd., Royston, UK). The resulting emulsion was introduced downstream of the 

chip by tubing into a stirred aqueous phase or processed continuously by dilution and 

tangential flow filtration. For continuous processing the emulsion was diluted by the 

addition of 0 - 35 ml/min aqueous extraction medium in a cross fitting with a peristaltic 

pump (323S, Watson-Marlow Limited, Falmouth, England) and forwarded in a 150 cm 

or 450 cm long lag tubing with an inner diameter of 1.6 mm, at the end of which there 

was a planar flow cell in which microscopic images were taken (Figure 6). Solidified 

microparticles were filtered, washed, dried and stored as described for the batch 

process. 

Figure 6: Schematic setup for continuous solvent extraction downstream to 
microfluidic emulsification 
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2.2.2. In-process monitoring with focused beam reflectance measurement 

and video microscopy 

The probes for focused beam reflectance measurement (FBRM) and in-process video 

microscopy (PVM) (Lasentec FBRM D600T and PVM V819, Mettler Toledo AutoChem 

Inc., Redmond, USA) were positioned in the emulsification vessel (Figure 5) using the 

FBRM fixed beaker stand and additional clamps for the PVM. The FBRM online 

measurements were performed every 10 s, with a scan speed of 2 m/s and the coarse 

electronic discrimination setting. The data were processed with the iC FBRM 4.0 and 

iC PVM 7.0 software (Mettler Toledo AutoChem Inc., Redmond, USA). The resulting 

chord lengths from the FBRM were expressed as squared weighted median to obtain 

the best estimate of particle size [167]. 

2.2.3. Alcohol vapor-assisted fluidized bed drying  

PLGA microparticles were dried in a self-constructed fluidized bed dryer, in which 

purge gas (compressed air) could be heated and enriched with alcohol vapor  

(Figure 7). The volume flow was regulated by a valve and tempered with an air heater. 

The purge gas was passed through a three-way valve into the fluidized bed chamber 

or previously into a bubbler. The latter was a tightly sealed vessel in which the purge 

gas was enriched with alcohol. For this purpose, the pressurized air was introduced 

into alcohol via a sintered metal filter. It could only escape from the container at one 

exit up towards the fluidized bed dryer. The bubbler was tempered by a heating jacket 

and the temperature inside was monitored with a sensor. 

Figure 7: Schematic setup for alcohol vapor-assisted fluidized bed drying of 
microparticles  
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The evaporation rate of the alcohols in the bubbler was determined by the weight loss 

of the filled bubbler over time. Before the purge gas reached the fluidized bed dryer, 

the volume flow was determined with a rotameter. The fluidized bed dryer was 

constructed from a sintered metal filter on the bottom and three glass cylinders above 

connected with polytetrafluoroethylene seals. The cylinders had an inner diameter of 

2.5 cm and a height of 5 cm (bottom and top) and 8 cm (middle). The purge gas flow 

was directed from bottom to top. There were 10 µm stainless-steel sieves between the 

cylinders, which retained the microparticles in the middle segment. A sensor was 

placed in the upper segment to determine the temperature of the purge gas escaping. 

If the microparticles were dried without alcohol vapor, the bubbler was bypassed, and 

10 L/min of pressurized air were used at different temperatures for 24 h. To determine 

the solvent content in the microparticles during the process, the purge flow was briefly 

interrupted, the fluidized bed chamber was opened, and a sample was taken. For 

drying with alcohol vapor, pressurized air at ambient temperature was directed through 

the bubbler, filled with methanol or ethanol, for 6 h. The evaporation rate was controlled 

by purge flow rate and bubbler temperature. The concentration of alcohol in the purge 

gas was calculated based on the evaporation rate divided by the flow rate. After 6 h 

the bubbler was bypassed, and purging was performed for 18 h with 20 L/min of dry 

pressurized air heated to 35 °C. In some reported cases, pre-drying was carried out 

for 1 h before adding alcohol vapor. Pre-drying was performed with 10 L/min dry 

pressurized air at ambient temperature. 

The described setup was modified for the alcohol vapor-assisted drying of PLGA films. 

The fluidized bed chamber was replaced with a desiccator having a purge inlet and 

outlet. The films were purged with 1 L/min alcohol vapor at ambient temperature for  

24 h. Alternatively, the inlet and outlet of the desiccator containing alcohol were sealed 

airtight to investigate the effect of an atmosphere saturated with alcohol. The alcohol 

was removed from the PLGA films by storing under a fume hood for a further 24 h. 

2.2.4. Residual Solvent content 

2.2.4.1. Coulometric Karl Fischer titration 

The water content of microparticles was determined according to the method for 

coulometric Karl-Fischer determination (Ph. Eur. 2.5.32). 10 - 20 mg microparticles 

were accurately weighed and dissolved in 1.0 mL acetonitrile. About 250 mg of this 
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solution, accurately weighed, was analyzed in triplicate for the water content with a 

coulometric Karl Fischer titrator (831 KF Coulometer, Metrohm AG, Herisau, 

Switzerland) using HYDRANDAL Coulomat AD (Honeywell Specialty Chemicals 

Seelze GmbH, Seelze, Germany). The water content based on total weight was 

calculated after correction for the water content of a blank. 

2.2.4.2. Headspace Gas Chromatography 

The content of the organic solvents dichloromethane, ethyl acetate, methanol, ethanol 

and isopropanol was quantified with headspace gas chromatography (GC-2014, 

Shimadzu Corp., Kyoto, Japan) with a method adapted from USP monograph for 

residual solvents using a capillary column equivalent to USP G43 phase (Rtx-1301, 

Restek Corp., Bellefonte, USA). 5.0 mL continuous phase or 10.0 - 50.0 mg 

microparticles, dissolved in 5.0 mL dimethyl sulfoxide, were sealed in a 20 mL 

headspace GC vial with an aluminum screw cap with PTFE septum. Samples were 

equilibrated automatically under shaking by an autosampler (AOC-6000, Shimadzu 

Corp., Kyoto, Japan) for 60 min at 80 °C (water) or 45 min at 105 °C (DMSO). 1.0 mL 

of the gas phase was sampled automatically, with a needle temperature 5 °C above 

previous equilibration temperature and injected at 140 °C with a subsequent split ratio 

of 5. The column oven temperature was maintained at 80 °C (water) or 40 °C (DMSO) 

and increased after 7 min to 160 °C (water) or 120 °C (DMSO) with a heating rate of 

30 K/min. The carrier gas was nitrogen. Samples were detected with a flame ionization 

detector (FID) set to 250.0 °C. Evaluation of the spectra was performed with 

LabSolutions 5.98 (Shimadzu Corp., Kyoto, Japan). The solvent content in the samples 

was calculated from peak area using linear calibration curves obtained by dilution 

series. For filtered wet microparticles, the water content was deducted from the sample 

weight to calculate their dichloromethane content. 

2.2.5. Solubility 

The solubility of dichloromethane in aqueous mixtures of 0 - 50 % (w/w) of various 

alcoholic non-solvents was investigated. 15 g of non-solvent:water mixture were added 

into a 20 mL vial, filled up with 3 - 5 mL dichloromethane, sealed and shaken at room 

temperature for 24 h. The vial was then left for another 24 h to allow the two phases to 

separate. 0.5 mL was sampled from the aqueous supernatant, diluted, and examined 

using headspace GC. For this purpose, the previously mentioned method was adapted 
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as follows: 5 mL sample were incubated in a 20 mL GC vial for 60 min at 80 °C. The 

column oven temperature was maintained at 80 °C and heated to 160 °C after 7 min. 

The dichloromethane content in the samples was calculated from peak area with a 

linear calibration curve obtained by dilution series. 

The solubility of risperidone in aqueous media was investigated by adding an overage 

amount of the drug to the medium to be tested and shaken 24 h at 180 rpm with a 

horizontal shaker. The dissolved amount in the aqueous media was determined by 

measuring the UV absorbance of the centrifuged supernatant.  

2.2.6. Optical Microscopy 

For microscopic images of microparticles, samples were observed on a glass slide 

under polarized light microscope (Axioscope) equipped with an Axiocam 105 color 

camera (Carl Zeiss Microscopy GmbH, Jena, Germany) and images were processed 

by the software Zen 3.2 (Carl Zeiss Microscopy GmbH, Jena, Germany). 

Microscopic images of emulsification on microfluidic chips and subsequent 

downstream processing were observed with a high-speed microscope camera 

(Meros High Speed Digital Microscope, The Dolomite Centre Ltd., Royston, UK).  

2.2.7. Droplet and particle size analysis 

2.2.7.1. Laser diffraction 

The particle size and size distribution of microparticles prepared by the batch process 

were measuredwith laser diffraction (HELOS BF and CUVETTE, Sympatec GmbH, 

Clausthal-Zellerfeld, Germany) after redispersing the microparticles in deionized water. 

Particle size distributions were analyzed with Sympatec WINDOX 5.4.1.0 software 

using the LD evaluation mode and expressed as volumetric density distribution (q3lg). 

2.2.7.2. Microscopic image analysis 

The droplet and particle size of microparticles prepared by microfluidic was measured 

with the software Zen 3.2 (Carl Zeiss Microscopy GmbH, Jena, Germany) based on 

microscopic images taken with Axiocam 105 color camera (Carl Zeiss Microscopy 

GmbH, Jena, Germany) or Meros High Speed Digital Microscope (The Dolomite 

Centre Ltd., Royston, UK). Since the latter does not allow automatic calibration of 
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the scaling, this was carried out manually based on the manufacturer's information 

on the channel width of the microfluidic chips. 

2.2.8. Drug loading and encapsulation efficiency 

The actual drug loading was determined by dissolving 10 - 20 mg microparticles in 

acetonitrile and diluting 1:1 (V/V) with deionized water. The absorbance of the solution 

was then measured by UV-Vis spectroscopy (UV-1900i, Shimadzu Corp., Kyoto, 

Japan) at 242 nm (dexamethasone) or 276 nm (risperidone). Concentrations were 

calculated with previously established standard curves. The encapsulation efficiency 

(%) was calculated as the ratio of actual drug loading to the theoretical drug loading. 

2.2.9. In-vitro release 

Approximately 10 mg of microparticles, accurately weighed, were immersed in 100 mL 

of phosphate-buffered saline pH 7.4 (PBS), when loaded with risperidone, or in  

100 mL of 0.9 % (w/V) sodium chloride solution adjusted to pH 7.4, when loaded with 

dexamethasone, and stored in an incubation shaker (37 °C and 80 rpm). At designated 

time points, 10.0 mL of release medium was removed and replaced. Sink conditions 

were maintained throughout. The concentration of the drug in each sample was 

determinedwith the spectroscopic method described above. In-vitro release was 

performed in triplicate and results were depicted only as the mean value when the 

standard deviation was below 5 %. 

2.2.10. Morphology 

Scanning electron microscopy (SEM) (SU8030, Hitachi High-Technologies Europe 

GmbH, Krefeld, Germany) was used to image the surface and internal morphology of 

the microparticles. To investigate the inner structure, the microparticles were dispersed 

in a solvent-free glue (UHU GmbH & Co. KG, Baden, Germany) and the hardened 

matrix was cut with a razor blade. Samples were sputtered under an argon atmosphere 

with gold (CCU-010 HV, Safematic GmbH, Zizers, Switzerland) and then observed. 

2.2.11. Viscosity 

1.0 mL sample was analyzed with a rotational rheometer (MCR 302e, Anton Paar 

GmbH, Graz, Austria) using a double gap Couette geometry (Anton Paar, 
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DG27/T200/SS). The viscosity was determined at 25 °C as the average of the shear 

rate range of 10 - 100 s-1.  

2.2.12. Surface tension 

Surface tension was determined with a dynamic contact angle meter and tensiometer 

(DCAT 21, DataPhysics Instruments GmbH, Filderstadt, Germany).  

1.5 mL of sample was transferred to a measuring plate. The cylindrical plate probe 

PT10 was automatically immersed in the sample where exerted tensile force that was 

captured by the integrated weighing system. Measurement was completed when 

standard deviation was below 0.03 mN/m for at least 5 consecutive data points. 

2.2.13. Differential scanning calorimetry (DSC) 

Thermograms were recorded with DSC 6000 (PerkinElmer Inc., Waltham, USA). 

Therefor 5 - 10 mg sample were accurately weighed into 50 µL aluminum pans with a 

pierced aluminum lid. The samples were heated twice from -20 °C to 200 °C with a 

heating and cooling rate of 10 K/min. To evaluate the glass transition temperature, the 

second heating cycle is shown after normalization. 
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3.1. Initial removal in the solvent extraction/evaporation method  

Microparticle preparation with the solvent extraction/evaporation method starts with 

dissolving PLGA in an organic solvent and emulsifying it subsequently in an aqueous 

stabilizer solution to obtain an O/W-emulsion (Chapter 1.4). As soon as the two phases 

are in contact, the organic solvent begins to diffuse from the dispersed into the 

continuous phase and evaporates from there (Chapter 1.5.1). This solvent removal 

process is essential to obtain solidified microparticles from the initial droplets and thus 

affect the final microparticle properties. The initial solvent removal in a conventional 

process, limited by the O/W phase ratio and dichloromethane evaporation rate, was 

investigated in Chapter 3.1.1, a diafiltration-driven process was developed to 

accelerate solvent extraction in Chapter 3.1.2 and the effect of the co-solvent methanol 

was studied in Chapter 3.1.3. 

3.1.1. Phase-ratio limited solvent extraction and drug encapsulation 

The amount of organic solvent extracted at the beginning of emulsification depended 

on its solubility in the aqueous phase and the O/W phase ratio. At a phase ratio of 1:20 

and a temperature-dependent solubility of dichloromethane of 10 - 20 mg/mL, about  

15 - 30 % of dichloromethane was rapidly extracted into the continuous phase until 

saturation. As long as saturation persisted, the evaporation rate from the continuous 

phase determined the further extraction [95]. The evaporation rate was about  

70 mg/min for a 50 mL batch size. In the first 45 min, more than 98 % of the 

dichloromethane was removed from the dispersed phase by rapid initial extraction 

followed by slow evaporation (Figure 8). The viscosity of the droplets increased with 

time and the diffusivity of the solvent slowly decreased due to an increase in PLGA 

concentration. When the glass transition temperature of the PLGA:solvent mixture in 

the dispersed phase exceeded ambient temperature, the droplets solidified into 

microparticles, resulting in a sharp decline in the extraction rate of residual 

dichloromethane.  
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Figure 8: Distribution of dichloromethane during the solvent evaporation controlled 
microparticle preparation with an initial phase ratio of 1:20 (50 mL batch size). Closed 
symbols represent values determined by gas chromatography (dispersed and 
continuous phase) or mass loss (evaporated), while open symbols are calculated 

Depending on the solvent dissolving capacity of the continuous aqueous phase and 

the solvent evaporation from it, the droplets remained in a liquid, viscous or rubbery 

state for several minutes before finally solidifying. During this time, drug was able to 

partition from the dispersed to the continuous phase [88]. This resulted in an 

encapsulation efficiency of about 70 % risperidone and 90 % dexamethasone with a 

phase ratio of 1:20 and a theoretical drug loading of 30 %. Risperidone has lower 

encapsulation efficiency than dexamethasone for two reasons. First, risperidone has a 

higher solubility in the continuous aqueous phase (SRIS = 0.17 mg/mL,  

SDEX = 0.075 mg/mL). In addition, risperidone was dissolved in the PLGA solution, 

while dexamethasone was dispersed. The dissolved risperidone can therefore better 

partition into and be lost to the continuous phase than dispersed dexamethasone [168]. 

Although an initially larger volume of the continuous phase would lead to faster 

solidification of microparticles, it also influenced the emulsification process. A higher 

initial phase ratio of 1:200 resulted in larger, porous particles with a broader particle 

size distribution (Figure 9) and a slightly decreased encapsulation efficiency of 

risperidone of only 66 % due to the sudden extraction. In order to achieve rapid 

solidification without interruption of the emulsification process and to achieve a certain 

droplet shrinkage before solidification, a one-step dilution was carried out after 15 min. 

This resulted in a similar final microparticle size distribution. 
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Figure 9: Effect of initial phase ratio and dilution after 15 min on the particles size 
distribution 

Next, the effect of dilution and pH of the continuous phase on risperidone 

encapsulation was investigated. The continuous phase was buffered to pH 4 with  

0.04 mol/L acetate/acetic acid buffer or to pH 10 with 0.04 mol/L sodium 

carbonate/sodium bicarbonate buffer. The batches were divided into four aliquots  

15 min after emulsification, subsequently one aliquot remained undiluted or three were 

diluted to 2.5, 5 or 10 times their volume with continuous phase. From a dilution factor 

of 5 on, a maximum encapsulation efficiency of around 90 % was achieved in 

unbuffered and alkaline-buffered batches. The solubility of risperidone in 0.25 % PVA 

was increased from 0.17 mg/mL to 12.25 mg/mL by decreasing the pH to pH 4, due to 

protonation of risperidone. Therefore, the encapsulation efficiency was reduced to less 

than 7 % independent of dilution. The increased dissolution capacity of the continuous 

phase favored almost complete extraction of risperidone before dilution. At pH 10, the 

solubility of risperidone decreased to 0.07 mg/L. Without further dilution, the 

encapsulation efficiency was increased to more than 80 %, due to decreased 

dissolution capacity in continuous phase. A smaller dilution factor of 2.5 reduced the 

encapsulation efficiency again. The solubility of risperidone was increased, while at the 

same time the solidification of PLGA was not as fast as with higher dilution factors. 
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Figure 10: Effect of one-step dilution, 15 min after emulsification and buffering of the 
continuous phase, on the encapsulation efficiency of risperidone  

3.1.2. Diafiltration-driven solvent extraction 

As shown above, drugs like risperidone being soluble in both the continuous and the 

dispersed PLGA:solvent phase are encapsulated better, if the droplets solidify into 

microparticles early in the process through rapid solvent extraction. The disadvantage 

of a one-step dilution process is the need for large-volume manufacturing equipment 

and emulsion transfer with a potential risk to the emulsion stability (e.g., droplet 

coalescence). As an alternative, a diafiltration-driven extraction process was 

investigated, where the continuous phase, enriched with dichloromethane, was 

continuously removed and replaced with fresh aqueous phase. A solvent saturation of 

the continuous phase is avoided and thus not limiting to solvent extraction, and 

dichloromethane was removed faster from the dispersed phase. Faster solidification of 

the microparticles enabled earlier subsequent processing steps, e.g. collection of the 

microparticles without sticking or aggregation. Once the glass transition temperature 

of the dispersed PLGA phase exceeded ambient temperature, further diafiltration had 

little effect on the residual solvent content because diffusion was limited by the smaller 

solvent diffusion coefficient and not by the concentration gradient. This behavior was 

independent of the type of drug encapsulated (Figure 11). 
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Figure 11: Effect of relative diafiltration rate and drug loading on the dichloromethane 
content in (a) the continuous phase and (b) the dispersed phase (200 mL batch size) 

When diafiltration was combined with a slightly elevated temperature (35 °C), lower 

residual solvent contents were achieved faster (Figure 12). At 35°C, the process 

temperature remained longer above the glass transition temperature, thus the 

dispersed phase remained longer in a liquid or viscous state which favored solvent 

removal.  

Figure 12: Effect of diafiltration and temperature on the dichloromethane content in 
the dispersed phase (50 mL batch size) 
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Focus Beam Reflectance Measurement (FBRM) can be used to monitor the 

preparation of microparticles by solvent evaporation process online [169,170]. The 

data obtained with FBRM, not only depend on size and geometry, but also strongly on 

the optical properties of the dispersed PLGA phase [167]. A decrease in chord length 

may initially be noticeable due to emulsification and shrinkage. Another transitionally 

increase in the FBRM signal can be caused by occurrence of subsurface scattering in 

addition to specular reflection, due the onset of phase separation during PLGA 

solidification. When solidification progresses, a smooth surface forms and the opacity 

increases. This means that specular reflection is almost exclusively present, which 

again results in a decreased FBRM signal. The following stagnation of the FBRM signal 

indicates that the particles are solidified, at least near the surface [167]. 

Encapsulation of drugs affected the FBRM signal in different ways. In particular, the 

initial subsurface scattering was enhanced by the presence of dexamethasone crystals 

in the PLGA phase (Figure 13). In contrast, dissolved risperidone did not affect the 

initial chord length. It caused a delayed transient increase of chord length as it was 

completely dissolved and only precipitated in the dispersed phase after most of the 

dichloromethane was extracted. The media chord length increased slightly further 

between 60 and 65 min, if 30 % risperidone was encapsulated without diafiltration.  

 

Figure 13: Effect of relative diafiltration rate and drug loading on square weighted 
media chord length (200 mL batch size) 
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Splitting the FBRM signal into size classes resulted in an increase in the number of 

particles counted, which occurred primarily in the particle size fraction < 25 µm, 

consisting mainly of risperidone crystals (Figure 14).   

Figure 14: Number of chord counts of size fractions during encapsulation of 30 % 
risperidone with the solvent evaporation method (200 mL batch size) 

The formation of needle-shaped crystals was also confirmed by in-situ microscopy 

(Figure 15). Risperidone was extracted with dichloromethane from the dispersed PLGA 

phase and precipitated in the continuous aqueous phase when the extraction rate 

became slower than the evaporation rate. The risperidone solubility then decreased 

with decreasing dichloromethane content in the aqueous phase and the drug 

precipitated.  

Figure 15: Microscopic appearance (in-situ) during encapsulation of risperidone in 
PLGA 503H (circles mark first appearance of needle-shaped risperidone crystals) 
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If dichloromethane extraction was accelerated by diafiltration, an earlier increase, 

decrease and stagnation of chord length was observed, indicating a faster solidification 

of the microparticles. The lack of increase in chord length after solidification also 

showed that unencapsulated risperidone did not crystallized, because of removal by 

diafiltration (Figure 13). With increasing diafiltration rate, the average particle size of 

microparticles loaded with 30 % drug increased (Figure 16).  

Figure 16: Effect of relative diafiltration rate and drug loading on the particle size 
distribution of microparticles loaded with (a) 30 % dexamethasone and (b) 30 % 
risperidone 

Due to the faster extraction, a skin of PLGA could have been formed on the droplet 

surface. This could have prevented shrinkage of the droplets during further extraction 

of dichloromethane, resulting in larger, more porous particles [77]. The increase in 

particle size was greater with dexamethasone. Dexamethasone was encapsulated in 

the form of dispersed drug crystals, this increased the viscosity of the dispersed PLGA 

phase and further impeded uniform shrinkage. Moderate diafiltration rates (≤ 20%/min) 

did not change the homogeneous dense morphology of blank PLGA microparticles. At 

high relative diafiltration rate (100 %/min), numerous slightly deformed microparticles, 

with a large hollow core were formed (Figure 17).  

  



 3.1. Initial removal in the solvent extraction/evaporation method 

54 
 

 0 %/min 20 %/min 100 %/min 

Without 

drug 
   

DEX    

RIS    

Figure 17: Effect of relative diafiltration rate and drug loading on the morphology of 
microparticle cross-sections 

The formation of a robust, solidified polymer skin probably almost completely 

prevented the shrinkage in this case. As the extraction progresses, PLGA completely 

precipitated under the existing skin. Water, which may have entered by rapid 

extraction, coalesced inside and filled a large cavity. The formation of such large hollow 

cores was previously observed due to rapid solvent extraction by gradually increasing 

temperature [100,105] or entrapment of water by W1/O/W2 double emulsion method 

with low O/W2 phase ratio [98]. The encapsulation of 30 % dexamethasone generally 

led to a more inhomogeneous and porous morphology (Figure 17). Dexamethasone 

crystals in the dispersed phase hindered shrinkage during extraction. In comparison, 

microparticles loaded with risperidone had a dimpled surface and the inner pores had 

a smaller, more regular size. The hollow core structure, formed at high a diafiltration 

rate (100 %/min), was less pronounced with risperidone, partially, drug crystals had 

grown in the cavity. 
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At a high diafiltration rate, diffusion of drug from the dispersed to the continuous phase 

was prevented earlier because of a faster droplet solidification. This was particularly 

the case for risperidone again, because of its greater solubility in the PLGA phase and 

the aqueous phase compared to dexamethasone. Increasing the relative diafiltration 

rate from 0 to 100 %/min increased the encapsulation efficiency from 62 to 78 % or 69 

to 80 % at a theoretical drug loading of 10 % or 30 % (Figure 18). The encapsulation 

efficiency has been increased more at the lower 10 % theoretical drug loading because 

the amount of drug extracted up to the solubility limit in the continuous phase 

corresponded to a larger percentage of the theoretical drug loading. 

Figure 18: Effect of relative diafiltration rate, drug loading and PLGA grade on the 
encapsulation efficiency  

The positive effect of accelerated solvent removal by diafiltration on the encapsulation 

efficiency was particularly evident with the more hydrophobic PLGA grade 753S. In 

general, it is assumed that the solubility of hydrophobic drugs within a PLGA matrix 

increases with increasing hydrophobicity of PLGA at the same molecular weight [171]. 

The encapsulation efficiency of risperidone in 753S, which has a similar molecular 

weight to 503H but an increased lactide content and end-capping, was only 27 %. The 

FBRM signal of 753S microparticles stagnated later with and without risperidone 

compared to 503H (Figure 19).  
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Figure 19: Effect of PLGA grade and risperidone loading on the square weighted 
media chord length during the solvent evaporation process (200 mL batch size) 

The signal without drug increased only slowly without a subsequently decrease, 

indicating a more uniform solidification without rapid phase separation in the dispersed 

phase. The slower extraction of dichloromethane in the continuous phase was also 

reflected by the later crystallization of unencapsulated risperidone in the continuous 

phase (approx. 10 min later) (Figure 20). The slower solidification of 753S favored the 

loss of risperidone. Diafiltration increased the encapsulation efficiency from 27 % to 

about 75 % (Figure 18). 

Figure 20: Microscopic appearance (in-situ) during encapsulation of risperidone in 
PLGA RG 753S (circles mark first appearance of needle-shaped risperidone crystals) 

Dexamethasone, which is poorly soluble in dichloromethane and water, resulted in 

microparticles with good encapsulation efficiency without diafiltration. At a theoretical 

loading of 10 %, diafiltration decreased the encapsulation efficiency (Figure 18), which 

was caused by increasing dissolution capacity not only for dichloromethane but also 
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for dexamethasone. At a low drug loading and low diafiltration rate, the faster drug 

extraction outweighed the more rapid PLGA solidification due to the opposing effect of 

improved dichloromethane and drug dissolution capacity on the encapsulation 

efficiency. 

The in-vitro release of dexamethasone from PLGA 503H was investigated at 

theoretical loadings of 10 % and 30 %, which corresponded to an actual drug loading 

of 8 ± 1 % and 26 ± 0.7 %, respectively. The release of risperidone from PLGA 503H 

was also examined at a theoretical drug loading of 30, corresponding to an actual drug 

loading of 22.5 ± 1.5 %. For the release from PLGA 753S, the theoretical drug loading 

was varied between 30 - 40 % to compensate the strong effect of diafiltration, an actual 

drug loading of 27 ± 3 % was achieved. Since no comparable encapsulation in PLGA 

753S was achieved for a process without modification of the extraction, a one-step 

dilution was carried out 15 min after emulsification as a comparison. This resulted in a 

particle size distribution comparable to the microparticles without modified extraction 

and a high encapsulation efficiency of 85 %.  

An increasing diafiltration rate did not affected the in-vitro release of risperidone from 

PLGA 503H or 753S and 10 % dexamethasone from 503H (Figure 21). The release 

was completely controlled by the PLGA matrix, independent of morphological changes 

(Figure 17).  

Figure 21: Effect of relative diafiltration rate on the in-vitro release of (a) 
dexamethasone as a function of the theoretical drug loading and (b) risperidone as a 
function of the PLGA grade 
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Compared to dexamethasone, risperidone showed a significantly faster diffusional 

release, due to its higher solubility in the matrix and the release medium. This 

increased further after a few days, as the polymer began to degrade, the micro-pH 

dropped, and risperidone became protonated and more soluble [172]. Dexamethasone 

was almost completely undissolved in the PLGA matrix. Microparticles with a drug 

loading of 30 % had a burst release of more than 25 % within 48 h. This burst was 

followed by a plateau phase lasting for about two weeks with a third rapid release 

phase due to the beginning of microparticle erosion. The initial burst was caused by 

percolation, which occurs at high loadings (above the percolation threshold) with 

dispersed drug particles [39]. Increasing the diafiltration rate increased the initial burst 

release from 30 % dexamethasone to more than 50 % in 48 h as the percolation 

network was expanded through pre-existing pores and cavities created by fast solvent 

extraction (Figure 21). An increase in initial release was also observed due to higher 

porosity microparticles created by other means, e.g. by the W/O/W double emulsion 

process or the use of porogens [173,174]. 

When diafiltration-controlled extraction was performed at elevated temperature, the 

inhomogeneous matrix structure of the microparticles hardly changed at 35 °C, but it 

became significantly denser at 45 °C (Figure 22). Being close to the glass transition 

temperature of pure 503H of 44 - 48 °C, the microparticles remained deformable and 

shrinkable for a longer time. According to the visual appearance of the cross-sections, 

20 %/min diafiltration increased the residual water content from 2.2 to 10.6 %, 

reinforcing the assumption that pores and cavities were filled with water during 

manufacturing. Increasing additionally the process temperature increased the water 

content first to 12.7 % (35 °C) and then reduced it to 6.8 % (45 °C).  

Figure 22: Effect of temperature during diafiltration-assisted preparation of 
dexamethasone-loaded microparticles (30 % theoretical drug loading) on the 
morphology of microparticle cross-sections 
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For 30 % dexamethasone microparticles, the encapsulation efficiency decreased from 

90 % to 81 % (35 °C) and to 77 % (45 °C). At 35 °C, the initial burst release was slightly 

increased further due to the increased porosity caused by the faster dichloromethane 

extraction (Figure 23a). At 45 °C the burst decreased due to the denser morphology, 

although not to the level of microparticles prepared without diafiltration. The 

subsequent plateau phase was significantly shortened. Such an earlier erosion-

controlled final release was facilitated by an increased hydrolysis of PLGA during 

manufacturing. This might be caused by a longer surpassing of the glass transition 

temperature of the polymer-solvent system at higher process temperatures [145]. The 

initial burst release within the first 48 h correlated directly with the residual water 

content before drying, as an indicator of the porosity, confirming percolation theory for 

high dexamethasone loadings (Figure 23b). 

Figure 23: Effect of temperature during diafiltration assisted preparation of 
dexamethasone-loaded microparticles (30 % theoretical drug loading) (a) on the in-
vitro drug release and (b) on the correlation of the water content before drying and the 
burst release within 48 h 
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3.1.3. Effect of co-solvent methanol on the initial extraction 

In microparticle manufacturing by the solvent extraction/evaporation method, co-

solvents, especially alcohols, are sometimes used in addition to the main solvent for 

PLGA, for example to improve the solubility of drugs [88,91,92]. In the following, the 

effect of methanol on the solvent removal process and the microparticle properties was 

investigated. Replacing parts of dichloromethane in the dispersed PLGA phase by 

methanol affected the initial and final solvent extraction. Methanol itself was removed 

almost completely in the beginning, due to its complete miscibility with water. The 

residual methanol content was about 0.3 % (w/w) after 1 h, independent of the initial 

content in the dispersed phase. The content of residual dichloromethane was slightly 

increased by the presence of methanol after 1 h (Figure 24).  

Figure 24: Effect of the methanol content in the dispersed phase on the residual 
dichloromethane content of dexamethasone-loaded microparticles  

This might be caused by a diffusion-slowing skin of precipitated PLGA that has formed 

on the surface of the dispersed phase due to the accelerated influx of water [97]. The 

extraction rate of dichloromethane was faster after 2 h when methanol was initially in 

the formulation, resulting in lower residual solvent contents. After 24 h, less than 0.5 % 

(w/w) instead of 2.4 % (w/w) residual DCM was present in the microparticles.  

Increasing the methanol content increased the porosity due to an increasing proportion 

of dispersed phase rapidly extracted in the beginning (Figure 25). 5 % (w/w) methanol 

resulted in clearly visible pores on the surface and within the microparticles.  
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At 10 % (w/w) methanol, the microparticles became increasingly irregular-shaped and 

highly porous. The resulting increase of the outer surface area and shortened diffusion 

paths may have slightly accelerated the extraction. However, since increased porosity 

caused by diafiltration had no significant effect on the residual dichloromethane 

content, other reasons had to be considered. Methanol, which evaporates very slowly 

from the continuous phase, could have acted as a plasticizer for PLGA during final 

extraction.  

Figure 25: Effect of the methanol content in the dispersed phase on the microscopic 
appearance (top) and the morphology of cross-sections (bottom) of microparticles with  
30 % dexamethasone 

Increasing the methanol content in the dispersed phase above 2.5 % (w/w) decreased 

the encapsulation efficiency of dexamethasone (Figure 26) and increased the burst 

release (Figure 27). This was independent of the theoretical loading being above or 

below the percolation threshold because of the greatly increased porosity. Processing 

a theoretical drug loading of 30 % dexamethasone with 10 % (w/w) methanol reduced 

the encapsulation efficiency from 92 % to 62 % and increased the initial release within 

48 h from 25 % to 63 %.  
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Figure 26: Effect of the theoretical dexamethasone loading and the methanol content 
in the dispersed phase on the encapsulation efficiency of microparticles 

Figure 27: Effect of the theoretical dexamethasone loading and the methanol content 
in the dispersed phase on the in-vitro release of microparticles 

In summary, the initial removal of the organic solvent dichloromethane has a great 

impact on the properties of the microparticles. Drugs like risperidone, which are soluble 

in both the continuous and dispersed PLGA phase are better encapsulated if the 

microparticles solidify early through rapid solvent extraction. Microparticle solidification 

was accelerated by a one-step dilution of the continuous phase or diafiltration. 

Diafiltration could eliminate the need for large-volume manufacturing equipment and 

emulsion transfer. Diafiltration-driven solvent extraction shortened the process time by 
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accelerating solidification of the microparticles but reduced the residual 

dichloromethane content only in combination with increased temperature. Increasing 

the diafiltration rate increased particle size, porosity, and the encapsulation efficiency 

of risperidone. The latter effect was particularly evident with increasing lipophilicity of 

PLGA due to its slower solidification without diafiltration. Accelerated solvent extraction 

by diafiltration did not affect the in-vitro release of risperidone. The initial burst release 

of dexamethasone was increased by diafiltration when encapsulated at drug loadings 

above the percolation threshold. Both porosity and burst release could be reduced by 

increasing the process temperature during diafiltration.  

Methanol, as a co-solvent, was extracted significantly faster than dichloromethane 

because of its complete water miscibility. This rapid extraction resulted in an increased 

porosity, decreasing dexamethasone loading and a significant increase in the burst 

release of the final microparticles. The final dichloromethane extraction was faster, 

although methanol had already been completely extracted. The resulting porosity 

cannot adequately explain this because, if caused by diafiltration, it had no effect on 

the residual solvent content. Therefore, the effect of alcohols in the continuous phase 

is examined below (Chapter 3.2.2). 
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3.2. Final solvent removal in the solvent extraction/evaporation 

method  

As shown above, it is essential to control the initial solvent extraction during 

microparticle production in order to control the final microparticle properties. Process 

modifications, which efficiently control the initial solvent removal and thus increase 

drug encapsulation, may not influence the residual solvent content because the 

diffusivity in the polymer decreases with residual solvent content (Chapter 1.5.2). Since 

the solvent content of the final microparticles has to be reduced to a certain minimum 

to facilitate storage stability and assure patient safety (Chapter 1.5.4), the final solvent 

removal step in wet processing is examined below. In particular, the effect of 

temperature and PLGA grade were studied in Chapter 3.2.1, as well as the effect of 

the alcohol content in the continuous phase in Chapter 3.2.2, which, as seen in the 

previous chapter, may affect the residual solvent removal. 

3.2.1. Effect of temperature and PLGA grade on the final solvent extraction 

PLGA 503H microparticles prepared by the solvent extraction/evaporation method 

solidified at a residual dichloromethane content of 5 - 10 % (w/w). Based on the 

Gordon-Taylor equation (Equation 9) and the physical properties of both excipients 

(Table 3), the glass transition temperature of a PLGA 503H:dichloromethane system 

would only increase above ambient temperature (approx. 20 °C) at about 3.5 % (w/w) 

residual dichloromethane. However, residual solvents are not necessarily 

homogeneously distributed within microparticles and an outer skin may solidify 

completely with higher solvent content towards the center of the microparticles [97].  
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Table 3: Density and glass transition temperature of excipients (references in 
parenthesis) used to calculate the glass transition temperature of binary systems with 
the Gordon-Taylor equation 

 

The extraction of the last 5 % (w/w) residual dichloromethane was slow (Figure 28). 

After 24 h stirring in continuous phase, the microparticles still contained 2.4 % (w/w) 

residual dichloromethane, due to the slow final extraction (Figure 28). If the solidified 

microparticles were filtered after 6 h with a residual dichloromethane content of around 

5 % (w/w), the dichloromethane removal slowed down even more compared to 

microparticles dispersed in the continuous phase. Water acted as a plasticizer in the 

wet extraction process and thus improved the diffusion of dichloromethane out of the 

PLGA matrix [121].  

Figure 28: Effect of extraction conditions on the residual dichloromethane content of 
blank PLGA 503H microparticles 

Excipients 𝒑 at 25 °C (g/cm2) TG (K) 

PLGA 503H 1.580 [121] 319 [121] 

DCM 1.326 [175] 100 [145] 

Water 0.997 [175] 138 [121] 

MeOH 0.786 [175] 103 [176] 

EtOH 0.785 [175]   97 [177] 

IPA 0.781 [175] 115 [178] 

PG 1.033 [175] 167 [179] 

Glycerol 1.258 [175] 191 [179] 
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Vacuum drying hardly improved the solvent removal from filtered microparticles, since 

it was not the evaporation of the highly volatile dichloromethane that limited the final 

extraction, but rather the low diffusivity within the PLGA matrix [120]. A parallel increase 

of temperature to 35 °C only slightly reduced the solvent content, 3.2 % (w/w) 

dichloromethane remained after a total process time of 24 h. Due to the low glass 

transition temperature of PLGA, a further increase in temperature was not possible 

without agglomeration/aggregation of the microparticles. Increasing the temperature in 

the wet extraction process, i.e. in combination with the plasticizing effect of water, 

resulted in a significantly improved solvent extraction. A residual dichloromethane 

content of 0.8 % (w/w) after 6 h and 0.03 % (w/w) after 24 h was achieved. 

Increasing the temperature of the continuous phase during solvent extraction may 

affect the stability of both PLGA and the encapsulated drugs and promote drug loss to 

the continuous phase, resulting in lower encapsulation efficiencies [145]. Nucleophilic 

drugs such as risperidone catalyze the degradation of PLGA, especially at 

temperatures above the glass transition temperature of the system [32,145,180]. 

Stirring risperidone-loaded 503H microparticles at ambient temperature did not result 

in drug loss. The encapsulation efficiency decreased only from 88 % to 86 % within  

24 h. Increasing the temperature to 35 °C decreased the encapsulation efficiency to 

75 % within 4 h. Between 4h and 24h, swelling and partial erosion of microparticles 

was visible due hydrolysis of PLGA, caused by risperidone and the increased 

temperature (Figure 29). This significantly decreased the risperidone loading to 

approx. 3 %, i.e. an encapsulation efficiency of only 7 %.  

Figure 29: Effect of the extraction time at 35 °C on the microscopic appearance of 
risperidone-loaded 503H microparticles 
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The PLGA grade affected not only the solidification speed and encapsulation efficiency 

(Chapter 3.1), but also the residual solvent content. To eliminate the effect of 

solidification speed, a 1:9 one-step dilution was performed 15 min after the start of 

emulsification. After stirring in the aqueous phase for 24 h, a decreasing water content 

and an increasing residual dichloromethane and risperidone content was obtained with 

higher molecular weight (502H < 503H < 504H; 752S < 753S) or end-capped PLGA 

(503)(Table 4). An increased lipophilicity and decreased molecular mobility of the 

polymer chains increased the affinity for dichloromethane, reduced the affinity for water 

and reduced the diffusivity for both. A higher lactide content (752S and 753S), although 

it increased the lipophilicity of the PLGA, did not increase the residual solvent content. 

The slower initial solvent extraction and microparticle solidification shown above for 

753S (Figure 19) may have prevented the formation of a diffusion-limiting PLGA skin 

on the droplet/microparticle surface and resulted in better final solvent extraction. 

Table 4: Effect of PLGA grade and extraction temperature on the encapsulation 
efficiency (EE) of 35 % risperidone and residual water and solvent content  

 

  

PLGA 

grade 

24 h 20 °C 1 h 20 °C + 3 h 35 °C 

EE % Water % DCM % EE % Water % DCM % 

502H 64 32 0.0 72 75 0.0 

503H 86 17 1.6 94 22 0.8 

503 92 24 2.1 90 27 1.1 

504H 91 21 2.0 95 31 0.9 

752s 74 38 0.1 66 32 1.8 

753s 87 28 0.7 93 23 1.2 
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Furthermore, increasing molecular weight of PLGA increased the viscosity of the 

polymer solution and thus the particle size (Figure 30). Increased diffusions pathways 

and decreased total surface area of the microparticles reduced the extraction rate.  

  

Figure 30: Effect of PLGA grade on the particle size distribution of risperidone-loaded 
microparticles 

Increasing the temperature to 35 °C 1 h after emulsification and shortening extraction 

to 4 h (to limit PLGA degradation) decreased the residual dichloromethane content of 

all PLGA grades except those with higher lactide content. The encapsulation efficiency 

was not significantly affected, except for a decrease from 74 % to 66 % for 752S. Only 

the microscopic appearance of 502H microparticles changed significantly with the use 

of short-term heating (Figure 31). The visible swelling and erosion of the microparticles 

due to PLGA degradation also led to a strong increase in the residual water content. 

Therefore, an increase in temperature was particularly critical for PLGA grades with 

low molecular weight, as they had the lowest glass transition temperature. In addition, 

the critical chain length at which PLGA oligomers became soluble in water, resulting in 

erosion of the microparticles, was most likely reached. 

  



 3.2. Final solvent removal in the solvent extraction/evaporation method 

69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Effect of PLGA grade and the extraction temperature on the microscopic 
appearance of risperidone-loaded microparticles 
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In accordance with the literature [181] the in-vitro release of risperidone was slightly 

sustained and delayed by an increased molecular weight, end-capping and especially 

increased lactide content (Figure 32). Increasing the lipophilicity of PLGA in general 

led to slower water influx and swelling at the beginning of release [30–33]. 

Furthermore, the diffusivity was decreased by a slightly decreased solubility in PLGA 

[168] and a reduction in the free volume between the longer, less mobile polymer 

chains [182].  

Figure 32: Effect of increased extraction temperature and modification of PLGA grade, 
i.e. (a) molecular weight, (b) end-capping and (c) lactide content on the in-vitro release 
of 30 % risperidone (n=1) 
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PLGA degradation during extraction at 35 °C was only reflected by an accelerated in-

vitro release of risperidone from 503 and especially 502H microparticles (Figure 32). 

The in-vitro release for 503H and 504H microparticles was not affected and slightly 

delayed for 752S and 753S microparticles. The latter could have been caused by an 

increased microparticle density, as previously obtained by increased process 

temperature (Figure 22 and 23), which slows down the water influx and initial 

risperidone diffusion.  

3.2.2. Effect of alcohols in the continuous phase on the final solvent 

extraction 

A modification in the composition of the continuous aqueous phase was investigated 

as an alternative to elevated temperature. To evaluate the potential of various alcoholic 

PLGA non-solvents having at least one hydroxyl group, solidified PLGA microparticles 

with a residual dichloromethane content of 5 - 6 % (w/w) were filtered, washed, and 

redispersed in water containing different alcohols and amounts. The residual 

dichloromethane content of blank microparticles after 6 h decreased even less with  

50 % (w/w) Glycerol (3.6 % (w/w) DCM) or Propylene glycol (PG) (4.4 % (w/w) DCM) 

compared to pure water (3.2 % (w/w) DCM). The addition of the monohydric alcohols 

methanol (MeOH), ethanol (EtOH) and isopropanol (IPA) reduced the residual 

dichloromethane content significantly, these were further investigated. A potential 

explanation was a lower solubility of dichloromethane in the aqueous continuous phase 

containing polyhydric alcohols when compared to monohydric alcohols (especially 

ethanol) (Table 5).  

Table 5: Effect of the type and amount of alcohol in the continuous phase on the 
dichloromethane solubility  

 

 SDCM [mg/mL] in water:alcohol mixtures  

Alcohol content [% (w/w)] 0  20  50  

MeOH 11 19 73 

EtOH 11 14 147 

IPA 11 11 27 

PG 11 14 20 

Glycerol 11 8 13 
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The diffusivity in the PLGA matrix was ranked as more important for the final extraction 

from solidified microparticles than the solution capacity in the continuous phase [97]. 

The HSP distance Ra (Equation 14) between the monohydric alcohols and PLGA is 

smaller compared to the one of polyhydric alcohols and PLGA, showing the higher 

affinity and solubility of the first, although their distance appears still large compared to 

dichloromethane and PLGA (Table 6). 

Table 6: Hansen solubility parameters of the investigated drugs and excipients 
(references in parenthesis) and their HSP distance Ra to PLGA 

 

Because of the increased affinity to PLGA and their smaller molecule size, monohydric 

alcohols diffused better into the matrix resulting in an increased free volume and lower 

glass transition temperature. Although the removal of absorbed alcohols was not 

examined in this study, their permissible limits in the final product, 30 mg/d methanol, 

50 mg/d ethanol and 50 mg/d isopropanol, are significantly higher than for 

dichloromethane (6 mg/d), due to their lower toxicity [164]. In general, increasing the 

alcohol content in the continuous phase, increased the content of absorbed alcohol in 

the microparticles (Figure 33).  

Excipients 𝜹𝒅 𝜹𝒑 𝜹𝒉 Method Ra PLGA 

PLGA 50:50 16.4 8.7 3.6 Solubility testing by turbidity [134] - 

DEX 20.5 15.4 8 Group contribution by Hoftyzer and 

van Krevelen [177] 

11.5 

RIS 18.5 8.4 8.1 Molecular dynamic simulation [178] 6.2 

DCM 17 7.3 7.1 Group contribution by Barton [175] 4.0 

Water 15.5 16 42.3 Group contribution by Barton [175] 39.4 

MeOH 14.7 12.3 22.3 Group contribution by Barton [175] 19.3 

EtOH 15.8 8.8 19.4 Group contribution by Barton [175] 15.8 

IPA 15.8 6.1 16.4 Group contribution by Barton [175] 13.1 

PG 16.8 9.4 23.3 Group contribution by Barton [175] 19.7 

Glycerol 9.3 15.4 31.4 Group contribution by Barton [175] 31.9 
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Figure 33: Effect of the amount of methanol (a, b), ethanol (c, d) or isopropanol (e, f) 
in the continuous phase on the content of absorbed alcohol (a, c, e) and residual 
dichloromethane (b, d, f) in blank microparticles 
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As the chain length of the monohydric alcohols increased, the HSP distance to PLGA 

decreased. Accordingly, the order of alcohol absorption was isopropanol > ethanol > 

methanol, despite a decrease in molecule size (4.3 % (w/w) isopropanol, 3.6 % (w/w) 

ethanol or 3.0 % (w/w) methanol after 6 h in 40 % (w/w) non-solvent). However, the 

residual dichloromethane content did not correspond to this trend and was lowest in 

ethanol, followed by methanol and isopropanol (Figure 33). Not only the content of the 

absorbed non-solvent but also its plasticizing potency was crucial for the extraction of 

residual dichloromethane. The effect of (non-)solvents on the glass transition 

temperature of the polymer was estimated with the Gordon-Taylor equation (Equation 

9). According to the density and especially to the glass transition temperature of the 

different excipients (Table 3), the plasticizing effect was in order of ethanol > methanol 

> isopropanol > dichloromethane (Figure 34). 

Figure 34: Effect of the type and amount of absorbed (non-)solvent on the glass-
transition temperature of PLGA, calculated with the Gordon Taylor equation 

Microparticles that were redispersed in up to 50 % (w/w) propylene glycol or glycerol 

did not agglomerate and had no optical changes compared to microparticles 

redispersed in water. With higher molecular weight of monohydric alcohols, the 

microparticles agglomerated and stuck together at a lower content of absorbed alcohol 

(Figure 35). The dispersibility of the microparticles was only retained up to 40 % (w/w) 

methanol, 30 % (w/w) ethanol or 20 % (w/w) isopropanol. This trend contradicted the 

calculated plasticizing effects, according to which ethanol reduced the glass transition 
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temperature of PLGA the most and was therefore the most likely to cause stickiness. 

Rather, the trend of HSP distances was reflected here (Table 6). Although isopropanol 

is a poor solvent for PLGA, it had the shortest HSP distance among the alcohols 

examined. As isopropanol was perhaps the best solvent to dissolve the surface of the 

microparticles, the microparticles agglomerated at the lowest content of 30% (w/w). 

Since isopropanol addition caused stickiness and had the least effect on the residual 

dichloromethane content, further work focused on methanol and ethanol. 

Figure 35: Effect of the type and amount of alcohol in the continuous phase on the 
microscopic appearance of blank microparticles after 6h (the red line marks the limit 
when sticking occurred) 

Microparticles loaded with dexamethasone absorbed less methanol or ethanol than 

blank microparticles (Figure 36a). They only contained 0.6 % (w/w) or 0.7 % (w/w) 

compared of 2.4 % (w/w) or 2.2 % (w/w) of methanol or ethanol after 6 h in 30 % (w/w) 

non-solvent. Despite the lower content of absorbed alcohol, dichloromethane was 

removed efficiently. A residual dichloromethane content below 0.1 % (w/w) was 

achieved with both alcohols within 6 h (Figure 36b). Due to its low solubility in PLGA 

[172], dexamethasone was present almost entirely as dispersed crystals in the 

microparticles. These absorbed neither dichloromethane nor alcohols but contributed 

to the mass of the microparticles and thereby reduced the calculated solvent contents. 

 20 % 30 % 40 % 50 % 
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Figure 36: Effect of the type and amount of alcohol in the continuous phase on the 
content of (a) absorbed alcohol and (b) residual dichloromethane in microparticles (30 
% theoretical dexamethasone loading) 

The encapsulation efficiency of dexamethasone was significantly reduced by methanol 

and ethanol (Figure 37). While the encapsulation efficiency of the microparticles with 

a theoretical drug loading of 30 % remained unchanged at around 85 % during 

extraction in water, it decreased to 42 % in methanol and 37 % in ethanol after 6 h.  

Figure 37: Effect of the theoretical dexamethasone loading and type and amount of 
alcohol in the continuous phase on the encapsulation efficiency 
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As a result of extraction, some microparticles apparently no longer contained 

crystalline drug on the surface or even none at all (Figure 38). Both alcohols increased 

the solubility of dexamethasone in the continuous phase as well as in PLGA, increasing 

the concentration gradient and thus the diffusion of drug out of the microparticles. In 

addition, microparticles with a high loading of dispersed drug tend to percolate during 

the in-vitro release, which means that drug crystals close to the surface dissolve, 

creating pores that allow media access to further drug crystals. The result is a pore 

network that results in the rapid initial burst release [39]. Extraction with alcohol in the 

continuous phase also resulted in pores of the rectangular shape and size 

corresponding to dissolved dexamethasone crystals on the surface of microparticles 

with 30 % dexamethasone loading indicating percolation (Figure 38). However, 

microparticles with only 10 % theoretical dexamethasone loading, i.e. presumably far 

below the percolation threshold, also showed a reduction in encapsulation efficiency 

from 68 % to 45 % or 43 % after 6 h in 30 % (w/w) methanol or ethanol. 

 Water 

   

 
30 % 

MeOH 

   

 
30 % 
EtOH 

   

Figure 38: Effect of the type and amount of alcohol in the continuous phase on the 
appearance of microparticles (30 % theoretical dexamethasone loading) after 6 h 
extraction under polarized light microscope (left) and scanning electron microscope 
(mid and right) 
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Encapsulated risperidone resulted in an increased absorption of the alcohols, 

especially methanol when compared to blank microparticles (Figure 39a). After 6 h in 

30 % (w/w) methanol, the microparticles contained 4.6 % (w/w) methanol. Despite the 

increased alcohol absorption, dichloromethane was removed less efficient compared 

to the blank or dexamethasone-loaded microparticles (Figure 39b). 30 % (w/w) ethanol 

in particular accelerated the dichloromethane extraction within the first hour due to its 

potent plasticizing effect. However, the residual dichloromethane content of 2.4 % 

(w/w) after 6 h in 30 % (w/w) methanol or ethanol was comparable to 2.7 % (w/w) in 

water.  

Figure 39: Effect of the type and amount of alcohol in the continuous phase on the 
content of (a) alcohol and (b) dichloromethane in microparticles (30 % theoretical 
risperidone loading) 

The plasticizing effect of both alcohols was evident from visible changes of the 

microparticle surface (Figure 40). Extraction in both alcohols caused small dents, 

possibly due to the polymer skin collapsing because of underlying cavities. Additionally, 

ethanol resulted in a wrinkled surface, due to its greater plasticization effect. In contrast 

to dexamethasone, risperidone was mainly dissolved in the PLGA matrix, as observed 

under polarized light microscope. Only the molecularly dissolved fraction of 

encapsulated drug affected the mobility of polymeric chains and therefore the glass 

transition temperature, solubility and diffusivity [140,141]. Thus, risperidone was able 

to increase the affinity of dichloromethane and alcohols to PLGA.  
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 Water 
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MeOH 

   

 
30 % 
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Figure 40: Effect of the type and amount of alcohol in the continuous phase on the 
appearance of microparticles (30 % theoretical risperidone loading) after 6 h extraction 
under polarized light microscope (left) and scanning electron microscope (mid and 
right) 

Risperidone was barely extracted in 30 % (w/w) alcohol (Figure 41), although it was 

dissolved and therefore diffusible, due to its significantly higher affinity for PLGA  

(Ra = 6.2) and residual dichloromethane (Ra = 3.3) compared to methanol (Ra = 16.6) 

and ethanol (Ra = 12.5). Within 6 h, the encapsulation efficiency decreased only slightly 

from 92 % to 87 % or 85 % in 30 % (w/w) methanol or ethanol. Increasing the content 

of methanol or ethanol in the continuous phase to 40 % (w/w) reduced the residual 

dichloromethane content to below 0.2 % (w/w) after 6h (Figure 39b). However, the 

encapsulation efficiency was also reduced significantly to 36 % by methanol or to  

72 % by ethanol and the microparticles stuck together due to the strong plasticizing 

effect.  
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Figure 41: Effect of the type and amount of alcohol in the continuous phase on the 
encapsulation efficiency of 30 % risperidone 

In summary, the final removal of residual dichloromethane from microparticles was 

investigated. The removal rate decreased with decreasing dichloromethane content 

due to the decreasing plasticizing effect. Microparticles of higher molecular weight or 

end-capped PLGA had a higher residual solvent content, due to the higher polymer-

solvent affinity, viscosity and droplet/microparticle size. Removal of residual 

dichloromethane was most efficient with alcoholic wet extraction, followed by aqueous 

wet extraction and vacuum drying of the microparticles. The aqueous wet extraction 

was more efficient at 35 °C compared to 20 °C, but caused, depending on the PLGA 

grade, drug loss (752S), microparticle erosion (502H) and a change of the in-vitro 

release profile (502H, 503, 752S, 753S) even after a short time (3 h) at elevated 

temperature. Redispersing filtered, wet microparticles in alcoholic media significantly 

improved residual dichloromethane extraction due to the good plasticizing effect of 

alcohols. Short-chain monohydric alcohols decreased the glass transition temperature 

of PLGA more than polyhydric alcohols, water, or dichloromethane. Ethanol had the 

strongest plasticizing effect of all the tested (non-)solvents. As the chain length of the 

monohydric alcohols increased, the affinity for PLGA increased and thus the absorption 

and aggregation tendency of the microparticles. Extraction in methanol or 

ethanol:water mixtures efficiently decreased the residual dichloromethane content, but 

also caused drug loss.  
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3.3. Secondary drying in an alcohol vapor-assisted fluidized bed  

As shown above, the final solvent removal from microparticles is challenging due to 

the decreasing diffusivity with decreasing residual solvent content. Increasing the 

process temperature or decreasing the glass transition temperature of the 

PLGA:solvent system with the plasticizing effect of alcohols or water improved the 

solvent removal, but also caused degradation of PLGA and loss of encapsulated drug. 

To prevent this and utilize the full potential of alcoholic extraction of residual solvents, 

an alcohol vapor-assisted fluidized bed drying process was developed for secondary 

drying of filtered microparticles. 

Blank PLGA 503H microparticles with a high residual dichloromethane content of about 

7 % (w/w) were dried at different temperatures in a fluidized bed. At ambient 

temperature (18 °C) the dichloromethane content decreased only to 6.4 % (w/w) within 

24 h due to the low diffusivity in the glassy PLGA microparticle matrix. Increasing the 

temperature of the purge gas accelerated dichloromethane removal, especially within 

the first hours (Figure 42).  

Figure 42: Effect of the purge gas temperature on the residual dichloromethane 
content of blank PLGA 503H microparticles during fluidized bed drying 

As the residual dichloromethane content decreased, PLGA was less plasticized, and 

the removal rate decreased. A higher temperature resulted in a lower residual 

dichloromethane content, at which the removal rate decreased. At 45 °C, i.e. at the 

glass transition temperature of PLGA 503H (TG = 44 - 48 °C), a residual 
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dichloromethane content of 0.7 % (w/w) was achieved after 24 h, but the microparticles 

had some dents (Figure 43). Only at 55 °C dichloromethane was removed completely 

within 24 h. However, the glass transition temperature of PLGA was significantly 

exceeded and microparticles aggregated. 

Figure 43: Effect of the purge gas temperature on the microscopic appearance of 
blank PLGA 503H microparticles during fluidized bed drying 

Next, the purge gas was enriched with alcohol by passing it through a bubbler. After  

6 h of alcohol vapor-assisted purge, the bubbler was bypassed and dry warm air  

(35 °C, 20 L/min) was used for another 18 h to remove the absorbed alcohol. The 

alcohol evaporation rate in the bubbler was increased by increasing bubbler 

temperature and purge flow rate (Table 7). Increasing the bubbler temperature from  

10 °C to 16 °C at a constant flow rate of 10 L/min increased the evaporation rate of 

methanol from 998 mg/min to 1401 mg/min. Increasing the purge flow rate from 1 L/min 

to 30 L/min increased the evaporation rate of methanol from 157 mg/min to  

3098 mg/min. Since the evaporation rate did not increase at the same rate as the flow 

rate, the calculated methanol concentration in the purge gas decreased from  

157 mg/L to 103 mg/L. Ethanol evaporates more slowly than methanol under the same 

conditions due to its lower vapor pressure. To achieve a comparable concentration of 

around 100 mg/L in the purge gas, a bubbler temperature of 20 °C for ethanol was 

required compared to 10 °C for methanol. 20 °C was the limit at which condensation 

could still be avoided in the unheated setup downstream of the bubbler. 
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 Table 7: Effect of the purge flow rate and bubbler temperature on the concentration of 
methanol and ethanol in the purge gas  

 

The absorption of alcohol into the microparticles depended only on the type and 

concentration of the alcohol in the purge gas and not on the purge flow rate  

(Figure 44a). At an alcohol concentration of 100 mg/L, the microparticles absorbed  

2.2 - 2.5 % (w/w) methanol, but only up to 1 % (w/w) ethanol. However, ethanol was 

as effective as methanol in removing dichloromethane, despite a lower absorption 

(Figure 44b). Ethanol has a lower glass transition temperature than methanol and 

therefore plasticized PLGA to a greater extent (Figure 34). Since the ethanol 

concentration could not be increased above 100 mg/L without condensation in the 

unheated setup, methanol was used for further experiments. Increasing the methanol 

absorption into the microparticles decreased the residual dichloromethane content 

(Figure 44b). At a concentration of 140 mg/L in the purge gas, about 4.2 % (w/w) 

methanol was absorbed and the residual dichloromethane content was reduced to  

0.1 % (w/w) within 2 h and completely removed within 6 h.  

Methanol and ethanol could be effectively removed at 35 °C under vacuum (data not 

shown) or in a fluidized bed (Figure 44a). The dichloromethane content was not 

affected by this alcohol-free drying (Figure 44b). Compared to dichloromethane, both 

alcohols had a lower affinity to PLGA and a higher molecular mobility within the free 

volume of the polymer, due to their lower molecular weight. In addition, higher residual 

alcohol contents in the final product are permitted compared to dichloromethane 

(Chapter 1.5.4).    

Alcohol 
Flow rate 

[L/min] 

Temperature 

[°C] 

Evaporation 

rate [mg/min] 

Concentration in 

purge gas [mg/L] 

MeOH 

 

1 16 157 157 

10 16 1401 140 

20 16 2227 111 

30 16 3098 103 

10 10 998 100 

EtOH 

 

10 10 553 55 

10 16 829 83 

10 20 1010 101 
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Figure 44: Effect of the alcohol concentration and flow rate during fluidized bed drying, 
on the content of (a) absorbed alcohol and (b) residual dichloromethane of blank 503H 
microparticles (6 h alcohol purge, followed by 18 h dry purge (20 L/min, 35 °C)) 

The use of alcohol vapor-assisted fluidized bed drying was not limited to the removal 

of dichloromethane. As proof of concept, PLGA microparticles were prepared with ethyl 

acetate as a common less toxic alternative to dichloromethane. To investigate the 

removal of residual ethyl acetate, the preparation method had to be adapted to obtain 

comparable microparticles [75]. Replacing dichloromethane by ethyl acetate without 

process modifications resulted in increased porosity and particle size (Figure 45).  
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Figure 45: Effect of the stabilizer and ethyl acetate content in the continuous phase 
on the microscopic appearance of blank 503H microparticles 

Since ethyl acetate has about eight times greater solubility in water, it was initially 

almost completely extracted. The addition of ethyl acetate to the continuous phase 

before emulsification to reduce the initial extraction significantly reduced the droplet 

size (Figure 46). After a short time, however, some very large drops were formed by 

coalescence, which led to a bimodal particle size distribution. Increasing the PVA 

concentration to 1 % (w/V) and decreasing the ethyl acetate content to 4 % (w/w)  

(= 50 % saturation) resulted in microscopic similar microparticles to those produced 

with dichloromethane.   

Figure 46: Effect of the stabilizer and ethyl acetate content in the continuous phase 
on the particle size distribution of blank 503H microparticles 
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The residual ethyl acetate content of 0.8 % (w/w) was lower compared to the residual 

dichloromethane contents obtained above because of a smaller particle size  

(d50 = 38 µm instead of 61 µm), a lower affinity of ethyl acetate for PLGA and a higher 

solubility in water. 6 h of methanol vapor-assisted fluidized bed drying at 100 mg/L 

reduced the residual ethyl acetate content to 0.4 % (w/w) and at 140 mg/L to 0.1 % 

(w/w) (Figure 47). 

Figure 47: Effect of the methanol concentration in the purge gas during fluidized bed 
drying, on the content of (a) absorbed methanol and (b) residual ethyl acetate of blank 
PLGA 503H microparticles  

100 mg/L methanol in the purge gas reduced the residual dichloromethane content of 

risperidone-loaded microparticles from 3.0 - 3.5 % (w/w) to below 0.06 % (w/w) within 

6 h (Figure 48b). Microparticles prepared with the more lipophilic PLGA 753S absorbed 

slightly less methanol than those with 503H (Figure 48a).  
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Figure 48: Effect of PLGA grade and pre-drying during fluidized bed drying  
(100 mg/L methanol; 10 L/min) on the content of (a) absorbed methanol and (b) 
residual dichloromethane of risperidone-loaded microparticles 

While the 753S microparticles only formed a few agglomerates that could be easily 

separated again, the 503H microparticles partially aggregated and formed larger lumps 

(Figure 49).  

Figure 49: Effect of PLGA grade and pre-drying during fluidized bed drying  
(100 mg/L methanol; 10 L/min) on the microscopic appearance of risperidone-loaded 
microparticles 

The glass transition temperature range of the two PLGA grades was approximately the 

same (≈ 44 - 50 °C) (Figure 50). Despite the good solubility of risperidone in the PLGA 

matrix, 30 % drug loading did not significantly reduce the glass transition temperature 

by plasticization. The pronounced sticking of risperidone-loaded 503H microparticles 

was probably due to the slightly increased content of residual solvent and absorbed 

methanol, possibly in interaction with risperidone.  
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Figure 50: Effect of PLGA grade and 30 % risperidone loading on the DSC 
thermogram of microparticles 

Sticking of microparticles could be prevented by completely removing water from the 

microparticles. Immediately after collection from the continuous phase, the risperidone-

loaded microparticles had a high water content of about 35 % (w/w). Due to the low 

affinity of water to PLGA, it was assumed that this was mostly on the surface and in 

pores than dissolved in the polymer matrix. 5 min vacuum drying, performed before 

fluidized bed drying, reduced this content to about 25 % (w/w) and the first hour of 

methanol purge removed it completely. Increased initial water content led to an 

increased methanol absorption and thus aggregation. Water itself could have served 

as an additional plasticizer and therefore facilitated the absorption of methanol. 

Furthermore, methanol could have accumulated in water-filled pores and then diffused 

into the polymer. 

An additonal unheated dry purging step in the fluidized bed, prior to the methanol 

purge, reduced the water content to 1 % (w/w) within 30 min and to 0 % (w/w) within 

60 min. Meanwhile residual dichloromethane was not removed. Complete water 

removal reduced the subsequent methanol uptake and the dichloromethane removal 

slightly (Figure 48) and prevented the aggregation of the microparticles (Figure 49).  

The pre-dried risperidone-loaded microparticles could also be purged with 140 mg/L 

methanol without aggregating, which reduced residual dichloromethane content to 

0.04 % (w/w) within 2 h (Figure 51b). The type of encapsulated drug affected both the 
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initial residual dichloromethane content and the amount of absorbed methanol. At  

140 mg/L methanol in the purge gas microparticles with 30 % dexamethasone 

absorbed up to 3.2 % (w/w), without drug 4.2 % (w/w), and with risperidone (after pre-

drying) 5.5 % (w/w) (Figure 51a).  

Figure 51: Effect of the drug loading during fluidized bed drying (140 mg/L methanol;  
10 L/min) on the content of (a) absorbed methanol and (b) residual dichloromethane  

Risperidone was molecularly dissolved in the PLGA matrix to a greater extent 

compared to dexamethasone and thus may have affected the affinity between the 

matrix and methanol and may itself act as a plasticizer. Dexamethasone had a very 

low solubility in PLGA and was present almost entirely in the form of dispersed crystals 

in the microparticles. Undissolved drug crystals absorbed probably neither 

dichloromethane nor alcohols but contributed to the mass of the microparticles and 

thereby reduced the calculated solvent contents. Furthermore, crystals may have 

acted as a diffusion barrier within the matrix. 140 mg/L methanol in the purge gas 

decreased the dichloromethane content of risperidone-loaded microparticles (after 1 h 

pre-drying) to 0.03 % (w/w) and of dexamethasone-loaded microparticles to 0.13 % 

(w/w) within 6 h (Figure 51b). Pre-drying was only necessary to prevent aggregation 

for risperidone-loaded microparticles. Despite pre-drying, risperidone-loaded 

microparticles had some dents (Figure 52). The surface morphology of 

dexamethasone-loaded microparticles was not altered. 
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Figure 52: Effect of methanol vapor-assisted fluidized bed drying on the surface 
morphology of microparticles loaded with risperidone (1 h pre-dried) and 
dexamethasone 

To investigate the potential effect of methanol vapor-assisted secondary drying on the 

recrystallization of drugs, PLGA films with a residual dichloromethane content of  

8 - 10 % (w/w) were prepared. The films contained 2 % dexamethasone, or 10 % 

risperidone based on PLGA, which was slightly above each drug´s solubility and 

dispersed crystals were observed. The films were purged with 1 L/min purge gas with 

different concentrations of methanol for 24 h. Alternatively, they were stored in a 

desiccator under an atmosphere saturated with methanol for 24 h. The absorbed 

methanol was finally removed by dry purging for a further 24 h. The appearance of 

dexamethasone-loaded films did not change compared to those dried exclusively 

under the hood even if they had absorbed 8 % (w/w) methanol. A pronounced 
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recrystallization of risperidone was observed even at a low methanol absorption of  

2.6 % (w/w) achieved at 100 mg/L in the purge gas (Figure 53). Risperidone crystals 

grew needle-like from the edge of circular crystal spots into the PLGA, especially when 

absorbed methanol was removed again from the films. Both drugs have a similar 

solubility of 25 mg/L (dexamethasone) and 27 mg/L (risperidone) in pure methanol, 

resulting in similar improvements in solubility of these drugs in PLGA. Risperidone 

inherently had a higher solubility and diffusivity in PLGA and was initially dissolved in 

the dichloromethane:PLGA mixture, in contrast to dexamethasone.  

 

Drying 
condition 

2 % Dexamethasone 10 % Risperidone 

Macroscopic Microscopic Macroscopic Microscopic 

24h Hood 

    

24h Hood 
+6h MeOH 

    

24h Hood 
+24h MeOH 

    

24h Hood 
 +24h MeOH 
+24h Hood 

    

72h Hood 

    

Figure 53: Effect of methanol vapor-assisted purge flow drying (100 mg/L; 1L/min) on 
the recrystallization of 2 % dexamethasone and 10 % risperidone in PLGA 503H films 
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An increasing content of methanol in the purge gas increased methanol absorption and 

recrystallization of risperidone (Figure 54), due to temporally higher solubility and 

diffusivity in the matrix. In 753S films, an increased number of risperidone crystal spots 

were observed covering a large area of the film, indicating a slightly lower solubility 

within this higher lactide content PLGA grade. The edges of the crystal spots were only 

slightly frayed due to weak recrystallization by methanol absorption and removal.  

Methanol PLGA 503H PLGA 753S 

Gas 
[mg/L] 

Films 
[mg/g] 

Macroscopic Microscopic Macroscopic Microscopic 

0 0     

100 26     

170 57     

Sat. 80  

 

  

Figure 54: Effect of the methanol concentration in the purge gas on the methanol 
absorption and recrystallization of 10 % risperidone in PLGA 503H and 753S films 

An increased methanol absorption caused a uniform precipitation of risperidone in 

crystal-free PLGA areas during methanol removal. Such a formation of new interfaces 

by precipitation is considered thermodynamically unfavorable. In 503H, risperidone 

precipitated only at pre-existing crystalline surfaces, when its solubility was decreased. 

There was no evidence that methanol was removed faster from 753S. Release studies 

indicated that risperidone had lower diffusivity in 753S (Figure 55). It was assumed that 
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the risperidone molecules in 753S were too slow to diffuse to existing crystalline 

interfaces when the solubility was decreased, due to the methanol removal. 

Recrystallization by methanol vapor-assisted secondary drying was identified as a 

potential risk for drugs that have inherently a good solubility and diffusivity in the PLGA 

grade used or whose solubility is greatly enhanced by methanol. This did not affect the 

investigated PLGA microparticles, because low methanol concentrations of  

100 - 140 mg/L in the purge gas and short process times of a maximum of 6 h were 

sufficient for dichloromethane removal. Accordingly, the in-vitro release of risperidone 

and dexamethasone from microparticles was not changed by methanol vapor-assisted 

fluidized bed drying (Figure 55). 

Figure 55: Effect of methanol assisted fluidized bed drying (6 h 140 mg/L 10 L/min + 
18 h 0 mg/L 20 L/min 35 °C) on the in-vitro release of risperidone and dexamethasone 
from PLGA 503H and 753S microparticles compared to vacuum drying at 35 °C 

In summary, the secondary drying of PLGA microparticles in a fluidized bed was 

investigated. The residual dichloromethane content was only slowly decreased under 

ambient conditions (from about 7 to 6.4 % (w/w) within 24 h), the solvent removal was 

improved by increasing the temperature up to 45 °C (0.7 % (w/w) after 24 h) and even 

more by 100 - 140 mg/mL alcohol vapor in the purge gas (0 - 0.11 % (w/w) after 6 h). 

By regulating the alcohol concentration and temperature of the purge gas, the alcohol 

absorption and the removal of residual solvent and alcohol were controlled. Methanol 

proved to be most effective in the present setup because its concentration could be 

adjusted over a wide range. The secondary drying was accelerated without affecting 

drug loading or in-vitro release of the encapsulated dexamethasone and risperidone. 
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3.4. Microfluidic microparticle preparation  

Above, various aspects of the microparticle preparation by the solvent 

extraction/evaporation method were examined, particularly regarding the solvent 

removal. The initially necessary emulsification was carried out in a batch process by 

stirring. This step was replaced by a continuous microfluidic flow focusing process. 

Microfluidic offered precise control over droplet size and enabled the preparation of 

monodisperse microparticles, when operated in the so-called dripping regime (Chapter 

1.4.2). Compared to the batch process, much smaller phase ratios are usually required 

for this. The influence of this peculiarity on solvent removal and drug encapsulation 

was examined in Chapter 3.4.1. The final microparticles were compared with those of 

the batch experiments in Chapter 3.4.2 and a process for continuous solvent removal 

was developed in Chapter 3.4.3. 

3.4.1. Drug encapsulation in microfluidic microparticle preparation 

Within the dripping regime, increasing the ratio of flow rates of continuous and 

dispersed phase decreased the size of monodisperse droplets (Table 8). The droplet 

size and the resulting shrunk solidified microparticles were not affected by increasing 

the theoretical risperidone loading from 10 to 30 %. Increasing the PVA concentration 

to 2 % (w/w) increased the viscosity of the continuous phase and decreased the 

interfacial tension. Due to the speed of droplet formation, no significant influence of the 

latter on droplet formation was expected, since the stabilizer molecules would first have 

to diffuse to the interface [80].  

Table 8: Effect of PVA concentration and flow rate of the continuous phase (QCP) during 
microfluidic flow-focusing with a constant flow rate of the dispersed phase of 70 µL/min 
on the particle size and the encapsulation efficiency (EE) of 10 % and 30 % risperidone 
in 503H  

 

PVA concentration 

[%] 

QCP 

[µL/min] 

Particle size 

[µm] 

EE [%] 

TL 10 % TL 30 % 

1 140 45 50 21 

1 490 32 37 19 

2 560 80 62 -  



 3.4. Microfluidic microparticle preparation 

95 
 

Due to the increased viscosity and a further increase in the flow rate ratio to 1:8, 

droplets with a diameter significantly larger than the junction could also be produced 

in the present chip geometry (Figure 56). The reason for this was that due to the high 

flow rate the dispersed phase thread was pulled into the junction orifice and only then 

broke off, not as usual just before or in it.  

Figure 56: Effect of PVA concentration and flow rate ratio during microfluidic flow 
focusing on the microscopic appearance of droplet formation on the chip (top) and 
resulting solidified risperidone-loaded 503H microparticles (bottom) 

The encapsulation efficiency of risperidone decreased with decreasing particle size 

and increasing theoretical drug loading (Table 8). Compared to microparticles 

produced by the batch process, the encapsulation efficiency was low. The droplets 

were solidified in a one-step dilution into microparticles by introducing them into  

100 mL of continuous phase downstream of the chip. However, the tubing (inner 

diameter: 0.8 mm; length: 500 mm) between the chip and the solidification bath 

resulted in a solidification delay of 1.5 - 5 min depending on the total flow rate. Due to 

the small phase ratio, only a small amount of dichloromethane was extracted during 

this transfer passage. Risperidone was extracted by diffusion since the viscosity of the 

dispersed phase was not significantly increased. This was limited by the drug solubility 

in the continuous phase, which was increased by saturation with dichloromethane. In 

addition, an increasing diffusion distance slowed diffusion with increasing droplet size. 

An increase in the total flow rate reduced the solidification delay and thus the time 

available for diffusion. 
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Various modifications of the dispersed and continuous phases were investigated in the 

batch process to control solvent extraction and to improve the encapsulation efficiency 

(Chapter 3.1). The phase ratio of 1:20 was significantly larger than the one usually 

used in microfluidic flow focusing, but it was also not sufficient to completely dissolve 

dichloromethane. In summary, without dilution, the buffering of the continuous phase 

to an alkaline pH increased the encapsulation efficiency the most. Since only small 

phase ratios of usually 1:1 - 1:10 are used for droplet generation with microfluidic flow 

focusing, alkaline buffering for microfluidic encapsulation was also investigated. 

Increasing the pH of the continuous phase caused a change in the droplet formation 

regime, from dripping to jetting and led to the formation of large droplets (Figure 57).  

Figure 57: Effect of the composition of the continuous phase and total flow rate (phase 
ratio 1:7) on the microscopic appearance of microfluidic droplet formation  

This transition of droplet formation regime was usually observed, if the capillary 

number Ca was ≥ 1 [80,82]. Since the flow rates were kept constant, such an increase 

could only be caused by an increase in viscosity or a decrease in interfacial tension 

(Equation 5). A pH-dependent change in viscosity, as described in the literature, was 

not observed at the low PVA concentration used. At a shear rate of 10 - 100 s-1, the 

average viscosity of 1 % (w/V) PVA solution was 1.24 (± 0.01) mPas regardless of 

buffering. The surface tension of the continuous phase increased slightly from 45 

mN/m to 49 mN/m by increasing the pH. For droplet formation, however, the interfacial 

tension between both phases would be more important. An increase in pH of 

continuous phase probably led to dissociation of some PLGA carboxyl groups. The 

resulting negative charge caused a more hydrophilic surface of the PLGA phase and 
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reduced the interfacial tension to the continuous aqueous phase [183], causing an 

increase of the capillary number and a change of the droplet formation regime. 

Reducing the PVA concentration to 0.25 % (w/V) was not enough to achieve the 

dripping regime, but shortened the jet length, due to a decrease in viscosity and an 

increase in interfacial tension. The stabilizer could not be completely omitted in order 

to avoid coalescence after the droplet formation. The reduction of the total flow rate (at 

a constant flow rate ratio of 1:7) enabled the preparation of monodisperse droplets with 

a particle size comparable to the droplet particle size without buffer in the dripping 

regime. Buffering the continuous phase and halving the total flow rate together led to 

a slight increase in particle size from 32 µm to 40 µm and a significant increase in the 

encapsulation efficiency at a 30 % theoretical risperidone loading from 19 to 93 %. 

Using PLGA 753S instead of 503H did not change the particle size as both have 

approximately the same molecular weight and viscosity (Table 9). The encapsulation 

efficiency of risperidone was slightly lower for 753S than for 503H, consistent with the 

results of the classical batch process due to the slower solidification of 753S  

(Chapter 3.1.2). Adjusting the phase ratio to 1:1 or 1:10 at a constant flow rate of the 

dispersed phase of 35 µL/min led to a particle size of 38 µm or 58 µm (Figure 58). The 

encapsulation efficiency was not affected by size due to the low solubility of risperidone 

in the alkaline-buffered continuous phase (Table 9). 

Table 9: Effect of PLGA grade and flow rate of the continuous phase (pH 10 buffered 
1 % (w/V) PVA) (QCP) in microfluidic flow focusing with a constant flow rate of dispersed 
phase of 35 µL/min on the particle size and encapsulation efficiency (EE) of 
microparticles with 30 % theoretical risperidone loading 

 

PLGA grade QCP [µL/min] Particle size [µm] EE [%] 

503H 245 40 93 

753S 35 58 82 

753S 245 40 83 

753S 350 38 83 
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3.4.2. Comparison of microparticles prepared by microfluidic flow focusing 

and the classical batch process 

Microparticles with a comparable d50 of 34 µm or 53 µm were produced by a batch 

process (including a one-step dilution after 15 min) with a stirring speed of 800 RPM 

and 1800 RPM (Figure 58 and 59). The particle size distributions were narrowed to the 

fractions 20 - 50 µm and 50 - 80 µm by wet sieving, these fractions were further 

investigated. The encapsulation efficiency of 30 % risperidone was 84 % and 87 % and 

thus only slightly higher compared to microfluidic flow focusing. 

Figure 58: Effect of the flow rate ratio during microfluidic flow focusing on the 
microscopic appearance of droplet formation on chip (top) and resulting solidified 
microparticles (middle) and microparticles of comparable size produced by the batch 
process (bottom) 
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Figure 59: Comparison of the monodisperse particle size of microparticles prepared 
by microfluidic flow focusing (determined by microscopic size determination) and 
particle size distribution of comparable microparticles prepared by the batch process 
(determined by laser diffraction) 

Both size fractions of microparticles prepared by the batch process released 

risperidone faster than microparticles prepared by microfluidic flow focusing (Figure 

60). When comparing microparticles produced by the same method, an increase in 

size resulted in a decreased release in the first 7 days. Increased surface area and 

decreased diffusion pathways increased the release rate.  

Figure 60: Effect of the particle size and manufacturing process on the in-vitro release 
of risperidone from 753S microparticles  
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In general, the fine faction usually present in the batch could cause an increased burst 

and subsequent diffusional release [184]. However, especially the microparticles 

prepared by the batch process with d50 = 53 µm contained only few small 

microparticles due to wet sieving and even these microparticles were released faster 

than those produced by microfluidic with a small particle size of only 38 µm. The reason 

was probably a more homogeneous distribution of risperidone in the microparticles 

produced by microfluidic flow focusing. A higher content of drug close to the surface of 

microparticles, prepared by the batch process, may have increased burst and 

diffusional release [185].  

3.4.3. Continuous solvent removal  

Slow solidification of emulsion droplets into microparticles, due to a small phase ratio, 

was identified as a risk for high encapsulation efficiency (Chapter 3.1). Since the phase 

ratio during microfluidic flow focusing determined the droplet formation regime and the 

size of the droplets (Figure 56), a continuous dilution downstream of the microfluidic 

chip was investigated. 95 µm large droplets of 10 % 503H in dichloromethane were 

generated with a flow rate ratio of 70 µL/min dispersed phase to 140 µL/min continuous 

phase. The emulsion was continuously diluted downstream the microfluidic chip with 

water at flow rates of 3.5, 7, 14 or 35 ml/min to increase the phase ratio from 1:2 to 

about 1:50, 1:100, 1:200 or 1:500 and thus enable fast extraction of dichloromethane. 

The liquid flow was then passed through a 150 or 450 cm long lag tube with an inner 

diameter of 1.6 mm, at the end of which was a planar flow cell in which microscopic 

images were taken. With this set-up, the shrinkage of the microparticles was evaluated. 

The diameter was reduced from 95 to 45 µm, when the microparticles solidified 

completely due to subsequent solvent evaporation, independent of dilution (Figure 61). 

With a short lag tubing of 150 cm, the droplet size decreased with increasing dilution 

until the final particle size was almost reached at a phase ratio of 1:200. Increasing the 

dilution further increased the droplet size again after 150 cm lag tubing. Due to the 

increased volume flow, the time available for extraction in the lag tubing decreased to 

approximately 5 s. Therefore, the extraction of dichloromethane was not sufficient for 

complete shrinkage, despite the increased dissolution capacity for dichloromethane in 

the continuous phase. 
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Figure 61: Effect of the phase ratio after dilution on the particle size of droplets after 
150 cm or 450 cm lag tubing and of solidified microparticles 

Increasing the diameter of the lag tubing would significantly increase the extraction 

time but would also increase the risk for accumulation of droplets and particles and 

thus favor coalescence or sticking. By extending the lag tubing, flow velocities and a 

certain distance between the droplets were maintained. The extension of the lag tubing 

to 450 cm resulted in almost complete shrinkage at a phase ratio of 1:100 – 1:500 due 

to the extended time available for extraction. Despite the apparently complete 

shrinkage, the microparticles still contained about 15 % (w/w) residual 

dichloromethane and were therefore still soft, deformable, and sticky. The increasing 

viscosity of the dispersed phase decreased the extraction rate already before complete 

solidification [97,120]. 

The addition of methanol to the continuous phase increased the shrinkage after  

150 cm (Figure 62), due to an increased solubility of dichloromethane in the continuous 

phase and an increased extraction rate (Chapter 3.2.2).  
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Figure 62: Effect of temperature (top) and methanol content (bottom) of the continuous 
phase on the microscopic appearance of droplets (generated by microfluidic flow 
focusing and subsequent 1:100 dilution) in a flow-cell after 150 cm lag tubing  

However, with increasing methanol content, the tendency for the microparticles to stick 

to the tubing and flow cell walls increased. This endangered the process stability over 

the running time. As soon as some microparticles get stuck in the tubing, more and 

more adhere to them. With 50 % (w/w) methanol in the continuous phase, the tubing 

was completely blocked within seconds. Increasing the temperature also increased the 

shrinkage. From 55 °C on, i.e. well above the boiling point of dichloromethane of  

40 °C, gas bubbles were formed. These disrupted the uniform flow and caused 

microparticle sticking to the tubing walls and to each other. 

Elevated temperature and methanol in the continuous phase improved 

dichloromethane extraction but impaired process stability. To circumvent this and to 

reduce the residual solvent content further, the setup was adapted by installing a 

tangential flow filtration (TFF) module equipped with a 10 µm steel filter before the flow 

cell to concentrate the suspension and remove the majority of DCM (Figure 6). The 

removal of the filtrate was controlled with a peristaltic pump downstream of the filtrate 

outlet. Downstream of the flow cell, the suspension could be subsequently diluted 

again, if necessary, with heated or methanolic extractant. Continuous removal of the 

continuous phase with a commercial TFF unit (Vivaflow 200, Sartorius Lab Instruments 

GmbH & Co. KG, Goettingen, Germany) equipped with a 10 µm steel filter was not 

successful due to the obstructed flow path, large cross-section and limited solvent 

resistance (Figure 63a). Microparticles settled on walls and especially in corners at low 

flow rates or clogged the filter when they were still sticky due to the high residual 
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solvent content. A solvent resistant setup with a U-shaped flow path, small cross-

section and a 10 µm steel sieve was prototyped (Figure 63b). Additional cooling of the 

continuous phase, which was added in the 1:100 dilution downstream of the 

microfluidic chip, to 10 °C prevented clogging of this setup completely. The residual 

dichloromethane content of the microparticles was reduced to 10 % (w/w) due to the 

improved dichloromethane solubility in water at lower temperature. For a further 

reduction of residual dichloromethane content, a lengthening of the extraction tubing 

and the combination of several TFF units might be advantageous.

 

Figure 63: Comparison of the schematic design of (a) a commercial multi-angled 
tangential flow filtration with large cross-section that cause particle deposition and (b) 
self-built U-shaped tangential flow filtration device with small cross-section to maintain 
higher flow 

In summary, a continuous process for the preparation of monodisperse microparticles 

with microfluidic flow focusing was investigated. For methodological reasons, smaller 

O/W phase ratios were used compared to the batch process. The limited initial solvent 

extraction and slower solidification of the dispersed phase led to a low risperidone 

encapsulation efficiency. Alkaline buffering of the continuous phase increased 

risperidone encapsulation, but also changed the droplet formation regime and thus 

microparticle size. This could be counteracted by reducing the overall flow rate. The 

in-vitro release of risperidone was delayed from microparticles produced by 

microfluidic compared to similarly sized polydisperse microparticles prepared by the 

batch process. Since the fine particle fraction was eliminated by sieving, a more 

homogeneous drug distribution within the microfluidically produced microparticles was 

probably the reason for an initially slower release. To improve solvent extraction, a 
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continuous downstream dilution process was developed. A phase ratio of at least 1:100 

after dilution and a sufficiently long extraction time were necessary for complete 

shrinking of the droplets. Increasing the temperature or adding methanol to the 

continuous phase improved the dichloromethane extraction but also affected the 

process stability. A TFF process was developed to separate the dichloromethane-

enriched continuous phase from the dispersed phase. 
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Biodegradable poly(lactide-co-glycolide) (PLGA) microparticles enable the controlled 

parenteral administration of drugs. Commonly used microencapsulation methods 

require the dissolution of PLGA in organic solvents. The removal of these solvents 

during the manufacturing process is essential to obtain solid microparticles. In addition, 

a low residual solvent content must be achieved in the final product to ensure storage 

stability and patient safety. In this dissertation the solvent removal during the 

preparation of microparticles with the O/W solvent extraction/evaporation method was 

investigated. In this method, an organic (O) phase containing drug, PLGA and organic 

solvent (dichloromethane or ethyl acetate) was emulsified in an aqueous polyvinyl 

alcohol solution (W) by a classical batch process or by microfluidic flow focusing. The 

effect of various formulation and process parameters was investigated in order to 

optimize the properties of PLGA microparticles with regard to minimal residual solvent 

levels at high drug loadings and encapsulation efficiencies and optimal drug release 

profiles. 

The initial removal of organic solvent had a great effect on the properties of the 

microparticles and is usually controlled by two steps, the solvent dissolving in the 

continuous aqueous phase and the solvent evaporation rate. One-step dilution and 

continuous diafiltration were investigated to control the initial solvent extraction. The 

latter replaced the normally required large-volume manufacturing equipment and the 

O/W emulsion transfer. Accelerated extraction of the PLGA solvent dichloromethane 

shortened the process time until the microparticles were solidified and thus collectable. 

Increasing the diafiltration rate increased the particle size, porosity and drug loading of 

the microparticles. The encapsulation efficiency of risperidone was significantly 

increased from 62 % to up to 80 % in PLGA 503H microparticles and from 27 % to up 

to 75 % in PLGA 753S microparticles. A slower and more uniform solidification of the 

end-capped and higher lactide content  PLGA 753S was identified as the reason for 

the increased drug loss without diafiltration. The residual dichloromethane content was 

not affected by diafiltration, but decreased by increasing the temperature, because the 

final solvent removal was limited by the diffusivity within the PLGA phase. Accelerated 

solvent extraction by diafiltration did not affect the in-vitro release of risperidone from 

both PLGA 503H and PLGA 753S microparticles. The effect of diafiltration on the extent 

of dexamethasone burst release depended on the drug loading. Increased porosity 

enhanced percolation if a large amount of undissolved drug crystals was present in the 



   4. Summary 
 

107 
 

PLGA matrix. By increasing the process temperature during diafiltration, the unwanted 

burst release could be reduced because of a reduced microparticle porosity. 

Due to its complete miscibility with water, methanol as a co-solvent was extracted 

significantly faster than dichloromethane from the dispersed phase. Increasing the 

methanol content above 2.5 % (w/w) resulted in an increased porosity, drug loss and 

burst release. The final dichloromethane extraction was faster, although methanol had 

already been completely extracted from the PLGA-phase. The residual 

dichloromethane content after 24 h was reduced from 2.4 % (w/w) (without methanol) 

to below 0.5 % (w/w) if ≥ 2.5 % (w/w) methanol were used as a co-solvent. The resulting 

porosity did not explain this, because, if caused by diafiltration, it had no effect on the 

residual solvent content. Therefore, the effect of alcohols in the continuous phase on 

the solvent extraction was investigated further. 

The final removal of the residual solvent from the microparticles was performed by wet 

extraction and secondary drying methods. With decreasing residual solvent content, 

the solvent removal became significantly slower as the diffusivity in the PLGA matrix 

decreased due to a decreasing plasticizing effect and free volume. A higher molecular 

weight and end-capping of PLGA increased the residual solvent content due to an 

increasing affinity for dichloromethane, viscosity and droplet/particle size. Increasing 

the lipophilicity of PLGA with a higher lactide content did not increase the residual 

dichloromethane content because a slower droplet solidification facilitated the final 

solvent extraction. The removal of residual dichloromethane was more efficient with 

alcoholic wet extraction, followed by aqueous wet extraction at elevated temperature 

and vacuum drying of the microparticles. Aqueous wet extraction reduced the residual 

dichloromethane content of risperidone-loaded PLGA 503H microparticles to 2.43 % 

(w/w) (20 °C) and 0.03 % (w/w) (35 °C) in 24 h. The elevated temperature promoted 

the risperidone-caused degradation of PLGA resulting in visible microparticle erosion 

and a decrease of risperidone encapsulation efficiency from 88 % to 75 %. Early 

filtration and subsequent vacuum drying of the solidified microparticles prevented this 

unwanted erosion of microparticles and drug loss. The residual dichloromethane 

content in filtered PLGA 503H microparticles was only reduced from about 5 % (w/w) 

to 4.34 % (w/w) (20 °C) and 3.20 % (w/w) (35 °C) after 18 h vacuum drying because 

of the missing plasticizing effect of water.  
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Redispersing filtered wet microparticles in alcoholic media improved the residual 

dichloromethane extraction. The potential of different extractants was explained by the 

Gordon-Taylor equation and Hansen solubility parameters. Short-chain monohydric 

alcohols decreased the glass transition temperature of PLGA more than polyhydric 

alcohols, water or dichloromethane. Ethanol had the greatest plasticizing effect of all 

investigated solvents. A higher chain length of monohydric alcohols increased the 

affinity to PLGA and thus the solvent absorption, but also the tendency of 

agglomeration of the microparticles. Extraction in methanol: or ethanol:water mixtures 

efficiently reduced the residual dichloromethane content from 4 - 7 % (w/w) to  

0.5 - 2.3 % (w/w) within 1 h and 0.08 - 0.18 % (w/w) within 6 h. Increasing the alcohol 

content and temperature promoted microparticle aggregation and drug loss. 

An alcohol vapor-assisted fluidized bed drying process for microparticles was 

developed to avoid the loss of encapsulated drug and thus utilize the potential of 

alcoholic extraction of the solvent residues from the microparticles. By regulating the 

alcohol concentration and the temperature of the purge gas, the alcohol absorption 

and the residual solvent and alcohol removal were controlled. Methanol proved to be 

particularly efficient in the developed setup due to its high volatility, molecular mobility 

and PLGA-affinity. The absorbed methanol was easily removed by alcohol-free 

fluidized bed or vacuum drying. While alcohol-free fluidized bed drying decreased the 

residual dichloromethane content only from about 7 % (w/w) to 6.4 % (w/w) (18 °C) or 

0.7 % (w/w) (45 °C) within 24 h, 140 mg/L methanol vapor in the purge gas decreased 

the residual dichloromethane content to 0.11 % (w/w) in 2 h and removed it completely 

within 6 h. Methanol vapor also removed efficiently residual ethyl acetate from the 

microparticles (0.11 % (w/w) after 6 h), which is an alternative PLGA solvent to 

dichloromethane. Encapsulated risperidone increased the methanol absorption and 

thus contributed to microparticle plasticization. A high initial residual water content, 

which favored microparticle aggregation, was completely removed in less than 1 h by 

alcohol-free fluidized bed drying, which enabled the subsequent alcohol vapor-assisted 

removal of the residual organic solvent. Alcohol vapor-assisted fluidized bed drying 

was introduced as a promising alternative to established residual solvent removal 

methods, accelerating microparticle preparation without negatively affecting drug 

loading or release profile. 
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A continuous process for the preparation of monodisperse PLGA microparticles by 

microfluidic flow-focusing was developed as an alternative to the discontinuous 

preparation by the classical batch process. For methodological reasons, smaller O/W 

phase ratios (1:2 - 1:8) were used compared to the batch process (≥ 1:20). The 

resulting limited initial solvent extraction resulted in a low risperidone encapsulation 

efficiency of only 19 - 21 % at a theoretical drug loading of 30 %. The buffering of the 

continuous phase to alkaline pH increased encapsulation efficiency up to 93 % but led 

to a change in the microfluidic droplet formation and thus microparticle size. This could 

be counteracted by reducing the total flow rate and the amount of stabilizer in the 

continuous phase. The in-vitro release of risperidone was delayed from microparticles 

prepared by microfluidic compared to similar-sized polydisperse microparticles 

prepared by the batch process probably because of a more homogeneous drug 

distribution within the PLGA-matrix. A continuous dilution-based solvent extraction 

process was developed, and the effect on droplet shrinkage examined with flow 

microscopy. A phase ratio of at least 1:100 after dilution and a sufficient extraction time 

(75 s at 1:100 and 15 s at 1:500) were necessary to shrink the droplets to the particle 

size of the final microparticles. Increasing the temperature or adding methanol to the 

continuous phase improved the dichloromethane extraction but impaired the process 

stability due to the formation of gas bubbles or sticking of droplets/particles. A 

tangential flow filtration (TFF) process was developed to separate the 

dichloromethane-enriched continuous phase from the microparticles.  

In conclusion, the effect of various formulation and process parameters on the removal 

of solvents in extraction/evaporation methods and on critical properties of the final 

microparticles such as drug loading and drug release was investigated. Methods were 

developed which accelerate both the initial and final removal of the organic solvents, 

thus shortening the total process time. In addition, high encapsulation efficiencies and 

desirable drug release profiles (e.g., low burst release) were achieved. This research 

contributes to know-how in the manufacturing of biodegradable PLGA microparticles 

by the solvent extraction/evaporation method through a detailed investigation of 

various single and combined solvent removal processes and their effects on the 

resulting properties of PLGA microparticles.  
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Bioabbaubare Poly(lactid-co-glycolid) (PLGA) Mikropartikel ermöglichen die 

kontrollierte parenterale Gabe von Arzneistoffen. Die üblicherweise verwendeten 

Mikroverkapslungsverfahren erfordern das Auflösen von PLGA in organischen 

Lösungsmitteln. Die Entfernung dieser Lösungsmittel während des 

Herstellungsprozesses ist essenziell, um ausgehärtete Mikropartikel zu erhalten. 

Darüber hinaus muss ein niedriger Restlösungsmittelgehalt im Endprodukt erreicht 

werden, um Lagerstabilität und Patientensicherheit zu gewährleisten. In dieser 

Dissertation wurde die Lösungsmittelentfernung während der Mikropartikelherstellung 

mit der O/W Lösungsmittelextraktions/-verdampfungsmethode untersucht. In dieser 

Methode wurde eine organische (O) Phase aus Arzneistoff, PLGA und Lösungsmittel 

(Dichlormethan oder Ethylacetat) zunächst in einem klassischen Batchprozess oder 

durch mikrofluidische Flussfokussierung in eine wässrige Polyvinylalkohollösung (W) 

emulgiert. Der Einfluss verschiedener Formulierungs- und Prozessparametern wurde 

untersucht, um die Eigenschaften von PLGA-Mikropartikeln im Hinblick auf minimale 

Restlösungsmittelmengen bei hohen Wirkstoffbeladungen und 

Verkapselungseffizienzen sowie optimale Wirkstofffreisetzungsprofile zu optimieren. 

Die initiale Entfernung von organischem Lösungsmittel hat großen Einfluss auf die 

Eigenschaften der resultierenden Mikropartikel und ist in der Regel durch zwei Schritte 

gesteuert: das Lösen des Lösungsmittels in der kontinuierlichen wässrigen Phase und 

die Verdampfungsrate des Lösungsmittels. Eine einstufige Verdünnung und 

Diafiltration wurden zur Steuerung der initialen Lösungsmittelextraktion untersucht. 

Letzteres ersetzte das üblicherweise notwendige großvolumige 

Herstellungsequipment und den O/W-Emulsionstransfer. Die beschleunigte Extraktion 

des PLGA-Lösungsmittels Dichlormethan verkürzte die Prozesszeit, bis die 

Mikropartikel verfestigt und damit abtrennbar waren. Die Erhöhung der 

Diafiltrationsrate erhöhte die Partikelgröße, die Porosität und die Arzneistoffbeladung 

der Mikropartikel. Die Verkapslungseffizienz von Risperidon wurde erheblich erhöht, 

von 62 % auf bis zu 80 % in PLGA 503H Mikropartikeln bzw. von 27 % auf bis zu  

75 % in PLGA 753S Mikropartikeln. Eine langsamere Verfestigung von Mikropartikeln 

aus PLGA 753S mit veresterten Endgruppen und erhöhtem Lactidgehalt wurde als 

Grund für den erhöhten Arzneistoffverlust ohne Diafiltration identifiziert. Der Restgehalt 

an Dichlormethan wurde nicht durch Diafiltration, sondern nur durch die Erhöhung der 

Temperatur gesenkt, da die finale Lösungsmittelentfernung durch die Diffusivität 
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innerhalb der PLGA-Phase limitiert war. Die beschleunigte Lösungsmittelextraktion 

durch Diafiltration hatte keinen Einfluss auf die in-vitro-Freisetzung von Risperidon 

sowohl aus PLGA 503H als auch aus PLGA 753S Mikropartikeln. Der 

Freisetzungsburst von Dexamethason nahm je nach Arzneistoffbeladung ab oder zu. 

Eine durch die schnelle Lösungsmittelextraktion erhöhte Porosität verstärkte die 

Perkolation ungelöster Arzneistoffkristalle bei hoher Arzneistoffbeladung. Durch eine 

Erhöhung der Prozesstemperatur während der Diafiltration konnte der unerwünschte 

Freisetzungsbursts aufgrund einer geringeren Porosität der Mikropartikel reduziert 

werden. 

Aufgrund seiner vollständigen Mischbarkeit mit Wasser wurde das Co-Lösungsmittel 

Methanol schneller als Dichlormethan extrahiert. Die Erhöhung des Methanolanteils 

über 2,5 % (m/m) führte zu einer zunehmenden Mikropartikelporosität, sinkenden 

Dexamethasonbeladung und einer Erhöhung des Freisetzungsbursts. Die finale 

Dichlormethanextraktion verlief schneller, obwohl Methanol bereits vollständig aus der 

PLGA-Phase extrahiert war. Der Restdichlormethangehalt nach 24 h wurde von 2,4 % 

(m/m) (ohne Methanol) auf unter 0,5 % (m/m) gesenkt, wenn mindestens 2,5 % (m/m) 

Methanol als Co-Lösungsmittel verwendet wurden. Die resultierende Porosität erklärte 

dies nicht hinreichend, da sie, sofern durch Diafiltration verursacht, keinen Einfluss auf 

den Restlösungsmittelgehalt hatte. Daher wurde der Effekt von Alkoholen in der 

kontinuierlichen Phase auf die Lösungsmittelextraktion weiter untersucht. 

Die finale Entfernung von Lösungsmittelrückständen aus den Mikropartikeln wurde mit 

Nassextraktions- und sekundären Trocknungsmethoden durchgeführt. Mit einem 

sinkendem Restlösungsmittelgehalt wurde die Lösungsmittelentfernung deutlich 

langsamer, da die Diffusivität in der PLGA-Matrix aufgrund eines sinkenden 

weichmachenden Effektes und freien Volumens abnahm. Die Erhöhung des 

Molekulargewichtes und die Endgruppenveresterung von PLGA führten zu einer 

leichten Erhöhung des Restlösungsmittelgehaltes, aufgrund der ansteigenden Affinität 

für Dichlormethan, Viskosität und Tröpfchen/Partikelgröße. Die Erhöhung der 

Lipophilie von PLGA durch einen höheren Lactidgehalt erhöhte den 

Restdichlormethangehalt nicht, da eine langsamere Tröpfchenverfestigung die finale 

Lösungsmittelextraktion erleichterte. Die Entfernung von Restdichlormethan war 

effizienter mit alkoholischer Nassextraktion, gefolgt von wässriger Nassextraktion bei 
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erhöhter Temperatur und Vakuumtrocknung der Mikropartikel. Durch die wässrige 

Nassextraktion wurde der Restdichlormethangehalt von Risperidonbeladenen 

Mikropartikeln aus PLGA 503H auf 2,43 % (m/m) (20 °C) bzw. 0,03 % (m/m) (35 °C) in 

24 h reduziert. Die erhöhte Temperatur verstärkte den durch Risperidon verursachten 

Abbau von PLGA, was zu einer sichtbaren Mikropartikelerosion und der Senkung der 

Verkapslungseffizienz von 88 % auf 75 % führte. Eine frühzeitige Filtration und 

anschließende Vakuumtrocknung der verfestigten Mikropartikel verhinderte diese 

unerwünschte Erosion der Mikropartikel und den Verlust von Wirkstoffen. Der 

Restdichlormethangehalt in PLGA 503H Mikropartikeln wurde nach 18 h 

Vakuumtrocknung jedoch nur von etwa 5 % (m/m) auf 4,34 % (m/m) (20 °C) bzw.  

3,20 % (m/m) (35 °C) gesenkt, da die weichmachende Wirkung des Wassers fehlt. 

Das Redispergieren von abfiltrierten, nassen Mikropartikeln in alkoholischen Medien 

verbesserte die Restdichlormethanextraktion. Das Potenzial verschiedener 

Extraktionsmittel wurde mit der Gordon-Taylor-Gleichung und den Hansen-

Löslichkeitsparametern erklärt. Kurzkettige einwertige Alkohole senkten die 

Glasübergangstemperatur von PLGA stärker als mehrwertige Alkohole, Wasser oder 

Dichlormethan. Ethanol hatte von allen untersuchten Lösungsmitteln die stärkste 

weichmachende Wirkung. Eine höhere Kettenlänge der einwertigen Alkohole erhöhte 

die Affinität zu PLGA und damit die Lösungsmittelabsorption, aber auch die Tendenz 

zur Agglomeration der Mikropartikel. Die Extraktion in Methanol: oder Ethanol:Wasser-

Gemischen reduzierte den Restgehalt an Dichlormethan effizient von 4 - 7 % (m/m) 

auf 0,5 - 2,3 % (m/m) innerhalb von 1 h und auf 0,08 - 0,18 % (m/m) innerhalb von 6 

h. Die Erhöhung des Alkoholgehaltes und der Temperatur führte vermehrt zu einer 

Aggregation der Mikropartikel und einem Verlust des verkapselten Arzneistoffes. 

Ein Alkoholdampfunterstütztes Wirbelschichttrocknungsverfahren für Mikropartikel 

wurde entwickelt, um den Verlust von verkapseltem Arzneistoff zu vermeiden und so 

das Potenzial der alkoholischen Extraktion von Lösungsmittelrückständen aus 

Mikropartikeln zu nutzen. Durch Regulierung der Alkoholkonzentration und der 

Temperatur des Spülgases konnten die Alkoholabsorption und die Lösungsmittel- und 

Alkoholentfernung gesteuert werden. Methanol erwies sich in der entwickelten 

Versuchsanordnung aufgrund seiner hohen Volatilität, molekularen Mobilität und 

PLGA-Affinität als besonders effektiv und konnte mittels alkoholfreier Wirbelschicht- 
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oder Vakuumtrocknung leicht wieder entfernt werden. Während die alkoholfreie 

Wirbelschichttrocknung den Restdichlormethangehalt innerhalb von 24 h nur von etwa 

7 % (m/m) auf 6,4 % (m/m) (18 °C) bzw. 0,7 % (m/m) (45 °C) senkte, reduzierten  

140 mg/L Methanoldampf im Spülgas das Restdichlormethan auf 0.11 % (m/m) in 2 h 

und entfernten es vollständig in 6 h. Methanoldampf entfernte ebenfalls effizient  

Restethylacetat aus den Mikropartikeln (0,11 % (w/w) nach 6 Stunden), welches ein 

alternatives PLGA-Lösungsmittel  zu Dichlormethan ist. Verkapseltes Risperidon 

erhöhte die Methanolabsorption der Mikropartikel und trug so zum Erweichen dieser 

bei. Ein hoher anfänglicher Restwassergehalt, der die Aggregation begünstigte, wurde 

durch eine alkoholfreie Wirbelschichttrocknung in unter 1 h vollständig entfernt, dies 

ermöglichte die anschließende alkoholdampfunterstützte Entfernung des organischen 

Restlösungsmittels ohne Mikropartikelaggregation. Die alkoholdampfunterstützte 

Wirbelschichttrocknung wurde als vielversprechende Alternative zu den etablierten 

Verfahren zur Entfernung von Lösungsmittelrückständen eingeführt, wodurch die Zeit 

zur Mikropartikelherstellung verkürzt wird, ohne die Arzneistoffbeladung oder das 

Freisetzungsprofil negativ zu beeinflussen. 

Ein kontinuierlicher Prozess zur Herstellung von monodispersen PLGA-Mikropartikeln 

mittels mikrofluidischer Flussfokussierung wurde als Alternative zur diskontinuierlichen 

Herstellung im Batchprozess entwickelt. Methodisch bedingt kamen dabei kleinere 

O/W-Phasenverhältnisse (1:2 - 1:8) zum Einsatz, verglichen mit dem Rührprozess  

(≥ 1:20). Die daraus resultierende begrenzte initiale Lösungsmittelextraktion und die 

langsamere Verfestigung der PLGA-Phase führten zu einer geringen 

Risperidonverkapslungseffizienz von nur 19 - 21 %, bei einer theoretischen 

Arzneistoffbeladung von 30 %. Die Pufferung der kontinuierlichen Phase auf einen 

alkalischen pH-Wert führte zu einer Erhöhung der Verkapslungseffizienz auf bis zu  

93 %, aber auch der Änderung der mikrofluidischen Tröpfchenbildung und damit der 

Mikropartikelgröße. Dem konnte durch eine Reduzierung der Gesamtdurchflussrate 

und der Stabilisatorkonzentration in der kontinuierlichen Phase entgegengewirkt 

werden. Die in-vitro Freisetzung von Risperidon erfolgte verzögert aus mikrofluidisch 

hergestellten Mikropartikeln, verglichen mit ähnlich großen polydispersen 

Mikropartikeln, die im Batchprozess hergestellt wurden, wahrscheinlich wegen einer 

homogeneren Arzneistoffverteilung in der PLGA-Matrix. Es wurde ein kontinuierliches, 

auf Verdünnung basierendes Lösungsmittelextraktionsverfahren entwickelt und die 
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Auswirkung auf die Tröpfchenschrumpfung mittels Durchflussmikroskopie untersucht. 

Ein Phasenverhältnis von mindestens 1:100 nach der Verdünnung und eine 

ausreichend lange Extraktionszeit (75 s bei 1:100 und 15 s bei 1:500) waren nötig, 

damit die Tröpfchen auf die Größe der finalen Mikropartikel schrumpften. Die Erhöhung 

der Temperatur oder der Zusatz von Methanol zur kontinuierlichen Phase verbesserte 

die Dichlormethanextraktion, beeinträchtigen jedoch die Prozessstabilität durch die 

Bildung von Gasblasen oder das Verkleben von Tröpfchen/Partikeln. Es wurde ein 

Tangentialflussfiltrations (TFF) -Prozess entwickelt, um die mit Dichlormethan 

angereicherte kontinuierliche Phase von den ausgehärteten Mikropartikeln 

abzutrennen.  

Insgesamt wurden die Auswirkungen verschiedener Formulierung- und 

Prozessparameter auf die Lösungsmittelentfernung in Extraktions-

/Verdampfungsverfahren und auf die kritischen Eigenschaften der fertigen 

Mikropartikel wie die Arzneistoffbeladung und -freisetzung untersucht. Es wurden 

Verfahren entwickelt, die sowohl die initiale als auch die finale Entfernung von 

organischen Lösungsmitteln beschleunigen und damit die Gesamtprozesszeit 

verkürzen. Darüber hinaus wurden hohe Verkapselungseffizienzen und 

wünschenswerte Arzneistofffreisetzungsprofile (z.B. geringe Burst-Freisetzung) 

erzielt. Diese Forschungsarbeit trägt zum Know-how bei der Herstellung biologisch 

abbaubarer PLGA-Mikropartikel durch die Lösungsmittelextraktions-

/Verdampfungsmethode bei, indem verschiedene einzelne und kombinierte 

Lösungsmittelentfernungsverfahren und ihre Auswirkungen auf die resultierenden 

Eigenschaften der PLGA-Mikropartikel eingehend untersucht werden.   
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