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Abstract 

 

Currently, about 90% of drugs in development stages present poor-aqueous solubility, 

belonging to Biopharmaceutics Classification System (BCS) Classes II and IV. A leading technol-

ogy to improve solubility is the production of amorphous solid dispersions (ASDs). ASDs are typ-

ically manufactured by spray drying (SD) and hot melt extrusion (HME), however these tech-

niques are not suitable for “brick-dust” compounds.  

Coprecipitation is an adequate technology to deal with “brick-dust” compounds, since 

high boiling point solvents, with higher solubilization power, can be employed. This technology is 

not without drawbacks: the high volume and low solids’ load of the resultant suspension and the 

challenging drying of non-volatile organic solvents.  

With this work, these drawbacks are tackled through a proof-of-concept by incorporating 

crossflow filtration with hollow fiber membranes after coprecipitation to 1) concentrate the sus-

pension, increasing solids’ load and 2) minimize the presence of the organic solvent, by diafiltra-

tion. Coprecipitation was carried out through two different techniques: high shear mixer and high-

-pressure homogenization (HPH). The suspensions were concentrated and washed in hollow fi-

ber membranes unit and isolated through spray drying. Spray-dried ASDs were also produced to 

serve as benchmark against the coprecipitated prototypes. Coprecipitated prototypes and SD 

benchmarks were analytically characterized and the preliminary results seem to indicate a greater 

dissolution behavior of the HPH prototype.  

In conclusion, this study demonstrated the advantages of including a cross-filtration with 

hollow fiber membranes, a straightforward and scalable technology that allows the circumvention 

of typical pitfalls of the production of “brick-dust” ASDs by coprecipitation. In 60 minutes, the con-

centration step reduced the mass of HPH suspension to a half, and the diafiltration operations 

lowered the DSMO initial content in approximately 50% within 112 minutes; although this last step 

should be optimized by the introduction of an online conductivity measurement.  

 

Keywords: amorphous solid dispersions, coprecipitation, hollow fiber membranes, cross-

flow filtration, spray drying, “brick-dust” 
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Resumo 

 

Atualmente, aproximadamente 90% dos fármacos em fase de desenvolvimento apresen-

tam baixa solubilidade aquosa, pertencendo às Classes II e IV do Sistema de Classificação Bio-

farmacêutica. Uma tecnologia líder para melhorar a solubilidade é a produção de dispersões 

sólidas amorfas (DSAs). DSAs são tradicionalmente produzidas por secagem por atomização 

(SA) ou extrusão por fusão a quente. Todavia, estas técnicas não são apropriadas para compos-

tos “brick-dust”. 

A coprecipitação é uma tecnologia adequada para os “brick-dust”, pois permite o uso de 

solventes com elevados pontos de ebulição e maior poder de solubilização. Porém, esta tecno-

logia tem as suas desvantagens: elevado volume e baixa concentração de sólidos na suspensão 

resultante e a desafiante secagem dos solventes orgânicos não voláteis. 

Com o trabalho apresentado, estas limitações são abordadas em uma prova de conceito, 

onde se incorpora a filtração tangencial com membranas de fibras-ocas, para 1) concentrar a 

suspensão e 2) minimizar a quantidade de solvente orgânico, por diafiltração. A coprecipitação 

foi realizada por duas tecnologias: agitador de alta-rotação e homogeneização a alta-pressão 

(HAP). As suspensões resultantes foram concentradas e diafiltradas recorrendo às membranas 

e, por fim, isoladas através de SA. Também foram produzidas DSAs unicamente por SA, para 

servirem como referência em relação aos protótipos de coprecipitação. Todos os materiais pro-

duzidos foram caracterizados analiticamente. Os resultados preliminares parecem indicar uma 

maior dissolução do protótipo de coprecipitação por HAP. 

Concluindo, este trabalho demonstrou as vantagens de incluir a filtração tangencial com 

membranas de fibras-ocas, como uma tecnologia simples e escalável, que permite contornar as 

desvantagens da produção de DSAs com “brick-dust” por coprecipitação. Durante 60 minutos, 

concentrou-se a suspensão de HPH para metade da sua massa, e em 112 minutos de diafiltração 

reduziu-se a quantidade inicial de DMSO em 50%; porém este último passo pode ser otimizado, 

através da introdução da medição de condutividade. 

 

Palavras-chave: dispersões sólidas amorfas, coprecipitação, membranas de fibras-ocas, 

filtração tangencial, secagem por atomização, “brick-dust” 
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1. Introduction 

In pharmaceutical industry, oral drug delivery (ODD) is typically the most preferred ad-

ministration route, representing approximately 60% of the commercial products.1–3 However, 

ODD faces some bioavailability challenges related with drug’s aqueous solubility/dissolution and 

permeability through the gastrointestinal (GI) tract membrane.4 Currently, about 40% of the mar-

ket products and 90% of drugs in development stages present poor-aqueous solubility, belonging 

to Class II (low solubility; high permeability) and Class IV (low solubility; low permeability), ac-

cording to the Biopharmaceutics Classification System (BCS).5–9 These solubility constraints can, 

in turn, result in poor bioavailability. 

To circumvent this solubility challenge, several techniques have been applied. Micelle 

formation, complexation with cyclodextrines are frequently used in APIs with high lipophilicity.8–11 

Formation of salts, co-crystals and production of amorphous solid dispersions are some examples 

of solid-state modifications for drug substances with strong intermolecular forces within the crystal 

lattice.8–11 Additionally, lipid-based drug delivery systems, including self-emulsifying drug delivery 

systems (SEDDS) and liposomes, have also proved to be a viable alternative.12,13  

Of all these alternatives, the one that stands out the most is amorphous solid dispersion 

(ASD). ASDs have been gaining ground in solubility enhancement technologies and are nowa-

days an established platform to solve solubility constraints and improve dissolution behavior and 

bioavailability of the new drug candidates.5,14,15 The increasing number of references in literature 

(i.e. papers, patents…) and the significant quantity of commercialized products, with more than 

20 FDA-approved therapies by 2019, corroborate the prevalence of ASDs.14 

In ASDs, the API is kept in an amorphous state and stabilized by a polymer. With this 

platform, a supersaturated state is achieved and maintained, exceeding the drug’s intrinsic solu-

bility. Hence, higher and prolonged drug concentrations are attained, resulting in an increase in 

the absorbed dose and, consequently, in bioavailability.5,16–19  
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ASDs manufacturing technologies can be divided in: solved-based and fusion-based 

methods. Spray drying (SD), a solvent-based method, and Hot melt extrusion (HME), a fusion 

based-method, are well-established technologies in the pharmaceutical industry and the most 

frequently used for ASDs production.19,20 Spray drying involves the atomization of the solution 

containing the drug and the polymer, followed by rapid evaporation of the solvent in a drying 

chamber. Volatile organic solvents are used and, since their boiling points are not too high, this 

is a suitable method for thermolabile compounds.17 On the other hand, in HME, the API and the 

polymer are mixed under high temperatures inside an extruder.21 As HME is a solvent-free 

method, there is no need to dry the product or to find a proper solvent system, which sometimes 

is not straightforward.5,17,22 

Another solvent-based method for ASDs production has gained prominence due to its 

potential in formulating the so-called “brick-dust” compounds – drug substances that are not      

soluble in volatile organic solvents and that, at the same time, have melting points above 200°C, 

making them difficult to process through SD or HME, respectively.1,19 Coprecipitation is a suitable 

alternative for “brick-dust” compounds, since it enables the use of non-volatile organic solvents 

with higher solubilization power, such as dimethylacetamide (DMA), dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO). In coprecipitation, the drug is dissolved in the organic solvent 

and the polymer may be dissolved either in the solvent or in the antisolvent.19 Then, the organic 

solution is mixed with an antisolvent, in excess, which induces precipitation. Typically, solvent to 

antisolvent ratios of 1:5 – 1:10 are employed.23 Coprecipitation commercial feasibility has been 

demonstrated by the FDA-approved product Zelboraf®.1,6,24,25 Moreover, a recent strategy of co-

precipitation has been reported, where rapid precipitation conditions are assured by microfluidi-

zation by high-pressure homogenization (HPH), allowing the production of nano or micro particles 

of API-polymer composite precipitate.19  

Although coprecipitation circumvents the low solubility aspect of the “brick-dust” mole-

cules it has the following drawbacks: the high volume and low solids’ load of the resultant sus-

pension, due to the use of excess antisolvent, and the challenging drying of non-volatile organic 

solvents. Therefore, coprecipitated suspensions require further processing: organic solvent re-

moval/washing, numerous standard filtrations and secondary drying, resulting in an overall higher 

cycle time, with low throughput, which may not be financially appealing in early stage develop-

ment.  

To address these drawbacks and enable the production of ASDs of “brick-dust” com-

pounds by coprecipitation, the work in this Thesis intends to conduct a proof of concept using 

hollow fiber membranes. After coprecipitation, crossflow filtration with hollow-fiber membranes 

will be accomplished to: firstly, concentrate the suspension from coprecipitation and increase  

solids’ load, by reducing the excess volume of liquid; and secondly, reduce the organic solvent 

content, by replacing it with an aqueous-based (anti)solvent, through diafiltration. After this stage, 
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the process finishes with a spray drying step to dry the remaining aqueous antisolvent and isolate 

the particles – a final dried powder is obtained. 

The aim of the work described in this Thesis is to produce ASDs via coprecipitation cou-

pled with a crossflow filtration unit and demonstrate equivalent performance of the final powder(s) 

with typical spray-dried ASDs.  

Two active pharmaceutical ingredients with solubility constrains will be selected to pro-

duce the ASDs: itraconazole, a BCS Class II, and furosemide, a BCS Class IV. Itraconazole (ITZ) 

is a broad-spectrum triazole antifungal agent and a BCS II Class drug.26 ITZ is a weakly basic 

drug (pKa=3.7).26 ITZ can easily permeate into intestinal membrane, as a result of its highly lipo-

philic nature (log P= 6.2).26 But due to its poor aqueous solubility, oral administration may result 

in poor bioavailability. Furosemide (FUR) is a potent loop diuretic widely used for oral treatment 

of hypertension and edema.27 FUR is a weakly acid with pKa of 3.5 and 9.9.28 FUR exhibits a low 

aqueous solubility, that increases as a function of pH.29 FUR often presents variable bioavailabil-

ity, because in the acidic pH of the stomach, FUR absorption is incomplete and inconsistent and 

even with the pH increase in the intestine, the drug remains hardly adsorbed due to its low per-

meability (log P = 2.56).27,28,30   

Primarily, an in silico screening study will be performed as a first indicator of polymer and 

drug load, followed by confirmatory in vitro screening experiments. This structured development 

approach helps to narrow down the selection of polymer and drug load to be selected for the final 

formulation/product. Based on these in silico and in vitro screening results, amorphous solid dis-

persions will be produced by typical spray drying – benchmarks – and by two distinct coprecipi-

tation techniques. Coprecipitation prototypes will be produced with a High Shear Mixer (HSM) 

and with the microfluidization methodology using High-Pressure Homogenization (HPH).  

The production of ASDs via coprecipitation can be divided into three major unit opera-

tions: ASDs production, concentration & diafiltration and isolation. The schematization is summa-

rized in Figure 1.1, using HPH as example for ASDs production. 

 

Figure 1.1 – Unit operations in ASDs production via coprecipitation. Exemplification with 

HPH technique. 



4 

 

Even though the membrane technology is not able to completely isolate the coprecipi-

tated particles, it can overcome bottlenecks when processing high-volume suspensions and non-

volatile organic solvents. With this membrane “pre-treatment”, further isolation through SD is sig-

nificantly facilitated, which can improve the process overall efficiency.31 Hence, the suggested 

incorporation of a crossflow filtration unit will aim to extend the production of ASDs to include high 

boiling points organic solvents best suited for “brick-dust” compounds, while circumventing the 

need for secondary drying and reducing cycle time. 

The coprecipitated prototypes powders produced will be compared with the SD bench-

marks powders, through analytical characterization: DSC, XRPD, GC, TGA, HPLC, PSD, SEM, 

bulk density and in vitro biorelevant dissolution studies. 

This Thesis is organized in 6 chapters: 

 Chapter 1 – Contains a brief contextualization of the focus of this study and the proposal 

of the objective for this Thesis;  

 Chapter 2 – Covers literature review on amorphous solid dispersions (with emphasis on 

their manufacturing technologies, screening methodologies and analytical characteriza-

tion), membrane separation processes and an overview of design of experiments in phar-

maceutical industry; 

 Chapter 3 – Describes the initially proposed experimental plan (with the corresponding 

DoEs) and the final reduced experimental plan; and the materials and methods em-

ployed; 

 Chapter 4 – Results presentation and their discussion.  

 Chapter 5 – Presents the conclusions of this Thesis and suggestions for future work.  

 Chapter 6 – References 
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2.  State of the art 

 THE SOLUBILITY CHALLENGE IN PHARMA 

Oral drug delivery (ODD) is usually the most preferred administration route, because it 

does not have many sterility restraints, it is allied with high patient compliance, flexible in the 

dosage form design (solution, suspension, emulsion, powder, granule, capsule, tablet and so 

forth) and usually the manufacturing costs are lower.1–4 In 2019, 54% of the FDA’s (Food and 

Drug Administration) new drug approvals corresponded to oral dosage forms.32 Furthermore, the 

ODD route represents approximately 60% of the pharmaceutical commercial products.1,2 How-

ever, oral delivery route presents some challenges, namely poor bioavailability. Bioavailability 

reflects formulation performance and it corresponds to the percentage of an administered dose 

that actually reaches the systemic circulation.33 Hence, if the drug is administrated intravenously 

its bioavailability is 100%, which does not happen when it is administrated orally.34  

The pharmaceutical pipelines have numerous new drug candidates presenting solubility 

limitations.19 With the new high-throughput screening technologies and with the new chemical 

entities (NCEs) becoming structurally more complex with larger molecular weight and greater 

lipophilicity, the solubility challenge will not disappear in the future and research dedication will 

be given in order to continue solving this limitation.1,5 Approximately 90% of drugs in development 

stages have solubility constraints, so it is expected that the percentage of the commercially avail-

able products suffering from poor aqueous solubility continues to grow.5 Currently, about 40% of 

the commercially available products are poorly-water soluble drug substances and belong to 

Class II and Class IV according to Biopharmaceutics Classification System (BCS)5–9. The BCS 

(Figure 2.1) delineates active pharmaceutical ingredients (APIs) into four categories according to 

the key parameters controlling oral drug absorption: 3,9,35 

 drug’s permeability through the gastrointestinal (GI) tract membrane and  

 the aqueous solubility/dissolution of the drug dose in the GI milieu. 

2 
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Figure 2.1 – Biopharmaceutics Classification System [Adapted from35]. 

When aqueous solubility is very low, it frequently results in poor oral bioavailability.36      

Bioavailability is influenced by dissolution, solubility and permeability.4 Dissolution is a kinetic 

phenomenon that starts with the drug molecules’ detachment from the solid surface followed by 

diffusion across the diffusion layer that surrounds that same solid surface.3 Moreover, dissolution 

of the drug in the aqueous milieu of the GI is a requirement for oral absorption.36 Dissolution rate 

is the amount of drug that goes in solution (𝑑𝐶) in a time interval (𝑑𝑡).4 The relationship of disso-

lution rate and solubility is illustrated by the Nernst-Brunner equation (Noyes-Whitney equation 

modified with the diffusion layer concept of Fick’s first law) (Equation 2.1), enlightening that “the 

rate at which a solid substance dissolves in its own solution is proportional to the difference be-

tween the concentration of that solution and the concentration of the saturated solution”: 37,38 

𝑑𝐶

𝑑𝑡
=

 𝐷 𝑆

𝑉 ℎ
(𝐶𝑠 − 𝐶) 

Equation 2.1 – Nernst-Brunner equation. 

where 
𝑑𝐶

𝑑𝑡
 is the concentration variation over time (i.e. dissolution rate) (mg.cm-3.s-1), 𝐷 is the dif-

fusion coefficient (cm2.s-1), 𝑆 is the surface area (cm2), 𝑉 is the volume of the dissolution medium 

(cm3), ℎ is the thickness of the diffusion layer (cm), 𝐶𝑠 is the saturation solubility (mg.cm-3) and 𝐶 

the instantaneous concentration at time 𝑡 (mg.cm-3).38 Under certain conditions, the equilibrium 

and saturation solubility may be surpassed to a metastable, supersaturated solution.4 

 OVERCOMING POOR SOLUBILITY: STRATEGIES FOR SOLUBILITY EN-

HANCEMENT  

The low dissolution rate/poor solubility inherent to Class II and Class IV drugs are             

responsible for their low bioavailability, which translates into a lower percentage of the drug ab-

sorbed when compared to its initial dosage. Consequently, this leads to an unsuccessful treat-

ment.5–7,11 Hence, to circumvent this problem, scientists and engineers started developing inno-

vative strategies and new drug delivery systems.  
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According to the Nernst-Brunner equation (Equation 2.1), the dissolution rate of drug par-

ticles, and, consequently, its bioavailability, can be improved by23: 

 particle-size reduction technologies in a top-down (wet and jet milling, high-

pressure homogenization) or bottom-up (crystallization/precipitation and solvent 

evaporation) approach, to produce micro/nanoparticles; it results in a higher sur-

face area to volume ratio and a decrease in the diffusion layer thickness;6 

and/or  

 solubility enhancement strategies – if the drug has low solubility (low 𝐶𝑠) it will 

outcome in a small concentration gradient (𝐶𝑠 − 𝐶).3 The drug’s aqueous solubility 

is a result of its lipophilicity and/or the intermolecular forces within the crystal lat-

tice. Micelle formation, solubilization in co-solvents and complexation with cy-

clodextrines are frequently used techniques to cope with high lipophilic drugs.8–11 

Formation of salts, co-crystals and production of amorphous solid dispersions are 

some examples of solid state modifications when intermolecular forces are 

strong.8–11 Additionally, lipid-based drug delivery systems, as liposomes or self-

emulsifying drug delivery systems (SEDDs), have also proved to be viable alterna-

tives.12,13  

Generally, but not mandatorily, complexation, crystal modification and micronization are 

strategies applied to BCS Class II drugs, since they increase the dissolution rate or allow reaching 

sustained solubilization.9 Conversely, as BCS Class IV drugs also have limited membrane per-

meability, it is more perceptive to modify drug’s structures, using the aforementioned lipid-based 

delivery systems, amorphous solid dispersions, crystal engineering (nanocrystal and co-crystals 

technologies) and polymeric nanoparticulate systems.9 

 AMORPHOUS SOLID DISPERSIONS: A PLATFORM TO SOLVE SOLUBILITY 

CONSTRAINTS 

Beyond all these possible approaches, according to reports in literature and approved 

products, the two leading strategies have been those based on nanocrystal technologies and 

amorphous solid dispersions (ASDs).5 In nanocrystal technologies, particle size reduction pro-

vides an increase in dissolution rate and in solubility. On the other hand, ASDs overcome solubility 

constraints, improve dissolution behavior and bioavailability of poorly-water soluble drugs.5,14,15  

A study performed by S.V. Jermain et al.5 analyzed several research papers comparing 

nanocrystals and ASDs. Their findings were that drugs formulated as an amorphous solid disper-

sion seemed to perform more satisfactorily when compared to nanocrystal formulations. ASDs 

demonstrated effective dissolution release profiles in vitro or higher blood concentrations in vivo 

and overall better bioavailability, drug levels and absorption rates. Furthermore, when comparing 

FDA-approved products, a growth trend for ASD based products was found, while only a few 

nanocrystals products were approved before 2010 and none in the last years, as represented in 
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Figure 2.2.5  Additionally, a list of FDA-approved products based on amorphous solid dispersions 

is presented in Table 2.1. From Table 2.1, it is possible to verify that most of the drug substances 

do indeed belong to BCS Classes II and IV and the administration route is oral.  

 

Figure 2.2 – Timeline of FDA-Approved ASDs and Nanocrystal Products. [Adapted from5] 

An advanced search on Google Patents was also performed to comprehend the patent 

evolution over the last years on ASDs and nanocrystal technologies (Figure 2.3). Undoubtedly, 

ASDs patent publications have increased significantly, exceeding 35 last year.  

 

Figure 2.3 – Timeline of ASDs and Nanocrystal Patents. 

Correlating the timelines of FDA-approved products and published patents, they suggest 

that amorphous solid dispersions are often an effective platform to solve solubility constraints for 

oral drug delivery and it is very likely that this trend continues in the next years.5 
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Table 2.1 – Examples of FDA-approved products that are based on amorphous solid dispersions.5,11,22,24,39,40 

Trade Name Drug (BCS Class) Polymer Dosage Form Company/Manufacturer Year 

Cesamet ® Nabilone (II) PVP Tablet Meda Pharmaceuticals/Valeant 1985 

ISOPTIN ® SR Verapamil (II) HPC/HMPC Tablet Ranbaxy Laboratories/Abbott 1987 

Sporanox® Itraconazole (II) HPMC Capsule Janssen 1992 

Prograf® Tacrolimus (II) HPMC Capsule Astellas Pharma/Fujisawa 1994 

Kaletra® Lopinavir (II) / Ritonavir (II) PVP-VA64 Tablet AbbVie/Abbott 2007 

Intelence® Etravirine (IV) HPMC Tablet Janssen 2008 

Modigraf® Tacrolimus (II) HPMC Oral Suspension Astellas Pharma 2009 

Zortress® Everolimus (IV) HPMC Tablet Novartis 2010 

Norvir® Tablet Ritonavir (II) PVP-VA64 Tablet AbbVie/Abbott 2010 

Onmel® Itraconazole (II) HPMC Tablet Merz Pharma/Stiefel 2010 

INCIVEK® Telaprevir (II) HPMCAS Tablet Vertex 2011 

Zelboraf® Vemurafenib (IV) HPMCAS Tablet Roche 2011 

Kalydeco® Ivacaftor (II/IV) HPMCAS/SLS Tablet Vertex 2012 

Noxafil® Posaconazole (II) HPMCAS Tablet/Oral Suspension Merck 2013 

Astagraf XL® Tacrolimus (II) N/A Capsule Astellas Pharma 2013 

Belsomra® Suvorexant (II) N/A Tablet Merck 2014 

Harvoni® Ledipasvir (II) / Sofosbuvir (III) N/A Tablet Gilead Sciences 2014 

Viekira® 
Dasabuvir (II) / Ombitasvir (IV) / 

Paritaprevir (IV) / Ritonavir (IV) 
PVP-VA/TPGS Tablet AbbVie 2014 

Epclusa® Sofosbuvir (III) / Velpatasvir (IV) N/A Tablet Gilead Sciences 2016 

Orkambi® Lumacaftor (II) / Ivacaftor (II/IV) HPMCAS/SLS Tablet Vertex 2016 

Venclexta™ Venetoclax (IV) N/A Tablet AbbVie 2016 

Zepatier® Elbasvir (IV) / Grazoprevir (II) N/A Tablet Merck 2016 

Mavyret™ 
Glecaprevir (IV) / Pibrentasvir 

(IV) 
N/A Tablet AbbVie 2017 

        N/A – non-available
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Amorphous solid dispersions combine an API and a stabilizer, usually a polymer. The 

API is converted into the amorphous state, meaning and that it lacks an organized structure, as 

opposed to the crystalline conformation. Moreover, drug molecules are randomly dispersed in a 

stabilizing (and also amorphous) polymer matrix as exemplified in Figure 2.4.21,24 In solution, drug 

and polymer may form complexes via electrostatic bonds, van der Waals forces or hydrogen 

bonding.41 

 

Figure 2.4 – Amorphous Solid Dispersion schematic illustration. [Adapted from1] 

ASDs are in a metastable state and, due to the miscibility of drug-polymer, they are less 

prone to drug’s crystallization when comparing to solely amorphous drug – with ASDs the chem-

ical potential (µ) of the drug is reduced and the required activation energy (Ea) to crystallization 

increases as represented in Figure 2.5.1 

 

Figure 2.5 – Energy diagram representation of ASDs, crystalline and amorphous drug. 

[Taken from1] 

The success of ASDs is mainly due to the so-called “spring and parachute effect” (Figure 

2.6). Once the drug begins to dissolve in the GI tract, an instantaneous peak (“spring”) occurs, 

due to the release of the stored potential energy. Drug’s concentration in solution greatly in-

creases exceeding its intrinsic solubility (Ceq) and a supersaturated state is reached.  Bioavaila-

bility is improved since there is a higher amount of drug available to be absorbed. In addition, by 

maintaining and extending (“parachute”) this supersaturated state, the maximum absorbable 

dose may be achieved and the rapid return to the drug’s equilibrium solubility is avoided (preferred 
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“spring and parachute effect” represented by the blue line, over only “spring” represented by the 

red line in Figure 2.6).5,16–19 

 

Figure 2.6 – “Spring and Parachute” Concept for supersaturation stability. [Taken from5] 

Consequently, one of the major challenges of ASDs is the thermodynamic stability asso-

ciated with supersaturation. If the amorphous API is not correctly stabilized by the polymer in a 

single-phase, phase separation may occur, originating drug-rich and polymer-rich regions. Ulti-

mately, this may lead to drug’s recrystallization, invalidating solubility advantages once gained. 

However, with the adequate formulation, it is possible to obtain and maintain a supersaturated 

state, that will improve dissolution and bioavailability of drugs with poor aqueous solubility, avoid 

drug’s recrystallization, not only initially but also throughout product’s shelf life, which is also an 

extremely relevant feature regarding pharmaceutical products.21  

 ASDs Manufacturing Technologies  

Concerning existing manufacturing technologies to obtain ASDs, these can be catego-

rized into two major distinct groups: solvent evaporation and fusion/melting processes5,21,22. Their 

selection will mainly depend on21: 

 drug and polymer physicochemical properties (solubility, melting point and glass 

transition temperature); 

 ASDs desirable properties in terms of further downstream processing (e.g. parti-

cle size and bulk density); 

 finished drug product properties (e.g. stability and dissolution).  

 Fusion Methods and HME 

Fusion methods were originally developed in the plastics industry over a century ago, but 

the first fusion-based method in pharma was only reported in 1961 by Sekiguchi and Obi. It con-

sisted in heating the drug and polymer to produce a molten mixture and then cool and solidify it. 

The resultant would be crushed, pulverized and sieved to achieve a desirable particle size.17,18 

Nowadays, hot melt extrusion (HME) is a well-established and a modern version of the 

traditional fusion methods. In HME, the physical mixture containing the drug and polymer is in-

serted into an extruder and heated above melting or glass temperature.18 The rotating screw 
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inside the extruder’s barrel along with heating induce disaggregation of drug particles and, con-

sequently, these are incorporated in the molted amorphous polymer. Afterwards, this mixture is 

forced through a die, resulting in a uniformly shaped extrudate.18,42 HME’s schematic representa-

tion is presented in Figure 2.7. 

 

Figure 2.7 – Schematic representation of hot melt extrusion process. [Taken from42] 

The quality of the final product will mainly be dictated by the following process parame-

ters: feed rate, temperature, shear force, screw speed and die and barrel design.11 The most 

competitive advantages of HME are related to the fact that this is a solvent-free process, so there 

is no need to dry the products, it can operate in continuous mode, it is scalable and it is a simple 

and few-stepped technique.11,17 On the other hand, HME’s biggest challenges are related to the 

fact that it is not a suitable process for heat and shear labile APIs, due to its high operating tem-

peratures and intense mixing, and it requires complete miscibility of the API and polymer in the 

molten state.11,17  

 Solvent Methods 

Solvent-based methods involve, as the name suggests, solubilization of the drug sub-

stance and carrier(s) in a solvent or solvent mixture, followed by evaporation of the latter.17,22 It is 

possible to use a solvent mixture, by combining different solvents to enhance drug/polymer solu-

bilization.18 As drug substances are usually poorly-water soluble, (volatile) organic solvents are 

used.15 Since the evaporation of these solvents can be accomplished at fairly low temperatures, 

degradation of thermolabile drugs/polymers can be avoided, which is the main advantage of sol-

vent methods.17 

Although there is a wide range organic solvents available, solvent selection may not be 

completely straightforward, especially if the drug and polymer have polarity divergences.5,17,22 

Furthermore, when API/polymer solubility is unavoidably low and large batches are required, the 

solvent volume will be necessarily high, consequently resulting in larger process times, higher 

costs and significant environmental issues.17,18 
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It is often necessary a secondary drying step in order to remove residual solvent.5,17,20,43 

This is typically done with vacuum in tray-dryers, but agitated conical/spherical dryers, drum dry-

ers or fluid bed dryers can be used as well.20,44  It is essential to assure solvent levels are bellow 

ICH limits.45 Not only for safety reasons, but also because even small amounts of solvent can 

compromise product stability, as residual solvents may induce plasticization, increase molecular 

mobility and the chance for phase separation, consequently leading to (re)crystallization.5,18 

Spray Drying 

Spray drying (SD) was firstly used for the production of milk powder in the food industry.46 

However, it has reached other industries and is currently a well-established and a widely used 

solvent-based method to produce ASDs.15,17,19 A typical spray drying process can be divided into 

four main stages11,15,46,47:  

1. The liquid stream, containing the dissolved API and polymer, is pumped into an atomizer 

– spray nozzle – placed inside the drying chamber; 

2. The nozzle atomizes the solution and small droplets are formed; 

3. At the same time, concurrently, a hot drying gas stream (usually nitrogen to assure an 

inert atmosphere) contacts with the droplets and provides the necessary latent heat to a 

rapid solvent evaporation. Viscosity increases, leading to API’s entrapment in the polymer 

matrix – solid dried particles are produced;  

4. The dried particles exit the drying chamber and are separated from the wet gas, using a 

cyclone or filter bag. A solid dispersion powder is obtained. 

Additionally, spray drying may also be employed to simply isolate already particle-formed 

suspensions or to encapsulate processing bulk APIs and excipients.11 

Spray driers may operate in single-pass mode, where drying gas passes only once 

through the chamber. This is more common at laboratory-scale. Pilot and industrial production 

scales usually operate in closed-loop (or recycle mode), in which the wet drying gas exiting the 

drying chamber passes through a condenser and is reheated, before entering again in the atom-

izer, as illustrated in Figure 2.8.15  
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Figure 2.8 – Illustration of the spray drying process (in closed-loop). [Taken from15] 

Desired attributes of the dried particles (e.g. morphology, density, particle size, …) can 

be achieved by controlling key process parameters: inlet and outlet temperature, drying gas flow 

rate and solution feed rate.15,43,47 Formulation variables, such as composition (API, polymer, sol-

vent), feed solids’ concentration, solvent selection and viscosity and surface tension of the drying 

solution, also influence final product properties.22 Additionally, spray nozzle’s type and size have 

a significant impact in particle size, texture and smoothness of the resultant powder.22 In particu-

lar, two-fluid nozzles and pressure nozzles are commonly preferred, since they are simple and 

scalable.15,47 Two-fluid nozzles are more adequate to handle suspensions. Pressure nozzles     

enable a narrowed particle size distribution, but are not suited for suspensions, since clogging 

may occur.47 

Spray drying main advantages are the simplicity of scaling-up, the ease of obtaining the 

desired product qualities through the fine-tuning of process parameters, it also avoids the decom-

position of thermolabile molecules and can operate in continuous mode.17,21  Disadvantages of 

this process are mainly related with the solvent: the struggle to remove residual organic solvents 

completely from the final product, especially when their classified as toxic, and the difficulty to find 

a proper volatile solvent-system for both polymer and API.21,22  

Coprecipitation as an alternative to ASDs production 

Beyond the referred advantages of the last two techniques to produce ASDs, there is a 

specific type of difficult-to-formulate drugs – “brick-dust” compounds – where neither of these 

processes are the best fit. The low solubility in aqueous and volatile organic solvents and the 

melting points above 200 °C are characteristic of “brick-dust” compounds and they preclude the 

use of SD or HME, respectively.1,19 A strategic solution to address these compounds has come 

into play: coprecipitation, also known as Solvent-Controlled Precipitation (SCP). This is a rela-

tively simple and scalable process, that can operate continuously and its commercial feasibility 

has already been demonstrated by the FDA-approved product Zelboraf®.1,6,24,25 Approved in 
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2011 for the treatment of late stage melanoma, Zelboraf® is commercialized in tablet dos-

age.1,5,11,22,24 Its API, vemurafenib, is a BCS Class IV drug, whose human bioavailability improved 

by using an amorphous polymer-stabilized solid dispersion.25  

Coprecipitation is an antisolvent precipitation process, where the poorly water soluble 

drug is dissolved in an organic solvent, and is subsequently mixed with the antisolvent, typically 

water, under agitation.23,24,39,48 The stabilizing polymer can be dissolved either in the solvent or in 

the antisolvent.19 As the solvent effect is reduced, API solubility decreases.23 Supersaturation 

occurs, which in turn induces precipitation.19 It is crucial to assure rapid precipitation conditions 

(high degrees of supersaturation and particle stabilization), in order to avoid the arrangement of 

the molecules into a crystal structure and produce ASDs.6,23 To prevent particle growth, a solvent-

removal step can be included right after precipitation and lastly an isolation/drying step to obtain 

the final powder as represented in Figure 2.9.23 

 

Figure 2.9 – Schematization of coprecipitation process. [Adapted from23] 

Operational conditions (e.g. mixing time, temperature and shear rate), and formulation 

variables, including solvent/antisolvent ratio and their interactions, properties of the drug and    

polymer and their interactions and drug concentration in the solvent, will affect the outcome    

properties of the precipitate.19,49 One major advantage of coprecipitation compared to SD is that 

this process enables the use of polar organic solvents with high boiling points and higher  solu-

bilization power, such as dimethylacetamide (DMA), dimethylformamide (DMF) and dimethyl sul-

foxide (DMSO), to dissolve the drug substance.19,23 In addition, coprecipitation is a suitable pro-

cess for thermolabile compounds, unlike HME, since the antisolvent is generally cold to induce 

and improve precipitation and the final suspension may also be cooled in a heat exchanger.19 On 

the other hand, coprecipitation bigger challenges include low solids load and the difficulty in sol-

vent removal/drying when non-volatile polar solvents are used. Ultimately, this results in higher 

processing times and low throughputs, which may not be feasible, especially in early stage de-

velopment.    

There is a specific type of coprecipitation denominated Microprecipitated Bulk Powder 

(MBP) Technology where precipitation occurs in an acidified aqueous cooled media.5,23,50 Due to 

the nature of this process, a polymer insoluble in the antisolvent is desired, thus ionic polymers 
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with pH dependent solubility, namely enteric polymers, are used.50 This technology was imple-

mented in the production of Zelboraf®.25 

Recently, the new trend of flash precipitation has emerged to facilitate the production of 

ASDs and minimize mixing times.23 A specific approach to rapidly produce nano or micro particles 

has been developed where coprecipitation is carried out using microfluidization.19  

Microfluidization is a high-pressure homogenization (HPH) technique and is not recent – 

it has already been commercially used to accelerate the rate of chemical reactions (Microchannel 

Reaction Technology) and for particle size reduction of suspensions, in a top-down                    

methodology.51,52 Additionally, microfluidization has been applied to the production of nano-emul-

sions of vitamins, bioactive lipids, drugs, antioxidants and flavors.53  

The microfluidization apparatus include53:  

 Reservoirs for the inlet and outlet streams; 

 A high-pressure/intensifier pneumatic pump; 

 A pressure gauge or transducer; 

 An interaction chamber (IXC), with micronized channels; 

 An auxiliary processing mode (APM), which is another IXC, if needed; 

 A heat exchanger. 

This technology can be considered either a top-down process, if a pre-mixed stream is 

fed through a single inlet line and usually multiple passes through the system are performed; or 

a bottom-up process, if two different streams are separately fed and only a single pass through 

the system is performed.54 To produce ASDs, the bottom-up methodology is applied: the antisol-

vent stream and the solvent stream with the API (and the polymer) will be fed at controlled rates, 

using pump(s), to maintain the solvent/antisolvent ratio. Then, both streams are pressurized 

through a high-pressure (intensifier) pump and delivered into the interaction chamber.19,51 In the 

IXC, the pressurized stream is divided into microchannels, accelerated to a high velocity and 

recombined into an impingement zone, producing forces of shear, impaction and cavitation.51,52,54 

The outlet suspension passes through a heat exchanger to remove the heat generated in the 

IXC.19,51,53 The process schematic representation is presented in Figure 2.10. 

 

Figure 2.10 – Schematic representation of the microfluidization/HPH methodology to pro-

duce ASDs. [Taken from19] 
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The core of microfluidization will be the interaction chamber, where the impinging jet tech-

nology provides a micro-mixing environment inside a confined volume.51 The interaction chamber 

has a fixed geometry and its channels depths and widths usually vary between 75µm and 300µm 

(see Table A.2 in Appendix ), being several times smaller than other impinging jet designs.51,53 

The two main interaction chamber arrangements are Z-chamber and Y-chamber and they are 

illustrated in Figure 2.11. In a Z-chamber, improved turbulent mixing is generated when the high-

velocity jet impacts the wall (jet-to-wall impingement), while in a Y-chamber the two jets impact 

each other (jet-to-jet impingement).54 Y-chamber is generally preferred as it provides a more ho-

mogenous mixing and the jet-to-jet impingement minimizes wall shear, which lowers dissipated 

energy as heat and/or other losses.53,54 Nevertheless, the Y-chamber is usually coupled with an 

APM, which is always a Z-type chamber. The APM can be positioned before or after the Y-cham-

ber, to help the solids’ pre-dispersion or to stabilize the flow rate and improve the homogenization 

efficiency, respectively.53  

 

Figure 2.11 – Y-Type and Z-Type interaction chambers [Adapted from54]. 

Microfluidization has the advantage of enabling continuous fluid processing and the ease 

of scalability – interaction chambers can be single or multislotted, as represented in Figure 2.12, 

and the parallel arrays of the microchannels ensure linear scalability.51,53,55 

 

Figure 2.12 – Representation of multislotted Y-chamber. [Adapted from56] 

In this novel coprecipitation process accomplished by microfluidization, a single passage 

through the interaction chamber provides a great control over the particle size distribution and a 

better solid-state stability of the nano or microparticles generated.19 The IXC minimizes diffusion 

limitations between solvent and antisolvent streams, which decreases considerably mixing times, 
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and provides a great heat exchange, since it has a large surface-to-volume ratio.19,57 This is ad-

vantageous because both mixing time and temperature are considered critical process parame-

ters.19,23  

Table 2.2 addresses principal manufacturing technologies, along with a brief description, 

advantages, drawbacks and the examples of FDA-approved products. 

 Other manufacturing technologies of ASDs  

Besides coprecipitation, antisolvent precipitation can also be performed with compressed 

fluids or supercritical fluids (SCF), like supercritical carbon dioxide (scCO2).23 Moreover, spray 

granulation, fluid bed layering, co-grinding, ultra-rapid freezing, Kinetisol® and electrospinning 

are alternative technologies to produce amorphous solid dispersions.5,11,22 However, all of them 

have limited applications, related to either slow evaporation rates, solvent solubility and/or incom-

plete conversion, consequently leading to challenges in commercial scalability and high produc-

tion costs.11,21  
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Table 2.2 – Summary of the main ASDs manufacturing technologies.5,11,21,40  

Process Brief Description Advantages Drawbacks 
Examples of  

FDA-approved products 

HME 

High temperatures and shear inside an 

extruder induce drug's incorporation in 

the polymer, resulting in a uniformly 

shaped extrudate. 

Solvent-free process 

No drying step required 

Scalable 

Continuous operation is feasi-

ble 

Robust and well-established 

process 

Not suitable for heat and shear 

labile compounds 

High melt viscosity may cause 

torque limitations 

ISOPTIN ® SR 

Kaletra® 

Norvir® Tablet 

Onmel® 

Noxafil® Delayed-Release 

Tablet 

Belsomra® 

Viekira®  

Venclexta™ 

Mavyret™ 

SD 

Atomization of a solution containing the 

drug and polymer in a spray nozzle in-

side the drying chamber.  

Hot nitrogen rapidly evaporates the vola-

tile solvent in the droplets formed and the 

dried particles are collected using a cy-

clone and/or filter. 

Suitable for thermolabile com-

pounds 

Rapid solvent evaporation 

Easy scale-up 

Continuous operation is feasi-

ble 

Difficulty in finding a solvent 

system for both API and poly-

mer 

A secondary drying step may 

be necessary 

 

Prograf® 

Intelence® 

Modigraf® 

Zortress®  

INCIVEK®  

Kalydeco® 

Harvoni® 

Epclusa® 

Orkambi® 

Zepatier® 

Coprecipitation 

 

Drug (and polymer) dissolved in the sol-

vent are mixed with an antisolvent, which 

induces rapid precipitation. Solvent is 

then removed and a final step for dry-

ing/isolation is necessary to obtain the fi-

nal powder. 

Suitable for compounds that 

cannot be processed through 

SD and HME 

Provides high degree of super-

saturation 

Continuous operation is feasi-

ble 

Low solids load 

Downstream processing (Sol-

vent removal and particles dry-

ing/isolation) 

Multiple washes to solvent re-

moval may be needed if solvent 

and antisolvent are very misci-

ble 

Processing times may be higher 

Zelboraf® 
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 ASDs screening methodologies for ASDs formulations assessment 

and Analytical Characterization  

Key factors to develop a robust amorphous solid dispersion include: the design and    

preparation of a complete amorphous dispersion product, the maintenance of long-term physical 

stability over the product shelf-life and a preservation of a supersaturation state – spring and 

parachute effect – during in vivo dissolution and absorption.  

A structured development approach to support and strengthen amorphous formulations 

is recommended and typically employed by scientists. Selection of the right polymer and drug 

load are determinant to achieve the aforementioned features.21,58 Hence, preemptively, a wide-   

-ranging assessment of both polymer and API physicochemical properties should be done.  In 

silico screening based on solubility parameters, functional groups and thermal behavior (e.g. 

melting point and glass transition temperature) helps to narrow down the list of candidate poly-

mers.21 Appropriate drug loading is typically assessed by calculating of Flory-Huggins interaction 

parameters based on either solubility parameters or melting point depression methods. Other 

approaches reported in literature include solubility parameter (δ) calculation, drug-polymer ther-

modynamic phase diagrams prediction and crystallization inhibition with molecular dynamic cal-

culation.58  Even though the output of this in silico screening may seem promising, as any theo-

retical method, it should be tested experimentally.  

Several experimental-based miniaturized high throughput ASD screening (HTS) systems 

have been available in the literature and help to further narrow down the appropriate polymer and 

drug load.58 One of these miniaturized screenings is solvent casting, where drug/polymer solu-

tions at the desired ratio are produced and placed in 96-well microplates, aluminum pans or other 

appropriate vessels. Then, organic solvent(s) is/are evaporated by a stream of inert gas or vac-

uum with heat and amorphous films are obtained. These amorphous films are further investigated 

for crystallinity, solubility, dissolution, supersaturation performance, and solid-state stability.58 An-

other technique – Solvent-shift method – assesses the polymer ability to sustain drug’s  super-

saturation state by dissolving the drug in a solvent (at a high concentration) and slowly add it to 

an aqueous/dissolution media containing the polymer being investigated.58 

Screening methodologies contribute significantly to facilitate ASD formulation develop-

ment, particularly during early stage drug development. The most favorable polymer and drug 

loading can be further employed in the scale-up production of ASDs prototypes.58,59  

Figure 2.13 schematizes a summary of the steps in screening methodologies. Subse-

quently, analytical methods are needed to characterize the ASDs produced.  
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Figure 2.13 – Flow-chart of screening methodologies for ASDs formulation development.  

Crystallinity presence/absence in ASDs is typically assessed with thermo-analytical ap-

proaches, including Differential Scaning Calorimetry (DSC) and modulated Differential Scaning 

Calorimetry (mDSC), isothermal microcalorimetry (IMC), and localized thermal analysis.60 X-ray 

powder diffraction (XRPD) also detects and quantifies crystallinity.60 To analyze the molecular 

interactions between ASDs components (carrier, API…) and structural changes during phase 

separation/crystallization and quantify crystallinity, characterization techniques, such as Thermal 

Gravimetric Analysis (TGA), solid-state nuclear magnetic resonance (SS-NMR), Fourier Trans-

formed Infrared spectroscopy (FTIR) and Raman Spectroscopy are also employed.60,61 Micros-

copy approaches, as optical microscopy, scanning electron microscopy (SEM), transmission 

electronic microscopy (TEM), atomic force microscopy (AFM) and polarized light microscopy 

(PLM), enable a qualitative characterization of crystallinity, molecular miscibility, phase separa-

tion and a perception of ASDs surface morphology.61 Table 2.3 specifies the different characteri-

zation methods. 

  

API/Polymer physicochemical properties assessment

In silico screening (Flory–Huggins interaction parameters, 
solubility parameter calculation, drug–polymer thermodynamic 

phase diagrams prediction...)

Miniaturized screening (Solvent Casting, Solvent-shift 
methods...)

Most promising polymer and drug load are selected to produce 
Amorphous solid dispersion prototype
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Table 2.3 – Amorphous solid dispersions characterization methods.  

[Adapted from62]  

Examples of characterization 

methods 

Description 

Microscopic and 

surface analysis 

methods 

SEM, TEM, 

AFM, PLM 

Analysis of small samples for a wide range of physicochem-

ical properties (e.g. particle size, particle morphology, crys-

tallinity, surface properties…). Versatile, fast, and (sample) 

non-destructive technique. 

 

Thermal analysis 

methods 

TGA, DSC, 

mDSC, 

IMC,  

localized 

thermal 

analysis 

 

Measurement of a material’s response (e.g., variations in 

energy, temperature, mass) to a controlled heating/cooling. 

Typically used to monitor endothermic (e.g., glass transition, 

melting) and exothermic processes (e.g., crystallization, 

degradation). 

Spectroscopic 

methods 

SS-NMR, 

FTIR,  

Raman 

Based on molecular and atomic-level changes (i.e. elec-

tronic transitions, vibrational transitions, and nuclear spin 

transitions) that occur when the sample is exposed to elec-

tromagnetic radiation.  

Spectroscopy offers molecular-level information about local 

structure in amorphous solids: drug-polymer interaction, 

phase separation and crystallization.  
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 MEMBRANE SEPARATION PROCESSES 

 Overview  

Membrane technology has been traditionally dominant in water treatment, including de-

salination.63–65 Nevertheless, because of its advantages (e.g. smaller footprint, lower energy con-

sumption, absence of phase transformation and fast processing) over common separation tech-

niques, such as distillation and chromatography, membrane technology is becoming a promising 

alternative to the pharmaceutical industry.6,63,66 

In membrane separation processes, the membrane is considered a semipermeable or 

selectively permeable barrier between two phases.67 The membrane is capable of transporting 

the preferable(s) component(s) over others, due to differences in physical and/or chemical      

properties between the membrane itself and the permeating components.67 The transport through 

the membrane is accomplished as a result of a driving force that is applied to the components in 

the feed stream.68 Table 2.4 addresses different membrane processes according to their driving 

forces and examples of applications. 

 Pressure-driven membrane processes 

Focusing on the pressure-driven membrane processes, they can be accomplished either 

in a dead-end flow mode or crossflow filtration (CFF) mode, also denominated tangential flow 

filtration. In dead-end filtration, the feed flows perpendicularly to the membrane surface.68,69 As 

the feed stream is forced through the membrane, the retained particles accumulate at the mem-

brane surface, forming a gel or cake layer.31,68,70 As filtration proceeds and the thickness of this 

cake layer increases, a decline in the filtration rate is observed.68,69,71,72 When the flow or the 

transmembrane pressure (as described below) reaches a limiting value, filtration must be inter-

rupted to remove the accumulated solids – the membrane is cleaned, e.g.  through backwashing, 

or replaced.69 Alternatively, in CFF the feed flows parallel to the membrane surface, as repre-

sented in Figure 2.14.71 A portion of the feed fluid passes through the membrane (permeate 

stream), while other components are rejected by the membrane and retained at the feed side 

(retentate or concentrate stream).73 CFF is preferably chosen in comparison to dead-end filtration 

methods, because CFF has a very high separation efficiency, can be easily integrated within 

continuous processes and diminishes the probably of particle accumulation on the membrane, 

especially relevant at industrial applications.70,71,74
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Table 2.4 – Classification of membrane processes according to their driving forces.68,73 

Driving Force Process Phase 1 Phase 2 Examples of Applications 

Pressure difference 

Microfiltration (MF) Liquid Liquid Analytical applications; 
Sterilization (food, pharmaceutics); 
Biotechnology (cells harvesting);  
Water treatment/purification. 

Ultrafiltration (UF) Liquid Liquid Food processing (milk and cheese making; potato starch); 
Metallurgy (oil-water emulsions, electro paint recovery); 
Pharmaceutical (enzymes, antibiotics); 
Water treatment/purification. 

Nanofiltration (NF) Liquid Liquid Waste water treatment; 
Water desalination; 
Textile industry (retention of dyes). 

Reverse osmosis (RO) Liquid Liquid Desalination of water; 
Electronic industry (production of ultrapure water). 

Concentration (activity) 
difference 

Gas permeation Gas Gas CO2 & H2S separation from CH4; H2 Recovery. 

Vapor permeation Vapor Vapor Dehydration 

Pervaporation Liquid Vapor Dehydration of organic solvents; 
Separation of isomers; 
Removal of organic components from water. 

Dialysis Liquid Liquid Hemodialysis; 
Alcohol reduction in beer. 

Electrical potential differ-
ence 

Electrodialysis Liquid Liquid Desalination, water treatment; 
Production of salt; 
Separation of aminoacids. 

Temperature difference Membrane distillation Liquid Liquid Saline water and wastewater treatment 
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Figure 2.14 – Schematic representation of the two operation modes: dead-end filtration and 

CFF. [Taken from75] 

It is the applied pressure that induces the passage of the solvent and sometimes some 

solutes through the membrane while other molecules or particles are rejected.68 This pressure is 

called the transmembrane pressure (TMP or ∆PTM) and controls the flow rate of the permeate.69,76 

TMP is given by:  

𝑇𝑀𝑃 =
𝑃𝑓𝑒𝑒𝑑 + 𝑃𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒

2
− 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 

Equation 2.2 - Transmembrane pressure calculation.  

where 𝑃𝑓𝑒𝑒𝑑  is the feed pressure (bar), 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 the permeate pressure (bar) and 𝑃𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 the 

retentate pressure (bar). 

Another important parameter is the permeate flux, Jv, that describes the quantity of per-

meate produced per unit of time (permeate flow rate) and per membrane surface area, with units 

of liters per square meter per hour (Lm-2h-1). The main challenge inherent to pressure-driven 

membranes processes is the flux decline over time, mostly due to fouling (deposition of parti-

cles/molecules in the surface or pores of the membrane that intensifies over time) and concen-

tration polarization (build-up of the solute’s concentration on the membrane wall that remains 

constant once established) (see Figure 2.15), which may limit process efficiency.31,63,73 To avoid 

fouling, the correct adjustment of pH, temperature and the careful selection of the membrane 

properties (hydrophobicity, presence of charged or functional groups with specific interactions,…) 

should be considered.31 Other strategies as the control of fluid dynamic conditions through the 

use of turbulence promoters and the increase of retentate flow rate (usually called crossflow rate) 

help minimizing concentration polarization.31  
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Figure 2.15 – Flux decline over time as a result of fouling or concentration polarization. 

[Taken from31] 

In addition to the flux variation over time, the flux variation with TMP should also be taken 

into account. At first, TMP will control the permeate flux, for a given crossflow rate. However, if a 

gel layer is formed, an increase in TMP will not result in a flux increase and a higher crossflow 

rate should be considered to assure the intended flux. Therefore, the optimization of crossflow 

rate along with and TMP is of great relevance to achieve the highest flux possible, just before the 

gel layer accumulation, as represented in Figure 2.16. 

 

Figure 2.16 – Flux variation with TMP, at different crossflow (CF) rates. [Taken from76] 

Addressing the range of the four pressure-driven membrane processes, the size (or mo-

lecular weight) of the particles/molecules separated will decrease from microfiltration to reverse 

osmosis (see Figure 2.17 and Table 2.5). Consequently, the membrane’s pore size also de-

creases to ensure the intended rejection. This results in an increase in membrane resistance to 

mass transfer, which needs to be compensated with a higher applied pressure to guarantee the 

same flux through the membrane.68  
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Figure 2.17 – Filtration Spectrum. [Adapted from77] 

As presented in the Table 2.5, the applied pressure raises from MF to RO. Microfiltration 

is the most similar to the conventional coarse filtration and usually suitable for retaining suspen-

sions and emulsions.68 Ultrafiltration is typically employed in the retention of macromolecules and 

colloids from a solution. In both MF and UF the membrane can be considered as porous, where 

the rejection is predominantly based on the size and shape of the solute comparing to the mem-

brane pore size. In opposition, in NF and RO the pores in membranes can be so small that the 

membrane is considered as being an intermediate between the open porous membranes (MF/UF) 

and the dense nonporous membranes (as in pervaporation and gas permeation). In NF and RO, 

the transport occurs through the membrane’s free volume elements and in these processes the 

membrane material is critical: it should present a high affinity for the solvent and a low affinity to 

the solute(s).31 Additionally, in NF and RO the osmotic pressure is no longer negligible and has 

to be overcome, contributing to the aforementioned higher applied pressure.68  
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Table 2.5 – Summary of the main properties of the pressure-driven separation pro-

cesses.31,68,73 

Properties RO NF UF MF 

Main separation 
principle 

Solution-diffusion 

+ Convective flow 

Solution-diffusion 

+ Convective flow 

Sieving/ 

Size exclusion 

Sieving/ 

Size exclusion 

Rejected  

components 

HMWC, LMWC, 
Sodium Chloride, 
Glucose, Amino 
Acids 

HMWC, mono-, 
di- and oli-
gossaccharaides, 
multivalent ions 

Macromolecules, 
Proteins, Vírus, 
Polysaccharides 

Particles, yeasts, 
bacteria  

Size of retained 
particles 

< 1 nm 0.5 - 5 nm 1-100 nm 0.05-10 µm 

Separating layer 
thickness 

0.1-1.0 µm 0.1-1.0 µm 0.1-1.0 µm 10-150 µm 

Membrane  

structure 

Asymmetric Asymmetric Asymmetric (mostly) Sym-
metric 

Osmotic  

pressure 

High (5-25 bar) High (5-25 bar) Negligible Negligible 

Applied  

pressure (bar) 

10-100 5.0-20 1.0-5.0 0.1-2.0 

Sometimes considered as another pressure-driven membrane process, diafiltration is a 

useful technique to perform solvent exchange, without the need of heating, as traditional batch 

distillation.31,65,76 However, diafiltration it is nothing other than an enhanced design to achieve a 

better separation between high molecular and low molecular solutes and often ultrafiltration units 

are used.31,71 Diafiltration can be executed in continuous or in discontinuous mode. The main 

difference is that in discontinuous mode, the feed is repetitively concentrated and re-diluted, while 

in continuous diafiltration, the new solvent is added constantly to the feed reservoir at the same 

rate the permeate is removed.65,69,76,78 Continuous diafiltration (Figure 2.18) is the most preferred 

mode, due to its efficiency  in terms of process time requirements to reach a given diafiltration 

factor (𝑑𝑖𝑎𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =  𝑛𝑒𝑤 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒/𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒).  

 

Figure 2.18 – Schematic drawing of continuous diafiltration. [Adapted from79] 
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In pressure-driven membrane processes, the concentration of the solute (particle or    

molecule) to be separated is relatively low and its size and chemical properties will dictate the 

necessary membrane structure (i.e. porous or dense, mean pore size, pore size distribu-

tion,…).31,68 The proper membrane material will be co-determined by the solvent, the applied 

pressure, the operating temperature and the cleaning method.31 For pressure-driven separations, 

membranes are either organic (polymeric) or inorganic (ceramic, metal or glass based).31 More-

over, the configuration of the membrane module is process-dependent and the commercially 

available modules are the plate-and-frame, spiral-wound, tubular and hollow-fiber (Figure 2.19).73 

Some relevant aspects that should be taken into account when selecting a module include: scale 

of operation, type of separation, ease of cleaning and maintenance, possibility of membrane re-

placement and, of course, equipment costs.71 Nevertheless, the most commonly used membrane 

modules are the hollow-fiber, along with spiral-wound, due to their higher area-to-volume ratio.73 

 

Figure 2.19 – Different membrane modules configuration. [Adapted from80–82] 

As any process, membrane technology has its benefits and drawbacks and they are sum-

marized in Table 2.6. 
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Table 2.6 – Membrane Separation Processes – Summary of benefits and drawbacks. 

Benefits Drawbacks 

 Flexibility – Separation, concentration and 

purification processes of different products 

may be performed across a wide range of 

industries; 

 Generally low energy requirements; 

 Processes can be carried out under rela-

tively low temperatures; 

 Clean and environmentally friendly tech-

nology; 

 Separation can be carried out continu-

ously and coupled with other processes 

and operations; 

 Scale-up is relatively straightforward. 

 Concentration polarization; 

 Membrane fouling; 

 Necessary cleaning and maintenance; 

 Short membrane lifetime; 

 Equipment costs can be high. 

 

 

 Membranes in pharmaceutical industry 

In the biopharmaceutical field, microfiltration, ultrafiltration and diafiltration are well-estab-

lished techniques used in downstream processing, for broth clarification, desalting, buffer ex-

change and protein concentration.65,74 However, membrane applications for the organic-solvent 

based processes of the pharmaceutical industry are emerging: solvent recovery/exchange, cata-

lyst recovery, drug intermediate separation and crystallization are some examples.65 Organic sol-

vent nanofiltration (OSN), also known as organophilic nanofiltration (ONF) or solvent resistant 

nanofiltration (SRNF), has been used for solvent exchange/recovery, pharmaceutical concentra-

tion and catalyst recovery, although mostly at laboratory scale.31,64,66,83–85 Organic solvent forward 

osmosis (OSFO) has also received attention as an alternative to pressure-driven OSN.66 Moreo-

ver, continuous crystallization techniques using hollow-fiber membrane modules, namely porous 

hollow fiber antisolvent crystallization (PHFAC), solid hollow fiber cooling crystallizer (SHFCC) 

and membrane-assisted antisolvent crystallization (MAAC), to yield polymer-coated drug crystals 

have been reported in the literature.86–89 To the best of this author knowledge, at this time, no 

major contributions to the incorporation of membrane filtration in ASDs production were found. 
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 DESIGN OF EXPERIMENTS (DOE) IN PHARMACEUTICAL DEVELOPMENT 

Traditionally, the development and optimization of pharmaceutical products was per-

formed by analyzing one factor at a time (OFAT approach): one factor (e.g. temperature) is 

changed, while other factors (e.g. stirring speed) are kept constants.90 A high number of experi-

ments would be necessary, which makes this a very time-consuming and resource-demanding 

technique. Besides, as the OFAT approach is incapable of studying simultaneously several factor 

changes, it also lacks the ability of identifying the existence of possible interactions between dif-

ferent factors.91 

Regulatory entities (FDA, EMA) suggest and encourage the implementation of Quality by 

Design (QbD) in pharmaceutical industry, a concept that was already implemented in other sec-

tors.91 QbD was introduced in 1992 by Juran92 and, in pharmaceutical field, QbD is considered 

as a “systematic approach to pharmaceutical development that begins with predefined objectives 

and emphasizes product and process understanding and process control, based on sound sci-

ence and quality risk management”.90,93 Since QbD was recommended, Design of Experiments 

(DoE) has been widely used as a statistical tool to identify, through mathematical models, the 

relationships between input factors (independent variables, e.g. temperature, stirring speed, sol-

ids’ concentration) and one or more output responses (dependent variables, e.g. particle size, 

dissolution rate, crystallinity).90 In DoE, experiments are planned and executed, the data are an-

alyzed and the resulting model is evaluated and converted into information.94 DoE may be applied 

throughout different stages of a product/process: 91,94 

 Screening designs: employed in the beginning of the experimental procedure, 

with the objective of exploring several factors, find out if they have an effect on 

the responses and find their approximate ranges. Hence, the critical process pa-

rameters (CPPs) and critical material attributes (CMAs), affecting the critical qual-

ity attributes (CQAs) are identified; 

 Optimization designs: once screening is concluded, the significant factors are 

further studied. The goal is to be able to predict the response values for all pos-

sible factors’ combinations within the design space region and identify the optimal 

experimental point – where the most influential factors are set at levels that im-

prove product’s CQAs. 

 Robustness testing: performed as the last test before a product’s release, to 

demonstrate its robustness, even to small fluctuations in the factor levels.   

Factorial designs are extensively used in screening stages, but they are also applied in 

robustness testing.94 In factorial designs, process parameters are intentionally and simultane-

ously varied according to a matrix of factor levels defined a priori.94 Usually, 2-3 factors are stud-

ied with two investigation levels for each factor. Additionally, an optional number of center-point 
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experiments is carried out to investigate the experimental error. According to the number of ex-

periments, factorial designs can be categorized either as full factorial or fractional factorial. In full 

factorials, all possible factor levels combinations are investigated. For example, if three factors 

with two levels are studied, 23 = 8 experiments are performed (excluding center points). The ma-

jor drawback of full factorials is related with the accentuated increase in the number of experi-

ments with the number of factors. Contrariwise, in a fractional factorial design, only a half or a 

quarter of the total experiments are executed. Fractional factorials are especially helpful when 

more than four factors are studied. Nevertheless, their main limitation is associated with con-

founding or alias of main effects and interactions between factors.91 For optimization stages, com-

posite designs are employed to study more than two levels of each factor.94 Figure 2.20 illustrates 

these different types of designs (circles represent experiments and asterisks center points). 

 

Figure 2.20 – Schematic representation of different designs. [Adapted from 94] 
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3. Experimental Plan 

A preliminary assessment was carried to identify the factors that should be studied in the 

DoEs, in order to identify the critical process parameters and their impact on the  critical quality 

attributes. CQAs include: 

 Crystallinity absence; 

 Particle size distribution; 

 Particle morphology; 

 Bulk density; 

 Residual solvents; 

 Assay; 

 In vitro dissolution profile. 

The rationale supporting the different factors analyzed throughout the entire process – 

from coprecipitation to CFF and isolation by SD – and respective DoEs schematization is pre-

sented in DoEs and Rationale section. The followed experimental plan is presented at the end of 

this subchapter. 

 INITIAL EXPERIMENTAL PLAN 

 In Silico Screening, In Vitro Screening and initial studies 

The in silico screening study is aligned with the QbD initiative, as it provides information 

of the most promising solvent system and formulation (API/polymer ratio and drug load), without 

experimental trials. Then, the most promising outcomes of this study will be experimentally tested 

through in vitro screening: solvent screening, solvent casting and supersaturation studies. As a 

result, the appropriate solvent (or solvent system) for the process is identified, the polymer with 

the greatest performance in ASDs stabilization is chosen and the drug load selected.  

3 
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Other initial studies of this Thesis include: solvent/antisolvent ratio and pH effect study. 

The solvent/antisolvent (S/AS) ratio study will be conducted at different feed solids’ concentration 

(5, 10 and 15 wt.%) and different S/AS ratios (1:3, 1:7, 1:12 wt.%). The focus is to identify the 

foremost S/AS ratio that maximizes precipitation of materials in solution. The pH effect study 

intends to examine the influence of acidic and neutral pH in crystallinity presence in coprecipita-

tion. As a guideline, it is recommended that the pH of the antisolvent is controlled at a level not 

exceeding API’s pKa, in order to minimize API solubility.44 

 DoEs and Rationale  

As part of the main focus of this work, a DoE should be performed in the crossflow filtra-

tion – concentration and diafiltration step. Nevertheless, the production of the ASDs by coprecip-

itation, either with the HSM or by HPH, is also of great importance, since it is the stage where the 

particles are actually formed. Process variables in HSM/HPH may have a severe impact the final 

product attributes, namely particle size and morphology. Therefore, it was thought to carry out a 

total of three DoEs: two DoEs in both ASDs production strategies (HSM and HPH) and one DoE 

in the crossflow filtration step. Half factorials designs were considered to have a smaller number 

of experiments, with the downside of its inherent limitation of possible confounding or alias of 

main effects and interactions between factors.91  

 Production of ASDs by Coprecipitation with a High shear mixer (HSM) 

 Stirring speed 

The stirring speed influences the mixing conditions between the solvent and the antisol-

vent. Hence, stirring speed can affect particle size.7 More intense mixing tends to yield smaller 

particles, but  high-speed mixing during coprecipitation can be detrimental to amorphous particles 

formation.7,23,44 

 Addition rate (Qsolvent) and feed location 

The addition rate may have a significant impact on coprecipitate formation. The evalua-

tion of the feed location, either at surface level or sub-surface (bellow impeller and at its level), is 

also considered relevant. This variable should be studied in a few experiments around this DoE’s 

center point. 

 Temperature  

Operating temperature impacts particle formation process, especially in particle size dis-

tribuition.7,23 As API solubility tends to increase at higher temperatures, this reduces supersatu-

ration, often larger particle sizes and an increase in crystallinity can occur.44 Moreover, if a  sig-

nificant amount of the API remains solubilized, the drug load will be negatively impacted as well 

as yield. Temperature impact will be studied by manipulating antisolvent temperature. 
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 Solvent/Antisolvent (S/AS) ratio  

The antisolvent addition reduces API solubility. Consequently, this leads to supersatura-

tion, inducing precipitation and particles formation. So, the quantity of antisolvent added is crucial 

to maximize precipitation. Furthermore, the S/AS ratio needs to be correctly adjusted to ensure 

the rapid quenching of the amorphous particles. Otherwise, crystalline particles may be yielded. 

Rapid precipitation rates are usually achievable at S/AS ratios of 1:5 – 1:10.23 Moreover,   in-

creasing this ratio tends to decrease particle size.7 

Even though S/AS ratio can have a significant impact on the nature of the particles pro-

duced (crystalline or amorphous), it was chosen not to study its impact in the DoE. Instead, pre-

liminary tests will be conducted during initial studies to find the best S/AS ratio, as previously 

mentioned.  

 Feed solids’ concentration 

Particle size may depend on the feed solids’ concentration.19 This variable may possibly 

impact particle morphology and density. The strategy will be to replicate the same DoE and 

change feed solids’ concentration in other two different percentages (10 and 15 wt.%.).   

The addressed variables for HSM DoE are summarized in Table 3.1 and DoE schemati-

zation is presented in Figure 3.1. 

Table 3.1 – Summary of variables for HSM DoE along with their possible impact on pro-
cess/product attributes. Selected factors are highlighted in bold. 

Variables Rationale 

Stirring speed RPMs may impact morphology and crystallinity 

Antisolvent temperature  May impact solubility and yield 

Addition rate (Qsolvent) and feed location May impact morphology and assay 

Solvent/Antisolvent ratio* May impact assay and yield 

Feed solids' concentration** May impact morphology, PS and density 

* Initial studies; ** Repeat DoE with different concentrations. 

 

 

Figure 3.1 – HSM DoE Schematization (Initial Experimental Plan). 
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 Production of ASDs by Coprecipitation with High-pressure homogeni-

zation (HPH) 

 Interaction chamber type and size 

As address in the  State of the art section, the type of interaction chamber, Y or Z, differs 

in how the impinging jet(s) will impact, either on each other or against the chamber wall, respec-

tively.51,53,54  Chamber type and channel size may affect the particles generated in their PSD and 

morphology. 

 Pressure in HPH – Intensifier pump 

Due to the nature of this process, the effect of the pressure applied in the pump should 

be studied. Tendencies show that smaller particles are achieved at higher pressures.95 Addition-

ally, high operating pressures cause a temperature rise, which in turn may affect the stream vis-

cosity and, if not controlled, can ultimately induce partial dissolution of the ASD.95   

 Temperature  

The relation between the solvent and antisolvent temperatures is considered as an im-

portant factor, similarly to HSM DoE. Additionally, the cooling temperature in the interaction cham-

ber and in the heat exchanger after the IXC may influence the process. It is to be noted that in 

the IXC, streams are pressurized and accelerated to a high velocity in a confined space, which 

leads to a rising in temperature.19,51,53 The effect of chamber cooling will be studied in an experi-

ment around this DoE’s center point. 

 Solvent/Antisolvent (S/AS) ratio and feed solids’ concentration 

Both variables will be addressed in the same approach as in the HSM. In HPH, the inter-

action chambers enable a fine control of supersaturation if adequate ratios are selected.6 

The variables for HPH DoE are summarized in Table 3.2 and DoE schematization is pre-

sented in Figure 3.2. 

Table 3.2 – Summary of variables for HPH DoE along with their possible impact on pro-
cess/product attributes. Selected factors are highlighted in bold. 

Variables Rationale 

Interaction chamber type and size May impact morphology 

Pressure in HPH/Piston Pump May impact  assay and yield 

Antisolvent temperature May impact morphology, assay and yield 

Chamber cooling temperature* May impact  assay and yield 

Solvent/Antisolvent ratio** May impact assay and yield 

Feed solids' concentration*** May impact morphology, PS and density 

* Experiment around center point; ** Initial studies; *** Repeat DoE with different concentrations. 
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Figure 3.2 – HPH DoE Schematization – example with Y-type chamber. (Initial Experimental 
Plan). 

 Concentration and Diafiltration Step – Crossflow filtration (CFF) with 

hollow-fiber membranes 

 Membrane features (pore size, area of filtration) 

Membrane’s pore size and filtration area have an influence on particles retention and 

overall, on filtration efficiency. In particular, the pore size should be adequate to retain the target 

product to avoid losses to the permeate stream. In addition, pore size may play a role in minimiz-

ing fouling: with smaller pores, particulate material cannot enter and block the pores.76 A standard 

guideline for product concentration recommends to use UF filter with a nominal molecular weight 

cut-off (NMWC) that is 3x to 5x less than the molecular weight of the target product.76 A conserva-

tive approach was to have a NMWC of 500 kD (equivalent to a range of 50 – 100 nm) to minimize 

any potential yield losses. Therefore, this variable will not be studied in the DoE and it will be 

selected based on supplier information. The available filtration area reflects on the permeate flux 

and it is intended to study its impact around the DoE’s center point. 

 Membrane Material 

The membrane material should be selected according to the chemical compatibility to the 

solvent in use and operating pressure and temperature. This decision will be based on literature 

and on supplier information and datasheet, thus, this variable will not be studied in the DoE. 

 Pressure (TMP) and Crossflow rate 

As address in the  State of the art section, TMP is the driving force in membrane pro-

cesses and should be fine-tunned along with crossflow rate, to optimize the highest flux possible, 

while avoiding/minimizing the formation of the cake layer at membrane surface.  

 Temperature 

Temperature can influence the viscosity, increase the presence of degradation products 

and reduce material stability. Also higher temperatures can increase the tendency to crystalliza-

tion, by residual dissolution.    
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 Concentration factor (Solids’ concentration) 

The concentration factor should be carefully studied since particle growth may occur, 

without adequate mixing.23,76 As solvent is removed, particles are concentrated and the tendency 

to aggregate increases.   

 Diafiltration factor 

The diafiltration factors represents the extent to which original solvent and antisolvent 

mixture is replaced by antisolvent solely. The plan will be to “track” the organic solvent in retentate 

stream with a conductometer until ICH levels are acceptable, thus this factor is excluded from the 

DoE.  

The variables for CFF DoE are summarized in Table 3.3 and DoE schematization is pre-

sented in Figure 3.3. 

Table 3.3 – Summary of variables for CFF DoE along with their possible impact on pro-
cess/product attributes. Selected factors are highlighted in bold. 

Variables Rationale 

Porous size*/Area of filtration May impact yield, membrane efficiency 

Membrane Material* May impact process, yield, cycle time 

Pressure (TMP) and  

Crossflow rate 

May impact yield, membrane efficiency and cycle time and 

process cost (replace membranes more frequently) 

Temperature  May impact morphology, assay, yield and membrane effi-

ciency 

Concentration Factor  

(solids’ concentration) 

May impact membrane efficiency (gel layer)  and yield (in-

crease non-recoverable product) 

Diafiltration Factor** May impact yield (if loss of particles to permeate) and cycle 

time 

* Selected based on supplier information and literature ** Conductivity measurements  

  

Figure 3.3 – CFF DoE Schematization (Initial Experimental Plan). 
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 REDUCED EXPERIMENTAL PLAN  

Due to the pandemic situation of COVID-19, the initially proposed experimental plan had 

to be readjusted. The working schedule in the laboratory facilities, the available resources and 

equipment had to be, forcibly, adjusted to cope with Health, Safety and Environmental (HSE) 

requirements, which resulted in an inevitable decrease in the number of experiments and the time 

to conduct them.  

 In Silico Screening, In Vitro Screening and initial studies 

Only confirmatory trials from in silico screening results were carried out in the laboratory 

during in vitro screening. pH effect experiments remained the same. S/AS ratio studies were re-

duced to only 5 wt.% of feed solids’ concentration.  

 DoEs 

It was decided to perform only center point experiments in the HSM and HPH DoEs. In 

the concentration and diafiltration step, the DoE was also reduced to center points. The final 

version of the DoEs is represented bellow in Figure 3.4 to Figure 3.6. 

   

Figure 3.4 – HSM DoE Schematization (Reduced Experimental Plan). 

   

Figure 3.5 – HPH DoE Schematization (Reduced Experimental Plan). 
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Figure 3.6 – CFF DoE Schematization (Reduced Experimental Plan).
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 MATERIALS  

The materials used during SD benchmarks and coprecipitated prototypes production are listed in Table 3.4. 

Table 3.4 – Materials used during SD benchmarks and coprecipitated prototypes production. 

Material Vendor/Manufacturer  Purity (wt.%) C.A.S number 

Furosemide (FUR)  Fagron Iberica, S.A.U. 98.5 – 101.0 54-31-9 

Itraconazole (ITZ) Fagron Iberica, S.A.U. 98,5 – 101.5 84625-61-6 

Eudragit L100  
(1:1methacrylic acid and methyl methacrylate co-polymer)  

Evonik Röhm GmbH Non-available 25086-15-1 

HPMCAS-M  
(hydroxypropylmethylcellulose acetate succinate) 

Shin-Etsu Chemical Co., Ltd >95 71138-97-1 

Dicloromethane (DCM) Drogas Vigo, S.L. 100 75-09-2 

Methanol (MeOH) Drogas Vigo, S.L. >99 67-56-1 

Dimethyl sulfoxide (DMSO) Biosolve Chimie 99.99 67-68-5 

Citric Acid monohidrated Quimidroga S.A 100 5949-29-1 

Methanol gradient grade for liquid chromatography Li-
Chrosolv® Reag. Ph Eur 

Merck KGaA <= 100 67-56-1 

N,N-Dimethylformamide (DMF) Sigma-Aldrich Química, S.L <= 100 68-12-2 

N,N-Dimethylacetaminde (DMA) Sigma-Aldrich Química, S.L. <= 100 127-19-5 

N-Methyl-2-pyrrolidone (NMP) Sigma-Aldrich Química, S.L. <= 100 872-50-4 

Acetonitrile (ACN) gradient grade for liquid chromatog-
raphy LiChrosolv® Reag. Ph Eur 

Merck KGaA <= 100 75-05-8 

Trifluoroacetic Acid (TFA) for spectroscopy Uvasol® Merck KGaA >= 80 - <= 100 76-05-1 

Fasted State Simulated Intestinal Fluid (FaSSIF) powder biorelevant.com, Ltd., United Kingdom. 70.3 - 77.7 145-42-6 

Deionized water Milli-Q® Water Purification System Non-applicable Non-applicable 
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To better understand the behavior of the molecules used as model drugs and the studied 

polymers, Figure 3.7 displays the chemical structures of the drugs and Table 3.5 and Table 

3.6 summarize their physicochemical properties. 

 

 

Figure 3.7 – Chemical structure of Itraconazole (ITZ) and Furosemide (FUR). 
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3. Table 3.5 – Physicochemical properties of the model drugs used in this work.  

Physicochemical  

Characteristics 
Itraconazole Furosemide 

Molecular formula C35H38Cl2N8O4 C12H11ClN2O5S 

Molecular weight (g/mol) 705.64 330.74 

LogP 6.2a 2.56h  

pKa 3.7a 3.53, 9.90h 

Tm (ºC) 166.2b 206.0i 

Tg (ºC) 59.9c 61.8j 

Aqueous solubility  Pratically insolubleb 73.1 mg/L (at 30ºC)i 

In buffer at pH 1.7  

(stomach) (mg/mL) 

3.68d 0.03d 

In buffer at pH 6.5  

(jejunum/ileum) (mg/mL) 

0.0003d 29.2d 

Expected target dose 100 mgf 20, 40 or 80 mgk 

Drug indication Triazole antifungal agentg  Potent loop diuretic; hyperten-

sion and edema treatmentl 

BCS Class IIg IVl  

a retrieved from 26; b retrieved from 96; c retrieved from  97; d calculated with ACD/Percepta© 2019.1.3 Build 

3200; f retrieved from 98; g retrieved from 26; h retrieved from 30; i retrieved from 99; j retrieved from 100; k 

retrieved from 101; l retrieved from 27 
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Table 3.6 – Physicochemical properties of the studied polymers.  

Polymer Chemical category 
Molecular weight 

(g/mol) 
Classification 

Solubility/ 

Dissolution pH 
Tg (ºC) 

Degradation  

temperature (ºC) 

Methocel E3a Cellulose ethers 8 200 Non-ionic Water soluble 170 – 180 190 

Methocel E5a Cellulose ethers 10 000 Non-ionic Water soluble 170 – 180 190 

Methocel E15a Cellulose ethers 20 000 Non-ionic Water soluble 170 – 180 190 

HPMCP-HP55a Cellulose ethers 80 000 – 130 000 Anionic pH>5.0 133 185 

HPMCAS-La,c Cellulose ethers ~ 18 000 Anionic pH>5.5 120 – 135 200 

HPMCAS-Ma,c Cellulose ethers ~ 18 000 Anionic pH>6.0 120 – 135 200 

HPMCAS-Ha,c Cellulose ethers ~ 18 000 Anionic pH>6.8 120 – 135 200 

Soluplusa 
Polyvinyllactam  

polymers 
118 000 Non-ionic Water soluble ~ 70 250 

PVP/VA 64a 
Polyvinyllactam  

polymers 
45 000 – 70 000 Non-ionic Water soluble 106 230 

Povidone K30a,b 
Polyvinyllactam  

polymers 
50 000 Non-ionic Water soluble 168 >300 

Eudragit EPOa 
Methacrylate  

copolymers 
47 000 Cationic pH<5.0 ~ 48 200 

Eudragit L100a 
Methacrylic acid  

copolymers 
125 000 Anionic pH>6.0 192 380 

Eudragit L100-55a 
Methacrylate  

copolymers 
320 000 Anionic pH>5.5 110 300 

a Retrieved from 102; b Retrieved from 103; c Retrieved from 104
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 METHODS 

 In Silico Screening 

Hansen solubility parameters (HSP) for Itraconazole and Furosemide were determined 

with HSPiP software. In this methodology, the total solubility of a chemical entity is estimated by 

the solubility contribution of each of the molecule’s functional groups – functional group contribu-

tion method. Each contribution is decomposed in 3 main solubility drivers: 𝛿𝐷 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛, 

𝛿𝑃 𝑝𝑜𝑙𝑎𝑟 and 𝛿𝐷 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑏𝑜𝑛𝑑𝑖𝑛𝑔. Chemical entities with similar molecular parameters are, in 

theory, miscible and the solubility distance between two components estimated as follows: 

𝑯𝑷𝑺 𝒅𝒊𝒔𝒕𝒂𝒏𝒄𝒆𝟐 = 𝟒(𝜹𝑫𝟏 − 𝜹𝑫𝟐)𝟐 + (𝜹𝑷𝟏 − 𝜹𝑷𝟐)𝟐 + (𝜹𝑯𝟏 − 𝜹𝑯𝟐)𝟐  

Equation 3.1 – Hansen solubility parameters distance calculation. 

Then, using the Solvent Optimizer tool within the HSPiP software, ITZ and FUR solubility 

parameters were benchmarked against the Hovione’s solvent database values, to generate a set 

of promising solvent systems to be confirmed in vitro. 

The miscibility assessment was performed using the Flory-Huggins (F-H) model (Equa-

tion 3.2):  

∆𝐺

𝑅𝑇
= 𝑛𝑑𝑙𝑛𝜑𝑑 + 𝑛𝑝𝑙𝑛𝜑𝑝 + 𝜒𝑑𝑝𝑛𝑑𝜑𝑝 

Equation 3.2 – Flory-Huggins equation. 

where ∆𝐺 is the free energy of mixing, 𝑅 is the gas constant, 𝑇 is the absolute temperature, 𝑛𝑑,𝑝 

are the number of moles of the drug and polymer, respectively, 𝜑𝑑,𝑝 are the volume fractions of 

the drug and polymer, respectively, and 𝜒𝑑𝑝 is the F-H interaction parameter. The Flory-Huggins 

model represents the Helmholtz free energy, where the interaction parameters are computed 

from the component’s solubility parameters (obtained from HSPiP software) and Hovione’s poly-

mer database. Different drug-polymer ratios were assessed. Polymers from different chemical 

families were evaluated: methacrylic acid copolymers (Eudragit EPO, Eudragit L100, Eudragit 

L100-55), hydroxyl propyl methyl cellulose acetate succinate (HPMCAS-H, HPMCAS-L, HPM-

CAS-M), hydroxyl propyl methyl cellulose (HPMCP-HP55, Methocel E3, Methocel E5, Methocel 

E15), polyvinylpyrrolidone (Povidone K30, PVP/VA 64) and Soluplus. 

 In Vitro Screening 

 Solvent Screening 

100 mg of each API were weighted into small vials to evaluate the solvent systems from 

the in silico screening outcome. The solvent/solvent systems were slowly added, under stirring, 

until complete dissolution of the API. When the solution turned clear, the vials were tightly sealed 
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and left overnight in a stirring plate. Solids’ concentration was calculated and the solution visually 

evaluated (immediately and overnight). 

9.5 g of the solvents/solvent system were added to 500 mg of each polymer, under stirring 

and the solution was visually evaluated. 

 Solvent Casting 

5 g solutions with 5 wt.% solids’ concentration and different API:Polymer ratio were pre-

pared, under stirring, according to Table 3.7. When all of the material was completely dissolved, 

40 µL of each solution were pipetted to DSC aluminum pans 3 times to assure approximately 5 

mg of casted film. These pans were dried 24 hours in a tray oven at 40 ºC, to promote solvent 

evaporation and formation of casted films. After drying, the pans were sealed with pin-holed lids, 

placed in the DSC sample tray and analyzed with the mDSC method described latter in this sec-

tion. 

Table 3.7 – Solvent Casting – Studied conditions. 

Test # API (wt.%) Polymer (wt.%) API (mg) Polymer (mg) 

1 ITZ (100%) N/AP 250 0 

2 FUR (100%) N/AP 250 0 

3 ITZ (10%) HPMCAS-M (90%) 25 225 

4 ITZ (30%) HPMCAS-M (70%) 75 175 

5 ITZ (50%) HPMCAS-M (50%) 125 125 

6 ITZ (10%) Eudragit L100 (90%) 25 225 

7 ITZ (20%) Eudragit L100 (80%) 50 200 

8 ITZ (50%) Eudragit L100 (50%) 125 125 

9 FUR (20%) HPMCAS-M (80%) 50 200 

10 FUR (50%) HPMCAS-M (50%) 125 125 

11 FUR (80%) HPMCAS-M (20%) 200 50 

12 FUR (20%) Eudragit L100 (80%) 50 200 

13 FUR (50%) Eudragit L100 (50%) 125 125 

14 FUR (60%) Eudragit L100 (40%) 150 100 

15 N/AP HPMCAS-M (100%) 0 250 

16 N/AP Eudragit L100 (100%) 0 250 

N/AP – Non applicable 

 Supersaturation Studies 

FaSSGF, Transition medium and FaSSIF Biorelevant medium Preparation 

To prepare a 2 L FaSSFG Buffer with the concentration of 2 g NaCl/L and a pH of 1.6, 

1800 mL of deionized water were transferred into a 2 L volumetric flask, followed by the addition 

of 3.998 g of sodium chloride (NaCl) and stirring in a stirrer plate RCT basic (IKA, Germany) until 

NaCl was completely dissolved. The pH was adjusted with concentrated hydrochloric acid (HCl) 

and the volume was completed with deionized water. Then, 1000 mL of this Buffer FaSSFG were 
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transferred into a 2 L flask and 0.1194 g of FaSSIF powder were added. To finalize, the remaining 

1000 mL of Buffer FaSSFG were added to the 2 L flask, with continuous stirring.  

To prepare a 2 L Transition Medium Buffer with a pH of 7.5, 3.950 g of sodium hydroxide 

(NaOH), 12.741 g of sodium phosphate monobasic anhydrous (NaH2PO4) and 19.500 g of NaCl 

were weighted and added to 1800 mL of deionized water in a 2 L volumetric flask. The Transition 

Medium Buffer solution was left to stir. pH was adjusted with concentrated HCl and NaOH. The 

volume was completed with deionized water. 1000 mL of Transition Medium Buffer were trans-

ferred to a 2 L flask and 8.195 g of FaSSIF powder was added, under stirring. The remaining 

1000 mL were transferred to the 2 L flask and the Transitium Medium was then left to stir for 30 

minutes. 

To prepare 1 L of FaSSIF, 500 mL of FaSSFG and 500 mL of Transition Medium were 

transferred into a 1 L flask. 

HPMCAS-M and Eudragit L100 Solutions in FaSSIF  

Two concentrated solutions, one for each polymer, were prepared in FaSSIF. 90 mg of 

HPMCAS-M and 90 mg of Eudragit L100 were dissolved in 50 mL of FASSIF, respectively, to 

obtain 1.8 mg/mL solutions. Both solutions were placed in an ultrasonic bath Branson 8800 (Em-

erson, USA) for 20 minutes until complete dissolution. These solutions were diluted in 10 mL 

volumetric flasks, according to the concentrations required (see Table 3.8). 

API Stock solutions   

Two stock solutions, one for each API, were prepared according to 50 times the respec-

tive target dose. The target dose of ITZ in solution was set at 200 µg/mL – which corresponds to 

the concentration of 100 mg (dosage of Sporanox® capsules98) in 500 mL of intestinal fluid (FaS-

SIF). Similarly, the FUR solution concentration was set at 160 µg/mL – the equivalent concentra-

tion of 80 mg of FUR (maximum dosage of Lasix® tablets101) in 500 mL of FASSIF. Thus, the ITZ 

solution was prepared by dissolving 50 mg of ITZ in 5 mL of DMF and the FUR solution was 

prepared by dissolving 40 mg of FUR in 5 mL of DMF. 

UV Absorbance used in supersaturation studies 

UV absorbance was used to evaluate the polymer’s ability to maintain the supersaturated 

state. These studies were conducted in a UV multi-well plate reader (Synergy|HTX Multi-Mode 

Microplate Reader, Biotek) using 24-well quartz microplates. 

To generate supersaturated solutions, 30 µL of the corresponding API stock solution was 

spiked into 1.5 mL of FASSIF or polymer/FASSIF solutions already inside the well. Table 3.8 

covers the studied conditions. 
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Table 3.8 – Supersaturation studies conditions. 

Test # API (wt.%) Polymer (wt.%) 

Polymer concen-

tration in FASSIF  

(mg/mL) 

Pipetted volume of the 

respective concentrated 

polymer solution (mL) 

1 ITZ (100%) N/AP 0 N/AP 

2 FUR (100%) N/AP 0 N/AP 

3 ITZ (10%) HPMCAS-M (90%) 1.80 N/AP 

4 ITZ (30%) HPMCAS-M (70%) 0.47 2.6 

5 ITZ (50%) HPMCAS-M (50%) 0.20 1.1 

6 ITZ (10%) Eudragit L100 (90%) 1.80 N/AP 

7 ITZ (20%) Eudragit L100 (80%) 0.80 4.4 

8 ITZ (50%) Eudragit L100 (50%) 0.20 1.1 

9 FUR (20%) HPMCAS-M (80%) 0.64 3.6 

10*     

11*     

12 FUR (20%) Eudragit L100 (80%) 0.64 3.6 

13 FUR (50%) Eudragit L100 (50%) 0.16 0.9 

14 FUR (60%) Eudragit L100 (40%) 0.11 0.6 
* Tests 10 and 11 were not performed due to the results obtained from solvent casting. 

  N/AP – Non applicable 

Samples were incubated at 37 ºC with continuous orbital shaking and analyzed at a se-

lective wavelength for the API (300 nm for ITZ and 350 nm for FUR) and at a non-selective/ab-

sorbing wavelength for both APIs (450 nm). Data collection started immediately after spiking the 

corresponding API solution to the test medium. Absorbance measurements were performed each 

minute for 12 hours. All experiments were made in duplicate.  

 Spray Drying 

Solutions Preparation at 5 wt.% solids’ concentration 

Two solutions of ITZ and FUR were prepared in DCM/MeOH (70/30 wt.%), at equal solids’ 

concentration (5 wt.%), as presented in Table 3.9. Each API was added, followed by very slow 

addition of the polymer, under stirring and until complete dissolution.  

Table 3.9 – SD solutions preparation. 

API (wt.%) API (g) Polymer (wt.%) Polymer (g) DCM (g) MeOH (g) 

ITZ (30%) 9 HPMCAS-M (70%) 21 399 171 

FUR (50%) 20 Eudragit L100 (50%) 20 532 228 

Spray Drying 

Spray drying was performed in a laboratory scale spray dryer (BÜCHI Mini Spray Dryer 

B-290, Switzerland) to dry: (1) the solutions of ITZ:HPMCAS-M and FUR:Eudragit L100 (bench-

marks), and (2) the two suspensions produced by coprecipitation followed by CFF.  
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(1) Spray Drying – Benchmarks  

The spray dryer was equipped with a two-fluid nozzle with 0.7 mm orifice and 1.5 mm cap 

and the unit was operated in closed-loop configuration (i.e. with recirculation of the drying nitro-

gen). Nitrogen was used as atomizing gas. Before initiating spray drying, the unit was stabilized 

first with nitrogen, and then with the process solvent system to guarantee stable inlet and outlet 

temperatures. The outlet temperature (Tout) was controlled by modulating the inlet temperature 

(Tin). The condenser temperature was set at -5 °C. After stabilization, the solutions were fed 

through a peristaltic pump at different flow rates (Ffeed) (see Table 3.10) and atomized (Fatom) at 

the nozzle. The droplets formed were dried in the spray drying chamber by a co-current nitrogen 

stream (Fdrying ≈ 20 kg/h). The dried particles were directed to a high-performance cyclone and 

lastly collect in an amber flask. A post-drying step was performed for the SD benchmark powders 

at 45 °C, under vacuum for 24 hours in a tray drying oven Vaciotem-TV (P Selecta, SA., Barce-

lona). 

(2) Spray Drying – Suspensions produced by Coprecipitation followed by CFF 

To dry the suspensions, the SD unit was operated in open-loop configuration (i.e. without 

recirculation of the drying nitrogen). The spray dryer was equipped with a two-fluid nozzle with 

0.7 mm orifice and 1.5 mm cap and the condenser temperature was set at a higher temperature 

(5°C) to avoid water freezing. The spray dryer was stabilized with nitrogen, followed by stabiliza-

tion with water. After stabilization, the suspensions were fed through a peristaltic pump and          

atomized at the nozzle (see Table 3.10). The droplets formed were dried in the spray drying 

chamber by a co-current nitrogen stream (Fdrying ≈ 40 kg/h). The dried particles were directed to 

a set of two-coupled high-performance cyclones and lastly collect in amber flasks. No post-drying 

step was performed. 

Table 3.10 – Spray Drying – Process Conditions. 

System Tin (°C) Tout (°C) Ffeed (kg/h) Fatom (kg/h) 

ITZ:HPMCAS-M Solution 69 40 1.0 0.35 

FUR:Eudragit L100 Solution 65 40 0.7 0.83 

ITZ:HPMCAS-M Suspensions  157 80 0.6 0.83 

 

 Coprecipitation  

 Initial Studies: Solvent/Antisolvent Ratio Study & pH effect study 

Six solutions were prepared in DMSO (solvent) at equal solids’ feed concentration (5 

wt.%), according to Table 3.11. The solutions were maintained under stirring (≈ 300 rpm) until 

complete visual dissolution was observed. Then, water (antisolvent) was added and suspensions 

were produced. After suspensions’ settling, 1 mL of the supernatant was removed, using a filter 

syringe (Acrodisc® syringe filter membrane GHP, diam. 25 mm, pore size 0.45 µm) to minimize 
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the presence of suspended particles, and diluted with dissolution mixture (ACN:H2O 50:50 vol.%) 

into volumetric flasks of 100, 50 and 25 mL. The samples were evaluated with HPLC with   cor-

respondent method described in Analytical Characterization. 

Table 3.11 – Solvent/Antisolvent ratio study – tested conditions. 

Test 

# 

Ratio (wt.%) Mass (g) 
API (wt.%):Polymer (wt.%) 

API 

(mg) 

Polymer 

(mg) DMSO H2O DMSO H2O 

1 1 3 10 30 ITZ (30%):HPMCAS-M (70%) 158 368 

2 1 7 10 70 ITZ (30%):HPMCAS-M (70%) 158 368 

3 1 12 10 120 ITZ (30%):HPMCAS-M (70%) 158 368 

4 1 3 10 30 FUR (50%):Eudragit L100 (50%) 263 263 

5 1 7 10 70 FUR (50%):Eudragit L100 (50%) 263 263 

6 1 12 10 120 FUR (50%):Eudragit L100 (50%) 263 263 

To evaluate the effect of pH in coprecipitation, three API:Polymer stock solutions with 

equivalent solids’ feed concentration (5 wt.%) were prepared using DMSO as solvent, as sum-

marized in Table 3.12. The solutions were maintained under stirring (≈ 300 rpm) until complete 

visual dissolution was observed. 

Table 3.12 – Solutions preparation for pH effect study in coprecipitation. 

Stock Solution DMSO (g) API (wt.%):Polymer (wt.%) API (g) Polymer (g) 

1) 38 ITZ (30%):HPMCAS-M (70%) 0.6 1.4 

2) 38 FUR (50%):Eudragit L100 (50%) 1.0 1.0 

3) 38 FUR (20%):Eudragit L100 (80%) 0.4 1.6 

Then, six experiments were performed in small flasks where 50 g of, either acidified or 

not, cold water were added under stirring (≈ 300 rpm) into 5 g of the solutions previously prepared 

(Table 3.13). The resultant suspensions were analyzed with PLM.   

Table 3.13 – Conditions of the study of pH effect in coprecipitation. 

Test # Stock Solution Solution (g) Antisolvent Antisolvent (g) 

1 1) 5 Cold water 50 

2 1) 5 Acidified cold water (pH=2) 50 

3 2) 5 Cold water 50 

4 2) 5 Acidified cold water (pH=2) 50 

5 3) 5 Cold water 50 

6 3) 5 Acidified cold water (pH=2) 50 
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Solutions Preparation for coprecipitation 

Two solutions of ITZ and HPMCAS-M were prepared in DMSO, with equal solids’ con-

centration (5 wt.%) and drug load (30wt.%), as presented in Table 3.14. The antisolvent was 

acidified water in a mass proportion of 1 solvent:12 antisolvent. The water was acidified with citric 

acid monohydrate to reach a pH of 2. One solution was intended for the coprecipitation with a 

high shear mixer and the other was used in the high-pressure homogenization coprecipitation 

process. 

Table 3.14 – Coprecipitation solutions preparation. 

Process ITZ (g) HPMCAS-M (g) DMSO (g) Acidified Water (g) Citric Acid (g) 

HSM 1.8 4.2 114 1 368 10.6 

HPH 3.0 7.0 190 2 280 17.5 

 

 High Shear Mixer (HSM) 

A high shear mixer (T 25 digital ULTRA-TURRAX®, IKA) was used to perform coprecip-

itation. The acidified water was initially introduced in the reactor, and its temperature set at 5 ºC. 

The speed of the HSM was set at 3 000 rpm. ITZ solution was exactly fed beneath the rotor/stator 

of the HSM, through a L-shaped tube (Figure 3.8). The solution flow rate (35 mL/min) was con-

trolled with a peristaltic pump.  
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Figure 3.8 – Coprecipitation with a HSM setup. 

 

 High-Pressure Homogenization (HPH) 

The other coprecipitation trial was executed with a high-pressure homogenization tech-

nique in an electric-hydraulic pilot scale homogenizer (M110EH Microfluidizer®, Microfluidics) 

(Figure 3.9). 

To promote precipitation, the acidified water was cooled and its temperature maintained 

at 5 ºC. The solution was kept at room temperature, to avoid DMSO solidification. Antisolvent was 

gravity fed and the solution flow rate (≈ 28 mL/min) was controlled with a peristaltic pump to 

maintain the ratio of 1 solvent:12 antisolvent. Both streams were pressurized to, approximately, 

120 bar in the intensifier pump. The combined stream passed through an Y-type interaction cham-

ber with 75 µm diameter microchannels (F20Y), followed by Z-type chamber with 200µm diameter 

microchannels (H30Z). Only one passage through this setup was performed and the suspension 

was collected in a vessel. 

Solution 

Antisolvent 

Rotor-stator 

HSM 
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Figure 3.9 – HPH Coprecipitation setup (top) and interaction chambers and intensifier pump identi-
fication (bottom). 

 Crossflow filtration 

Concentration and diafiltration were executed in an automated pump system – KrosFlo® 

KR2i Tangential Flow Filtration System (Repligen, California, USA). The system consists of a 

digital peristaltic pump, man/machine interface with graphical LCD display, a pump head, digital 

readouts of pressure values with automated shut-off controls, module stand and real-time data 

collection software KF Comm. The setup is shown in Figure 3.10. 

F20Y 
H30Z 

Intensifier 

pump  

Solution reactor 

Suspension collection 

vessel 

Antisolvent reactor 
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Feed suspensions were kept in an ice bath to minimize residual dissolution. 

 Concentration and diafiltration after Coprecipitation with HSM 

Concentration was carried out in two parts, where two Spectrum® Hollow fiber modules 

were, respectively, used: D04-E500-05-N and D06-E500-05-N.  

Concerning the D04-E500-05-N module, fiber inner lumen diameter was 0.5 mm, fiber 

length was 41.5 cm, membrane material was modified polyethersulfone (mPES), with a total sur-

face area of 235 cm2. The model molecular weight cut-off (MWCO) rating was 500 kD. The ma-

terial of the D06-E500-05-N module was also modified polyethersulfone (mPES), the fiber inner 

lumen diameter remained at 0.5 mm and MWCO rating of 500 kD. This module had a bigger fiber 

length (65 cm) with a higher total surface area of 370 cm2.   

In the software KF COMM, “Concentration Mode” was selected, the weight of the HSM 

suspension was introduced and a concentration factor of 2 defined. At “main pump section”, tub-

ing in usage was #14, ramp rate 5 seconds, a 10 %/sec slow for valve and control shear was off. 

The feed flow rate was initially set at 10 mL/min and the automated backpressure valve at 0.6 

bar. After all the configurations the process was initialized. Live-tracking of process variables was 

done, and software automatically saved data every ten seconds until de end of the trial.  

In diafiltration, D06-E500-05-N module was used. Setup conditions and defined parame-

ters did not change, except for feed flow rate which was initially set at 20 mL/min. Cold acidified 

water was fed to the feed reservoir through a peristaltic pump at the same permeate flow rate to 

keep a constant feed volume. The feed suspension was washed twice, i.e. two diafiltration vol-

umes of acidified cold water washed through the process volume.  

 Concentration and diafiltration after Coprecipitation with HPH 

In both concentration and diafiltration, D06-E500-05-N Spectrum® Hollow fiber module 

was used. To perform concentration, in the software KF COMM, “Concentration Mode” was se-

lected, the weight of the HPH suspension was introduced and a concentration factor of 2 defined. 

At “main pump section”, settings remained unchanged: tubing in usage was #14, ramp rate 5 

seconds, a 10%/sec slow for valve and control shear was off. The feed flow rate was initially set 

at 30 mL/min and the automated backpressure valve at 0.6 bar. After all the configurations the 

process was initialized. Live-tracking of process variables was done, and software automatically 

saved data every ten seconds until the end of the trial.  

During diafiltration, feed flow rate was set at 18 mL/min. Setup conditions and other pre-

defined parameters remained the same. Cold acidified water was fed to the feed reservoir through 

a peristaltic pump at the same permeate flow rate to keep a constant feed volume. Two diafiltra-

tion volumes of acidified cold water washed through the process volume.  
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Figure 3.10 – CFF unit setup. 
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 Analytical Characterization 

mDSC and supersaturation studies were used to characterize the various samples in the 

screening stages, in order to identify the most promising formulation. 

In the solvent/antisolvent ratio study, HPLC was used to evaluate the presence of residual 

API in the supernatant and PLM was used to ascertain the pH effect on coprecipitation study 

through birefringence evaluation. 

The dried powders obtained were analytically characterized by: mDSC, XRDP, GC, TGA, 

HPLC, PSD, SEM, bulk density and in vitro biorelevant dissolution studies. 

 mDSC 

Thermal analysis experiments were performed in a TA Q1000 (TA Instruments, New Cas-

tle, Delaware, USA) equipped with a refrigerated cooling system. Enthalpy response was cali-

brated with indium. The samples were analyzed in pin-holed DSC aluminum pans, under contin-

uous dry nitrogen purge (50 mL/min). Samples were analyzed using a modulated heating ramp 

from 0 °C to 250 °C at a heating rate of 2 °C/min. 

Data was analyzed and processed using the TA Universal Analysis 2000 Software (TA 

Instruments, New Castle, Delaware, USA). The glass transition temperature (Tg) was taken as 

the inflection point in the heat capacity change (ΔCp) observed in the reversible heat flow, while 

exothermic and endothermic peaks were identified in the non-reversible and total heat flows. 

 PLM 

An aliquot of each suspension was added to a microscope slide and micrographs were 

taken in a polarized light microscope (Motic®, China). 

 XRPD 

XRPD was performed in a D8 Advance Bruker AXS Theta-2 Theta diffractometer with a 

copper radiation source (Cu Kα, wavelength = 1.5406 Å), voltage 45 kV, and filament emission 

40 mA. The samples were measured over a 2θ interval from 5.0076 to 39.9998° with a step size 

of 0.0131° and step time of 97.92 s. 

 GC 

For SD benchmarks, 100 mg of each sample were added to 10 mL headspace GC vials. 

1 mL of DMA was added into each vial. The detector was at a temperature of 270 ºC in a constant 

makeup mode: makeup flow – N2 – 30 mL/min; hydrogen flow 40 mL/min; air flow 400 mL/min. 

The column used was DB-624, with 30 m length, 0.32 mm internal diameter and 1.8 µm of film 

thickness. The carrier gas was helium, and it was fed at a constant flow rate (2 mL/min). The oven 

conditions were as presented in Table 3.15. 

For coprecipitated prototypes, 100 mg of each sample were added to 20 mL headspace 

GC vials. 2 mL of NMP were added into each vial. The detector was at a temperature of 250ºC in 
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a constant makeup mode: makeup flow – N2 – 30 mL/min; hydrogen flow 40 mL/min; air flow 400 

mL/min. The column used was DB-624, with 60 m length, 0.32 mm internal diameter and 1.8 µm 

of film thickness. The carrier gas was helium, and it was fed at a constant flow rate (2 mL/min). 

The oven conditions were as presented in Table 3.15. 

 Table 3.15 – GC oven conditions for SD benchmarks and coprecipitated prototypes sam-
ples. 

Oven conditions SD benchmarks samples Coprecipitated prototypes samples 

Equilibration time (min) 0.0 0.05 

Initial temperature (ºC) 32 40 

Initial time (min) 5.0 4.0 

Rate 1 (ºC/min) 0.5 3.0 

Final temperature (ºC) 37 60 

Hold time 1 (min) 0.0 0.0 

Rate 2 (ºC/min) 8.0 5.0 

Final temperature (ºC) 85 80 

Hold time 2 (min) 0.0 2.0 

Rate 3 (ºC/min) 30 35 

Final temperature (ºC) 220 200 

Hold time 3 (min) 2.0 2.0 

Rate 4 (ºC/min) N/AP 35 

Final temperature (ºC) N/AP 220 

Hold time 4 (min) N/AP 5.0 

Total run time (min) 27.5 27.67 

N/AP – Non applicable 
  

 TGA 

Thermogravimetric analysis experiments were performed in a TGA550 (TA Instruments, 

New Castle, Delaware, USA) and the data was analyzed and processed using the TA Universal 

Analysis 2000 Software (TA Instruments, New Castle, Delaware, USA). Samples were analyzed 

using a heating rate of 10 °C/min to 350 °C. 

Water content was calculated from the difference between the weight loss retrieved from 

TGA results and GC results (where the organic solvents were quantified). 

 HPLC 

Itraconazole and Furosemide quantification in the solid dispersions was performed using 

a Waters HPLC system (model 717plus Autosampler) with a dual wavelength absorbance detec-

tor (model 2487) and a binary HPLC pump (model 1525) (Waters, Milford, MA, USA). 

An X-Bridge BEH Shield RP18 (4.6 mm x 150 mm x 2.5 µm) column was used and its 

temperature maintained at 45 ºC. The mobile phase consisted of 50:50 %vol. ACN and water and 

0.1 %vol. of TFA and the isocratic flow rate was set at 1 mL/min. The dissolution mixture was 
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90:10 %vol. MeOH:H2O for ITZ samples and 50:50 %vol. ACN:H2O for FUR samples. The injec-

tion volume was 20 µL for ITZ samples and 10 µL for FUR samples. The UV absorbance was 

measured at λ = 270 nm and λ = 275 nm. The chromatographs were collected and the areas 

under the peaks integrated using Empower Version 2.0 (Waters, Milford, MA, USA). 

Method assessment  

To assess if the developed analytical method was suitable for its purpose, calibration 

curves, LoQ (limit of quantification), repeatability assay and system suitability tests were per-

formed.  

10 mg of crystalline ITZ were dissolved in 100 mL of dissolution mixture to obtain a stock 

solution of 100 µg/mL (target concentration). This solution was further diluted to obtain solutions 

with 80, 50, 20 10, 5, 1, 0.2, 0.1, 0.05 % of the target concentration, to determine ITZ linearity.  

10 mg of crystalline FUR were dissolved in 100 mL of dissolution mixture to obtain a 100 

µg/mL solution and then diluted to obtain a stock solution of 50 µg/mL. This solution was further 

diluted to obtain solutions with 80, 50, 20 10, 5, 1, 0.2, 0.1, 0.05 % of the target concentration, to 

determine FUR linearity.  

 PSD 

Particle size distribution was assessed by laser diffraction technology in Sympatec dry 

dispersion unit (Sympatec HELOS/BR Rodos/M Aspiros Sympatec GmbH, Clausthal-Zellerfeld, 

Germany). Two lenses with different measuring ranges were used: R2 (0.45 - 87.5 µm) and R5 

(4.5 - 875 µm). In the dispersing method, the feed velocity was set at 50 mm/s and the pressure 

was set at 5 bar. 

 SEM 

Each sample was attached to carbon tapes (Ted Pella Inc., CA, USA) fixed in aluminum 

stubs. Excess powder was removed with a jet of pressurized air. Phenom ProX scanning electron 

microscope (Thermo Fisher Scientific, USA) was used to examine the morphology of the particles 

produced in high vacuum mode and the acceleration voltage was 10 kV. 

 Bulk density 

Bulk density was determined by gently filling a graduated cylinder with a specific volume 

and registering the corresponding weight. Measurements were made in triplicate. 

 In vitro biorelevant dissolution studies 

Calibration curves 

Two calibration curves were determined to calculate the API concentration during in vitro 

dissolution study. The requirements were: prepare a concentrated standard solution for each API 

at its particular target concentration; and dilute it reaching a concentration of at least 40x lower 

than target concentration. 
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The ITZ standard concentrated solution (200 µg/mL) was prepared by weighting 10 mg 

of crystalline ITZ into a 50 mL volumetric flask. The volume was completed with MeOH. To con-

struct the calibration curve, 8 diluted solutions were prepared from this initial standard solution 

with the following concentrations: 160, 120, 80, 40, 20, 10, 8, 4 µg/mL.  

The FUR standard concentrated solution (160 µg/mL) was prepared by weighting 16 mg 

of crystalline FUR into a 100 mL volumetric flask. The volume was completed with DMF. To con-

struct the calibration curve, 7 diluted solutions were prepared from this initial standard solution 

with the following concentrations: 128, 80, 40, 16, 8, 4, 1.6 µg/mL.  

All standard solutions were prepared and their absorbance was read at 290 nm on the 

same day. 

In vitro biorelevant dissolution studies were performed with an in-house developed meth-

odology that requires less product and less FaSSGF and Transition Medium.  

Target concentration of each API was determined considering the target dose (ITZ = 100 

mg; FUR = 80 mg) and a total volume of 500 mL of FaSSIF, similarly to the description in Super-

saturation Studies section. ITZ target concentration corresponded to 200 µg/mL, while FUR target 

concentration corresponded to 160 µg/mL. 

The rationale of this new methodology is to have this previously determined API target 

concentration in a total final volume of FaSSIF of 10 mL. 

FaSSFG and Transition Medium were prepared as previously described in the Supersat-

uration Studies Method. 

FaSSFG (pH 1.6) and Transition Medium (pH 7.5) were heated to 37 ºC in an incubator 

shaker. The correspondent amount of ASD product was weighted, considering the target concen-

tration for each API into small test tubes. 5 mL of FaSSFG at 37 ºC were added to each small 

test tube and the timer was started. Sampling timepoints were: 10, 20, 30, 40, 50, 60, 75, 90, 120, 

180 and 240 min. At each timepoint, the necessary sample volume was withdrawn from the small 

test tube to a quartz cuvette. Sample absorbance was measured at 290 and 410 nm in an UV-

spectroscopy and the sample being analyzed returned to the corresponding small test tube. After 

reading the absorbance of the 30 min timepoint, pH was shifted by the addition of 5 mL of Tran-

sition Medium to each small test tube, turning dissolution medium into a Fasted State Simulated 

Intestinal Fluid (FaSSIF). The absorbance measurements at the different timepoints proceeded 

as formerly described. The small test tubes were kept in the incubator shaker with orbital shaking 

(100 rpm) at 37 ºC, until the end of the study. 
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4. Results and Discussion 

 IN SILICO SCREENING  

The Hansen Solubility Parameters estimated for both drugs with HSPiP software are re-

ported in Table 4.1.  

Table 4.1 – Itraconazole and Furosemide Hansen Solubility Parameters. 

API 
Hansen Solubility Parameters 

δTot (MPa)1/2 δD (MPa)1/2 δP (MPa)1/2 δH (MPa)1/2 

ITZ 26.0 22.8 11.2 5.7 

FUR 27.8 20.4 14.0 12.8 

 

By benchmarking these HSP against the Hovione’s solvent database values, a list contain-

ing different solvents/solvent mixtures with the respective %vol. was obtained using the Solvent 

Optimizer tool within the HSPiP software. Table 4.2 and Table 4.3 present the solvent benchmark 

results for ITZ and FUR, respectively. The distances between solvent HSP and the API HSP are 

organized from smaller to higher distances, being this the key factors for solvent selection. A 

smaller distance is thermodynamically favorable, because chemical entities with similar molecular 

parameters are, in theory, miscible.105 

  

4 
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Table 4.2 – Itraconazole Solvent Benchmark.  

Solvent 1 vol.% Solvent 2 vol.% HSP Distance to ITZ 

DMSO 100 - - 12.0 

Acetone 20 DCM 80 13.0 

DCM 100 - - 12.3 

DCM 90 Methanol 10 13.4 

Acetone 100 - - 14.7 

Acetone 88 Ethanol 12 15.0 

Ethanol 100 - - 19.7 

Methanol 100 - - 23.2 

 

Table 4.3 – Furosemide Solvent Benchmark. 

Solvent 1 vol.% Solvent 2 vol.% HSP Distance to FUR 

DMSO 77 Water 23 7.2 

DMSO 51 DCM 49 9.4 

DMSO 56 Ethanol 44 9.5 

Methanol 36 DCM 64 9.8 

DMSO 65 Methanol 35 10.0 

Ethanol 44 DCM 56 10.0 

Acetone 73 Water 27 10.2 

DCM 100 - - 11.1 

DMSO 100 - - 11.7 

Acetone 38 Ethanol 62 11.8 

Acetone 53 Methanol 47 12.3 

Ethanol 100 - - 12.5 

Methanol 100 - - 14.9 

 

Approximations were done as well as the conversion to wt.% as a more practical unit of 

measure during manufacturing. Based on these results, a set of solvents/solvent systems was 

selected as most promising to be confirmed in vitro: 

 For itraconazole: DCM/MeOH (90/10 wt.%) as a solvent system for the spray 

drying process (benchmarks), since they both are volatile organic solvents, mis-

cible and there was in-house experience with this API. Additionally, DCM/MeOH 

(80/20 wt.%) and DCM/MeOH (70/30 wt.%) were also considered to test API 

solubility in vitro, given the solubility limitations of some polymers with bare DCM. 

DMSO was selected as a promising solvent for the coprecipitation process, due 

its high theoretical capacity of solubilizing the API (the theoretical closest dis-

tance between API/solvent solubility parameters from all the results). Since CFF 

would be integrated, being a high boiling point solvent was not a drawback.  

 For furosemide: DMC/MeOH (70/30 wt.%) as a solvent system for the spray 

drying process (benchmarks); DMSO/H2O (75/25 wt.%) for coprecipitation due 
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to the smaller HSP distance to FUR and miscibility between them. In addition, 

pure DMSO was considered to test API solubility in vitro as well. 

The selected solvent systems to be confirmed in vitro are summarized in Table 4.4. 

Table 4.4 – Selected solvent systems to be confirmed in vitro. 

API Solvent System wt.% 

ITZ 

DMSO 100 

DCM/MeOH 90/10 

DCM/MeOH 80/20 

DCM/MeOH 70/30 

FUR 

DMSO 100 

DMSO/H2O 75/25 

DCM/MeOH 70/30 

 

Even though this analysis was not made, for future work this author recommends to also 

calculate the HSP distance between solvent systems and the chosen polymers after miscibility 

assessment. 

The in silico screening to identify ITZ and FUR leading formulations was based on the 

thermodynamics miscibility assessment from the calculated API Hansen solubility parameters 

and Flory-Huggins equation (Equation 3.2). Figure 4.1 and Figure 4.2 represent the miscibility 

assessment between both drugs and polymers considered. Results are summarized in Table 4.5.  

Table 4.5 – Itraconazole and furosemide Flory-Huggins inflection point. 

Polymer 

Maximum API Load (wt.%) 

Spinodal point 

Itraconazole Furosemide 

Methocel E3 20% - 

Methocel E5 20% - 

Methocel E15 20% - 

HPMCP-HP55 50% - 

HPMCAS-L 34% - 

HPMCAS-M 41% - 

HPMCAS-H 32% - 

Soluplus 19% 50% 

PVP/VA 64 28% - 

Povidone K30 29% - 

Eudragit EPO 17% 52% 

Eudragit L100 18% 49% 

Eudragit L100-55 15% 42% 
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Figure 4.1 – Itraconazole/Polymer Flory-Huggins plot. 
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Figure 4.2 – Furosemide/Polymer Flory-Huggins plot. 
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It was decided to narrow down the selection to enteric polymers/anionic polymers. Enteric 

polymers prevent gastric degradation of drug, since they are insoluble at stomach acidic pH but 

soluble at intestinal neutral pH, and they can achieve higher bioavailability of weakly basic drugs, 

as ITZ.106 From the above listed polymers, the anionic polymers are the following: methacrylic 

acid copolymers (Eudragit L100, Eudragit L100-55), hydroxyl propyl methyl cellulose acetate suc-

cinate (HPMCAS-H, HPMCAS-L, HPMCAS-M) and hydroxypropylmethylcellulose phthalate 

(HPMCP-HP55).  

Minimum energy may traduce into a more likely thermodynamically stable formulation. 

On the other hand, lower spinodal points may be representative of less ideal formulations, with 

lower miscibility potential.  

For ITZ, cellulosic polymers seemed to yield more ideal formulations, due to their higher 

spinodal points, particularly for cases as HPMCAS-M and HPMCP-HP55. For this reason and 

due to laboratory material availability, HPMCAS-M was chosen as the lead polymer for ITZ. For 

FUR, an overall phenomenon is noticed: for some polymers it does not exist a spinodal point. 

This may indicate a more promising miscibility profile. Therefore, and for comparison motives, 

HPMCAS-M was also selected. Nevertheless, one grade of the Eudragit polymer “family” – Eu-

dragit L100 – was retained for further investigation. Although it does not seem as a good candi-

date for the ideal ITZ formulation, it appears to be promising for FUR formulations.  

To proceed to in vitro screening experiments, three drug loads were chosen with the 

following criteria: one drug load correspondent to minimum energy in Flory-Huggins plot, one near 

or a slightly below spinodal point and a final drug load exceeding the maximum theoretical esti-

mated miscibility, to evaluate the behavior of a high energy and ”stressed” formulation  and poly-

mer performance in vitro. With this approach, it is intended to acquire advanced knowledge on 

the influence of the stabilizing polymer and drug load. To point out that for FUR:HPMCAS-M, as 

no inflection point was observed in Flory-Huggins plot – which may indicate more favorable for-

mulations – three standard drug loads were selected. The proposed formulations are presented 

in Table 4.6. 

Table 4.6 – Proposed formulations for in vitro screening. 

API Polymer Drug Load (wt.%) 

ITZ 
HPMCAS-M 10, 30, 50 

Eudragit L100 10, 20, 50 

FUR 
HPMCAS-M 20, 50, 80 

Eudragit L100 20, 50, 60 



67 

 

 IN VITRO SCREENING 

 Solvent Screening 

The tested API/Solvent System compatibilities and calculated experimental solubilities 

are reported in Table 4.7.  

Table 4.7 – API solubilities tests results. 

API Solvent 

System 

(wt.%) 

[Solids’] 

obtained 

(wt.%) 

Solubilityexp 

(mg/mL) 

Immediate 

Results 

Overnight Results 

ITZ 
DCM:MeOH 

(90/10) 
19.0 291.0 

Very rapid dissolution. 

Clear 

Almost dried out. White 

paste 

ITZ DMSO 1.6 17.4 
More slow dissolution. 

Clear 
Completely clear 

ITZ 
DCM:MeOH 

(80/20) 
23.5 357.7 Rapid dissolution. Clear 

White paste, not com-

pletely dried.  

“Milky” effect 

ITZ 
DCM:MeOH 

(70/30) 
15.8 205.7 Rapid dissolution. Clear Completely clear 

FUR 
DCM:MeOH 

(70/30) 
2.6 29.7 Rapid dissolution. Clear Completely clear 

FUR 
DMSO:H2O 

(75/25) 
4.2 46.9 Slow dissolution. Clear 

Completely clear.  

Yellowish tone 

FUR DMSO 3.3 38.0 Slow dissolution. Clear 
Completely clear.  

Yellowish tone 

 

For ITZ, DMSO was the solvent with the lowest distance from the in silico screening. 

However, DCM:MeOH mixtures better promoted ITZ solubilization when tested in vitro. DMSO 

seems to be more thermodynamically favorable solvent (due to the low HSP distance), but less 

favorable kinetically – it took more time to yield a completely clear solution. Concerning the volatile 

solvent mixtures, a maximum solids (drug) load of 24 wt.% was achieved with DCM:MeOH (80/20 

wt.%). When left overnight with stirring, only the solution with DCM:MeOH (70/30 wt.%) remained 

clear as shown in Figure 4.3, while DCM:MeOH (90/10 wt.%) and DCM:MeOH (80/20 wt.%) ex-

periments showed complete or partial precipitation (highlighted with red) at the bottom of the vial. 

This may be explained by two main reasons. Solvent mixtures were added until a completely 

clear solution was obtained, resulting in a large and “empty” headspace volume in the vials of 

these experiments: very small volumes of DCM:MeOH mixtures were added and any small 

changes may had an influence the liquid-vapor equilibrium, affecting solubility. On the other hand, 

DCM:MeOH (70/30 wt.%) has a higher methanol content and MeOH has a higher boiling point 

(64.70 ºC) than DCM (39.75 ºC).107,108  

For FUR, the solvent system that enabled a higher solids’ load was DMSO:H2O (75/25 

wt.%) which is in agreement with in silico screening results. Nevertheless, the results are not far 
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apart from each other. All solvent systems remained completely clear after 24 hours under stirring, 

as observed in Figure 4.3. 

 

Figure 4.3 – ITZ and FUR Solvent Screening immediate and overnight results. 

Polymer compatibilities with the different solvent system under evaluation were tested at 

5 wt.% solids’ feed concentration and the results and images are represented in Table 4.8 and 

Figure 4.4.  

DMSO:H2O (75/25 wt.%) was not considered as a suitable solvent system, particularly 

for HPMCAS-M. Therefore, this solvent system was excluded. A possible way to circumvent this, 

could be by heating the solution, but that assessment was not performed. Complete dissolution 

in DMSO was noticed for both polymers. Concerning the volatile solvent mixtures, DCM:MeOH 

(70/30 wt.%) was the one more promising for both polymers. A solvent system ranking for these 

polymers can be: 

 HPMCAS-M: DCM:MeOH (90/10 wt.%) ≈ DCM:MeOH (70/30 wt.%) ≈ DMSO >> 

DMSO:H2O (75/25 wt.%); 

 Eudragit L100: DCM:MeOH (80/20 wt.%) ≈ DCM:MeOH (70/30 wt.%) ≈ DMSO  > 

DMSO:H2O (75/25 wt.%)  >> DCM:MeOH (90/10 wt.%) 
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Table 4.8 – Solvent Screening – Polymer dissolution results.  

Polymer Solvent System (wt.%) Results 

HPMCAS-M DCM:MeOH (90/10) Total dissolution. Clear. Yellowish tone 

HPMCAS-M DCM:MeOH (70/30) Total dissolution. Clear. Yellowish tone 

HPMCAS-M DMSO Total dissolution. Clear. Yellowish tone, Bubbles at surface 

HPMCAS-M DMSO:H2O (75/25) Didn’t dissolve. Suspension aspect 

Eudragit L100 DCM:MeOH (90/10) Didn’t dissolve. Formed a gel-like ball that didn’ disappeared overnight 

Eudragit L100 DCM:MeOH (80/20) Completely clear. Took a more time to dissolve 

Eudragit L100 DCM:MeOH (70/30) Completely clear. More rapid dissolution than in the previous conditions 

Eudragit L100 DMSO Completely clear 

Eudragit L100 DMSO:H2O (75/25) Formed a gel-like ball that disappeared overnight 

 

 

Figure 4.4 – HPMCAS-M and Eudragit L100 Solvent Screening results. 

Correlating API and polymers in vitro screening results, two solvent systems were cho-

sen, one for coprecipitation process and a volatile solvent mixture (mandatory criteria) for spray 

drying process. DCM:MeOH (70/30 wt.%) was selected for the spray drying process, since it was 

the volatile solvent system that showed a better performance in dissolving all compounds. On the 

other hand, DMSO was considered as the most suitable solvent for coprecipitation. Even though 

pure DMSO lead to a lower FUR concentration when comparing to DMSO:H2O (75/25 wt.%), the 
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difference does not seem substantial and, by choosing bare DMSO, further challenges with pol-

ymer dissolution will be avoided. This seemed as the most efficient decision, albeit it was not 

required to choose the same solvent for the two APIs in each process. 

 Solvent Casting 

Based on in silico screening results, solvent casting trials were conducted with two poly-

mers – HPMCAS-M and Eudragit L100 – and different drug loadings to narrow the formulation 

variables. The casted films inside the pans undergo mDSC characterization. The mDSC profiles 

analysis was based on frequently recognized rules in the literature8,109: 

 Single value for glass transition temperature (Tg) – between Tgs of the pure components 

– detected in the reversible heat flow implies that the API and polymer are homogene-

ously, being an amorphous solid solution; 

 Two separate Tgs suggest amorphous-amorphous phase separation had occurred and 

drug/polymer rich phases can exist. Other thermal events – recrystallization/melting – 

may also be detected in this scenario. 

The solvent casting results are summarized in Table 4.9 and for more detailed information 

(i.e. temperatures and mDSC profiles) regarding the analytical characterization of the pure com-

pounds and the casted films see Appendix (Figure A.1 to Figure A.3). The characterization of the 

pure components allowed to confirm melting and glass transition temperatures reported on the 

literature: ITZ Tmelting = 166.3 ºC96, FUR Tmelting = 206.3 ºC99, HPMCAS-M Tg = 123.4 ºC and Eu-

dragit L100 Tg = 191.2 ºC102. 

Table 4.9 – Solvent casting results. 

API Polymer 
Drug load 

(wt.%) 
Number 
of Tgs 

Tg (ºC) 
Presence of 

melting peaks 

ITZ 

HPMCAS-M 10 1 116.4 No 

HPMCAS-M 30 1 104.6 No 

HPMCAS-M 50 1 73.5 Yes 

Eudragit L100 10 1 191.5 No 

Eudragit L100 20 1 181.8 No 

Eudragit L100 50 1 135.1 Yes 

FUR 

HPMCAS-M 20 2 
82.2 
117.2 

Yes 

HPMCAS-M 50 1 81.4 Yes 

HPMCAS-M 80 Inconclusive - Yes 

Eudragit L100 20 1 154.2 No 

Eudragit L100 50 1 141.0 Yes 

Eudragit L100 60 Inconclusive - Yes 

ITZ formulations with HPMCAS-M and Eudragit L100 equally presented melting peaks at 

50 wt.% drug load, which may indicate presence of crystalline material. At lower drug loads and 

for both polymers, no signs of crystallization or amorphous-amorphous phase separation were 

observed in the thermograms, which may indicate that these may be promising formulations.  
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In FUR:HPMCAS-M formulation at the lowest drug load (20 wt.%), two Tgs were detected, 

which may indicate from start that it is not an amorphous solid solution. Increasing drug load, 

other thermal events were identified in the mDSC profiles. This was the first indicator that HPM-

CAS-M may not be the most promising polymer for FUR formulations, even though the Flory-

Huggins plot curve didn’t possess a spinodal point for this polymer. Only HPMCAS-M formulation 

with 20 wt.% drug load was considered for further studies. Concerning Eudragit L100 formula-

tions, they exhibited only one Tg until 50 wt.% of FUR, which may indicate that these were amor-

phous solid solutions. However, thermal events were also identified at 50 and 60 wt.% FUR. This 

does not necessarily nullify that these were amorphous solutions. In fact, at higher drug loadings 

is common to spot other thermal events (e.g. recrystallization, melting…), that may have been 

triggered by heating during the mDSC, not necessarily corresponding to the presence of crystal-

line material.8  

To point out that solvent casting is a worst-case scenario as solvent drying in a tray oven 

is not representative of the real process, i.e. spray drying, where drying is much faster. Therefore, 

even if mDSC results may indicate occurrence of phase separation/crystallinity presence, that 

may not happen further ahead in benchmarks production. Solvent casting should be considered 

as a primary assessment that serves as a guidance for the experimental screening.  

 Supersaturation studies  

To evaluate the extent of supersaturation for each drug-polymer system, supersaturation 

experiments were carried out by adding a concentrated drug stock solution to a solution of each 

polymer (at different loads) dissolved in FaSSIF. To have a standard reference, an additional 

experiment was performed by adding the drug solution to FASSiF medium, without any polymer 

dissolved. With his methodology, polymer performance is evaluated in terms of its capacity of 

inhibit crystallization and maintain API supersaturation in solution. An extended API supersatura-

tion profile may lead in an in vivo setting to improved exposure in the gastrointestinal tract.  

Overall, the results obtained demonstrate that the ability of amorphous drug-polymer mix-

tures to generate and maintain supersaturation is dependent on both the type of carrier polymers 

and the drug loadings. 

The average results for the ITZ supersaturation trials are reported in Figure 4.5. HPM-

CAS-M exhibited an outstanding supersaturation performance, since it maintained ITZ supersat-

uration over the 12 hours of the test, even at the highest drug load being studied (50 wt.%). 

Eudragit L100 revealed the higher supersaturation levels during the first 5 hours for the 90:10 

wt.% polymer:API formulation, but API crystallization overcame this initial advantage. Eudragit 

L100 performance weakened at higher drug loads, especially at 50 wt.% drug load, where poly-

mer performance was even poorer than bare API behavior in FASSiF (red data in Figure 4.5). 
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Figure 4.5 – ITZ supersaturation studies results. 

On the other hand, in FUR trials, no abrupt decline of supersaturation was noticed and 

the average results from different trials are not far apart, as represented in Figure 4.6. Neverthe-

less, the only FUR/HPMCAS-M formulation under analysis exhibits the lowest supersaturation 

values, with a slight decay being noticed. At the same drug load (20 wt.%), Eudragit L100 revealed 

a better performance than HPMCAS-M (Figure 4.7, left). At 50 wt.% drug load, Eudragit L100 still 

sustains supersaturation and a slight decline starting after the 8th hour for formulation with 60 

wt.% drug load was detected (Figure 4.7, right). 

 

Figure 4.6 – FUR supersaturation studies results. 
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Figure 4.7 – FUR supersaturation studies results: Polymer evaluation (a) at same drug load; 
drug load impact on FUR:Eudragit L100 formulations (b). 

Table 4.10 summarizes main results from in vitro screening and Figure 4.8 schematizes 

a qualitative evaluation of the different formulations in solvent casting and supersaturation stud-

ies.   

Based on the entire set of generated in silico and in vitro results, moving forward for lab-

scale SD benchmarks and coprecipitated prototypes manufacturing, the final lead formulation 

proposal was:  

 ITZ (30 wt.%):HPMCAS-M (70 wt.%) 

 FUR (50 wt.%):Eudragit L100 (50 wt.%) 

The formulations presented are the best compromise between the assessed physical 

stability variables (high single Tgs by DSC) and supersaturation performance. HPMCAS-M 

seemed to result as a more promising ITZ formulation, especially in supersaturation studies, and 

Eudragit L100 was the best ranking candidate for FUR formulations, in both studies. Formulation 

with HPMCAS-M and 30 wt.% ITZ exhibited a great supersaturation performance and no indica-

tion of phase separation by DSC results. Even though other thermal events visible in mDSC for 

50 wt.% FUR, that does not necessarily correspond to crystalline material presence; furthermore, 

it is relevant to try having the higher drug loading possible, since it avoids further larger volumes 

of final dosage forms (e.g. tablets). 

 



74 

 

Table 4.10 – Summarizing results of in vitro screening. 

API Polymer Solvent Casting Results Supersaturation Studies Results 
Solvent System 

(wt.%) 

ITZ HPMCAS-M Physical stability up to 30 wt.% 

ITZ 

Better performance at any API:Polymer ratios; 

Maintains supersaturation DCM:MeOH 

(70/30) Eudragit 

L100 

High physical stability Eudragit L100 does not sustain supersaturation for more than 

350 minutes, even at the lowest drug load 

FUR HPMCAS-M HPMCAS-M does not ensure 

physical stability  

Weaker performance when comparing with Eudragit L100 at the 

same API:Polymer ratio; DCM:MeOH 

(70/30) Eudragit 

L100 

Higher physical stability, but endo-

thermic peaks at 50 wt.% FUR 

Eudragit L100 seems to preserve supersaturation up to 50 wt.% 

FUR  

 

Figure 4.8 – Qualitative evaluation of the different formulations in solvent casting (mDSC) and supersaturation studies (SS). 
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 SPRAY DRYING BENCHMARKS 

All spray drying experiments ran smoothly. Some product accumulation of spray drying 

occurred at the bottom of the drying chamber, connecting parts to the cyclone and inside the 

cyclone itself, especially during ITZ solution drying, as shown in Figure 4.9. This corroborates 

with the higher yield obtained of FUR:Eudragit L100 solution drying. Main process data and yield 

are summarized in Table 4.11. 

 

Figure 4.9 – Product accumulation during spray drying. FUR solution drying (a) ITZ solution 
drying (b).  

Table 4.11 – SD main process data and yield. 

 FUR SD benchmark ITZ SD benchmark 

Feed solution parameters   

Formulation FUR:Eudragit L100 ITZ:HPMCAS-M 

Drug/Polymer (wt.%) 50:50 30:70 

Feed solids’ concentration (wt.%) 5 5 

Tfeed (ºC) Room temperature Room temperature 

Spray drying parameters   

Nozzle (orifice/core)  (mm) 0.7 / 1.5 0.7 / 1.5 

Fdrying (kg/h) 20 20 

Fatom (kg/h) 0.83 0.35 

Tout (ºC) 40 40 

Ffeed (kg/h) 0.7 1.0 

Spray drying yield    

Drying time (min) 73 35 

Yield (dry basis) (wt.%) 90.6 68.0 
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 SOLVENT/ANTISOLVENT RATIO STUDY 

Results from S/AS ratio study are displayed in Figure 4.10. For both API, the acquired 

data were adjusted with exponential trend lines, since a decrease in API supernatant concentra-

tion at increasing rates is noticeable – supernatant concentration resembles to an exponential 

decay while increasing antisolvent content. Only three experiments were made and the coefficient 

of determination, R2, obtained may have been impacted by the small amounts and minor changes 

during sample preparation, for example, which may have affected the results. However, the ten-

dency of supernatant concentration variation with antisolvent ratio was, in fact, captured.  

 

Figure 4.10 – Supernatant concentration of ITZ and FUR as a function of H2O/DMSO ratio 
(wt.%). 

Furthermore, API concentration in the supernatant relative to initial API concentration was 

calculated and the results to each trial are summarized in Table 4.12. This is a simple metric to 

assess how much of the initially loaded API did not precipitate. Precipitation at lower S/AS ratios 

(1 DMSO: 3 H2O (wt.%)) was more complete for ITZ:HPMCAS-M: only 5.5 wt.% of initial ITZ did 

not precipitate, while for FUR the result was, approximately, 11 wt.%. However, the adjusted 

trendlines appear to reach similar values for higher S/AS ratios. As a matter of fact, it is not likely 

to have a complete (100 wt.%) precipitation, and it would involve higher amounts of antisolvent 

with a major cost-benefit ratio to the processing costs. 
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Table 4.12 – S/AS ratio studies results. 

API (wt.%):Polymer (wt.%) 
Ratio (wt.%) [𝑨𝑷𝑰]𝑰𝒏𝒊𝒕𝒊𝒂𝒍 

(mg/mL) 

[𝑨𝑷𝑰 𝑺𝒖𝒑𝒆𝒓𝒏𝒂𝒕𝒂𝒏𝒕]𝒆𝒙𝒑,

[𝑨𝑷𝑰]𝑰𝒏𝒊𝒕𝒊𝒂𝒍
  (%) 

DMSO H2O 

ITZ (30%):HPMCAS-M (70%) 

1 3 4.04 5.5% 

1 7 2.00 2.8% 

1 12 1.22 2.6% 

FUR(50%):Eudragit L100 

(50%) 

1 3 6.73 10.9% 

1 7 2.00 6.4% 

1 12 2.04 2.9% 

Although a S/AS ratio of 1:10 (wt.%) could have been an appropriate choice, it was de-

cided to adopt on a more conservative S/AS ratio of 1:12 (wt.%) for both drug formulations. 

 pH EFFECT ON COPRECIPITATION STUDY 

A polarized-light microscope (PLM) enables a fast feedback on the crystallinity presence, 

by examining a qualitative indicator – birefringence. Some amorphous polymers may also exhibit 

residual birefringence.  

To investigate the pH effect, small amounts of suspensions were produced and analyzed 

through PLM, as shown in Figure 4.11. Birefringence effect is visible through the brightness in 

the analyzed samples. When using acidified cold water as antisolvent, the abundance of bright-

ness spots – visible in dots or needle shaped – is lowered when comparing to the samples where 

only cold water was used as antisolvent. ITZ (30 wt.%):HPMCAS-M (70 wt.%) is the formulation 

exhibiting the presence of less crystalline material. The use of acidic cold water is particularly 

noticeable in FUR (50 wt.%):Eudragit L100 (50 wt.%) formulation – the amount of bright material 

is diminished at lower pH. Nevertheless, coprecipitation with acidic cold water still reveals visible 

nuclei that can result in further crystallization, by a seeding effect. An additional test was per-

formed, lowering the drug load to 20 wt.% FUR. The reduction of crystalline presence was clearly 

perceptible.    
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Figure 4.11 – Polarized light micrographs (x10). 

Owning to the significant amount of crystallinity with FUR formulations and, as a result of 

the reduced experimental time in the laboratory, it was decided to move forward with ITZ formu-

lation, exclusively, for further production of coprecipitated prototypes. 

It is relevant to highlight that FUR is a relative small molecule, with a molecular weight 

below 500 g/mol – this property can preclude the production of an amorphous product.44 Contra-

riwise, larger molecules are more prone to amorphous state conversion, since they can establish 

more complex conformations, delaying nucleation and crystal growth.44 Moreover, FUR has a Log 

P of 2.56 (< 3), which may lead to a higher affinity to water (antisolvent), inducing phase-separa-

tion.44 More key physicochemical properties of the API suggested in the literature for coprecipita-

tion process are mentioned in Table A.3 in Appendix.  

 COPRECIPITATION OBSERVATIONS  

Coprecipitation was only performed with ITZ (30 wt.%):HPMCAS-M (70 wt.%) formula-

tion. Two solutions of drug and polymer dissolved in DMSO were prepared and coprecipitation 

was carried out through two techniques: HSM and HPH. 

 Coprecipitation with HSM was apparently uneventful, yielding a white suspension (with 

0.4 wt.% ITZ:HPMCAS-M solids’ load), as showed in Figure 4.12.This trial was completed in four 

minutes.  
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Figure 4.12 – Result from ITZ HSM suspension. 

Coprecipitation with HPH ran seemingly smoothly. However, near the end of the trial, 

product losses (~ 50 mL) occurred inside the intensifier pump as showed in Figure 4.13. HPH 

duration was ten minutes, yielding a white suspension as well. 

 

Figure 4.13 – Product losses inside the intensifier pump. 

Both suspensions were left two settle, prior crossflow filtration, and particles accumulated 

at the bottom of the flasks.  
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 CFF WITH HOLLOW FIBER MEMBRANES 

 Concentration and diafiltration of HSM ITZ suspension 

Concentration of ITZ suspension from HSM started using the D04-E500-05-N membrane 

module with 235 cm2. This membrane, which was washed and integrity tested, was previously 

used in the placebo proof-of-concept. The integrity test indicated that the membrane was proper 

for further use.  

As soon as the unit was initiated and filtration started, an abrupt increase in inlet pressure 

was noticed. Inlet pressure readings kept increasing until the maximum allowable pressure, of 2 

bar, was reached. Automatically the unit would shut down and filtration had to be manually re-

started. This reoccurred throughout almost 350 minutes (over five hours) and feed flow rate and 

pressure on the valve were readjusted several times, trying to avoid high inlet pressures. Also, 

between restarts, additional attempts to unclog the membrane module were performed (washings 

with water and backflushing, according to supplier’s recommendations). Near the end of the trial, 

the maximum operational flowrate was 1 mL/min, which was completely counter-productive. The 

increases in inlet pressure could be associated with two main causes: membrane integrity may 

had been compromised even though it was integrity tested before; or clogging may have occurred 

most likely due to agglomerates blocking the inner lumen of the hollow fibers. An adequate mem-

brane selection, namely with a higher inner fiber diameter, would minimize these blockage chal-

lenges when concentrating suspensions. Due the process difficulties, data collection had consid-

erable fluctuations, and, thus, is not presented in this section.      

To conclude concentration of this suspension, the membrane was changed to a different 

module (D06-E500-05-N), new and with a higher surface area – 370 cm2. Even though it is         

recommended, agitation of the feed suspension was not performed (in all trials). This was mainly 

associated with equipment constraints that precluded a safe operation, due to size of the flask 

containing the suspension volume. Also the feed tubing was placed in a less concentrated layer 

of the suspension to avoid further blockage of the membrane. However, this decision could have 

led to particle growth or the increase of the tendency to form aggregates. 

Filtration started by setting feed flow rate at 10 mL/min, resulting in a permeate flux of 

approximately 16 Lm-2h-1, as presented in Figure 4.14. As the process stabilized, a higher feed 

flow rate (20 mL/min) was introduced in the software, resulting in a permeate flux of approximately 

33 Lm-2h-1. Concentration was finally completed within 10 minutes. TMP suffered a small incre-

ment, paired up with the increase in the permeate flux. Permeate was visually clear of particles 

as showed in  Figure 4.15. Therefore, product losses to the permeate were mitigated. 
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Figure 4.14 – Permeate flux rate and TMP during concentration (ending) of ITZ HSM suspen-
sion. 

 

 Figure 4.15 – Permeate during ITZ HSM suspension concentration. 

During ITZ HSM suspension diafiltration, DMSO was washed twice with acidic water. To 

execute diafiltration, “concentration mode” was selected in the software and an external peristaltic 

pump fed acidic water to the feed reservoir. The acidic water flow rate was adjusted to the same 

permeate flow rate, to guarantee a constant feed volume. 

Diafiltration took around 80 minutes, which corresponds to a total of two washes, and the 

permeate flux and TMP fluctuations over time are represented in Figure 4.16. During the initial 10 

minutes of operation, oscillations are noticed, mostly due to automated controls of the unit soft-

ware. After these 10 minutes, permeate flux stabilized at, approximately, 30 Lm-2h-1. The abrupt 

decrease at minute 40 is associated with pausing the system, that was necessary to drain out the 

permeate recipient. The weighting scale had a limiting weight and the permeate flask itself had a 

maximum capacity.  
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TMP followed the same tendency as permeate flux, with the initial fluctuations. However, 

it suffered a slight increase after pausing the unit, from 0.11 bar to 0.19 bar, which was most likely 

due to some particle accumulation at membrane’s surface or adjustment/tare of the TMP in the 

software. 

 

Figure 4.16 – Permeate flux rate and TMP during diafiltration of ITZ HSM suspension. 

 Concentration and diafiltration of HPH ITZ suspension 

Concentration of ITZ HPH suspension occurred uneventfully, with a total duration of 60 

minutes. However, oscillations in the pressure readings were detected, particularly in inlet pres-

sure, as highlighted in Figure 4.17. Even though the filtration unit didn’t stop, sometimes it would 

automatically lower the pre-defined set points. The initial estimations for the TMP setpoint were, 

in hindsight, conservative and the system would adjust flowrate automatically to meet said set-

point. Therefore, during concentration, feed flow rate and pressure on the valve had to be read-

justed. 
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Figure 4.17 – Pressures and concentration factor variation over time during concentration of 

ITZ HPH suspension. 

The permeate flux and TMP variation over concentration time is presented in Figure 4.18. 

As expected, biggest fluctuations in both TMP and permeate flux coincide with the same fluctua-

tions addressed in the previous paragraph. Moreover, permeate flux appears to present a slightly 

decreasing tendency. This could be a result of particle accumulation – fouling – on the hollow 

fibers, restraining their filtration efficiency. During concentration, no particles were observed in 

the permeate flask. 

 

Figure 4.18 – Permeate flux rate and TMP during concentration of ITZ HPH suspension. 

Diafiltration of ITZ HPH suspension was carried out as previously described – an external 

peristaltic pump fed the acidic water at the same rate the permeate was being removed, to guar-

antee a constant feed volume. Diafiltration consisted in two process volume washes and lasted 

for, approximately, 112 minutes. Permeate flux and TMP variations during diafiltration are dis-

played in Figure 4.19. The decreases observed in both variables are associated with system 
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pausing, to drain out the permeate recipient. The average permeate flux was 29.5 Lm-2h-1, similar 

to the permeate flux registered during ITZ HSM suspension diafiltration. TMP had an increase 

tendency, reaching 0.5 bar at the end of the experiment which, most likely, is associated with 

particle accumulation. 

 

Figure 4.19 – Permeate flux rate and TMP during diafiltration of ITZ HPH suspension. 
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 ISOLATION OF COPRECIPITATED PROTOTYPES THROUGH SPRAY DRY-

ING 

All the coprecipitated materials were isolated by spray drying, after diafiltration. A two-      

-fluid nozzle was used, as characteristic of suspension drying, to minimize clogging. Neverthe-

less, clogging did occur on few instances, but it was easily solved by purging nitrogen through 

the nozzle. The main challenge with isolation was, in fact, related with product losses in the cham-

ber and in the cyclone as showed in Figure 4.20.  

 

Figure 4.20 – Product accumulation during spray drying. a) first cyclone during ITZ HSM 

suspension isolation; b) drying chamber and cyclone during ITZ HPH suspension isolation. 

The product accumulated in the cyclone’s walls appeared to be crystalline in nature, par-

ticularly at the top connection. In all likelihood, the presence of citric acid impacted isolation to 

some extent and was incorporated in the final formulation/product. As the product accumulated, 

cyclone’s performance diminished, not being able to collect the dried product, which resulted in 

reduced yields (HPH prototype ≈ 20 wt.%; HSM prototype ≈ 30% wt.). Furthermore, the second 

cyclone was clear, with no product coverage on its walls. So, it did not improve dried product 

recovery, which could indicate that finer material was not being collected and escaped to the 

HEPA filter.  

To prevent further impact during isolation, and still maintain the acidic pH needed for 

suspension stability, another choice for the acid should be studied. Moreover, a last diafiltration 

step with just deionized water could be another strategy to minimize impact of acid content during 

isolation.   
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 ANALYTICAL CHARACTERIZATION OF SPRAY-DRIED BENCHMARKS 

AND COPRECIPITATED PROTOTYPES 

This subchapter will solely cover the analytical characterization of the ITZ formulations, i.e. 

ITZ SD benchmark and ITZ HPH and HSM coprecipitated prototypes. As addressed in pH EF-

FECT ON COPRECIPITATION STUDY, the FUR formulation did not proceed to coprecipitation 

prototypes production. Nevertheless, analytical characterization of FUR SD benchmark is pre-

sented in Appendix.  

 Morphology and Particle Size Distribution 

The SEM results for ITZ SD benchmark and coprecipitated prototypes are displayed in 

Figure 4.21 to Figure 4.22.  

A shriveled or buckled particle morphology was observed for SD benchmark. This is 

aligned with a slower drying kinetics during spray drying (FFeed = 1.0 kg/h). Particle agglomerations 

were not ubiquitous for ITZ SD benchmark.  

Concerning ITZ HPH prototype, particles seemed very porous and bigger than SD bench-

marks. Moreover, some bigger particles appear to be, in fact, agglomerates, presenting smaller 

particles adhered to the surface – this may be attributed to the higher electrostatic attraction of 

smaller particles. Two structures with well-defined edges were identified (highlighted with red in 

Figure 4.21) which can indicate the presence of crystalline material, to be confirmed by XRPD 

analysis.  

ITZ HSM prototype presented agglomerates that were visible during sample preparation, 

and later confirmed with SEM images. It seems that sphere particles were produced during co-

precipitation but, somehow, they apparently aggregated or even fused with each other – resulting 

in structures exceeding 100µm (see Figure 4.22).  

Another point that can have contributed to the agglomeration observed in both coprecip-

itation prototypes was the incorporation of citric acid into the final product.  
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Figure 4.21 – SEM micrographs of ITZ SD benchmark and ITZ HPH Prototype at 500 and 
1000x magnification. 
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Figure 4.22 – SEM micrographs of ITZ HSM Prototype at 500x magnification. 

SEM results were also relevant as a first assessment of particle size. Each Sympatec 

lens has a specific range to measure PSD so its selection should be adequate. Based on this, 

the R2 lens with a range of 0.45 – 87.5 µm was selected to analyze the SD benchmark. For the 
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coprecipitation prototypes, due to the presence of bigger particles and agglomerates, R5, a lens 

with a wider range of 4.5 – 875 µm was more appropriate. 

PSD results are presented in Figure 4.23 and Figure 4.24. 90 % of the ITZ SD particles 

(Dv90) is under 20 µm, which may be explained by the difference in FFeed and FAtom                      

(FFeed, ITZ SD = 1.0 kg/h; FAtom, ITZ SD = 0.35 kg/h). 

 

Figure 4.23 – PSD of ITZ SD Benchmark. 

PSD profiles of coprecipitated prototypes are clearly distinct, but both exhibit two sepa-

rated populations. Concerning ITZ HSM, large agglomerates were expected, after SEM imaging. 

PSD confirmed it, with a well-defined population above 100 µm. For the ITZ HPH sample, smaller 

particles are represented in the first population, with 50 % of the material being bellow 57 µm, 

approximately. The second population (> 100 µm) corresponds to the agglomerates formed by 

particle aggregation and deposition of smaller particles at the surface. Regarding the use of the 

R5 lens, a drawback is that any submicron population, typical for coprecipitated ASD, may not be 

captured in the PSD profile. 
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Figure 4.24 – PSD of ITZ HPH and ITZ HSM Coprecipitated prototypes. 

 Drug’s solid-state and molecular arrangement   

XRPD revealed a halo characteristic of amorphous form and lack of X-ray diffraction 

peaks corresponding to the crystalline drug in ITZ SD benchmark (Figure 4.25).  

For the ITZ HPH prototype, although XRPD displays a halo-like layout, meaning that 

some amount of the drug was converted to amorphous form, it clearly exhibits distinctive peaks 

of the crystalline API (Figure 4.26), indicating that this was not a completely amorphous powder 

and crystalline material correspondent to ITZ was present. Crystals were observed with SEM 

(highlighted in Figure 4.21), but the majority of the particles did not reveal typical crystalline 

shapes (e.g. well-defined structures, edges, symmetric conformations). In addition, a sample of 

crystalline citric acid was also analyzed with XRPD (see Figure A.9 in Appendix), but no  corre-

sponding peaks were identified in the ITZ HPH prototype. 

Due the thick consistency of the ITZ HSM coprecipitated agglomerates, most likely due 

to the presence of citric acid, it was not possible to prepare its XRPD sample. Therefore, no XRPD 

result was acquired for this prototype. 
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Figure 4.25 – Powder diffractogram of ITZ SD benchmark. 

 

Figure 4.26 – Powder diffractogram of ITZ HPH Prototype overlaid with crystalline ITZ dif-

fractogram. 

Concerning mDSC of SD benchmark and coprecipitated prototypes, the main results are 

presented in Table 4.13 and the analyzed thermographs are available in Figure A.4 in Appendix 

for more information. 

For ITZ SD benchmark, only one Tg was identified at 91 ºC, between Tgs of the pure 

components, and no melting peaks were observed. Along with the results from XRPD, it is con-

cluded that the product was an ASD.  

ITZ HPH prototype presented two Tgs and melting endotherm, which indicates phase 

separation and crystallinity presence. This result is aligned with crystallinity detection in XRPD. 
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For ITZ HSM prototype the results were not perceptive, but a melting endotherm was 

identified near melting temperature of crystalline ITZ, which may also indicate crystallinity        

presence. XRPD information is needed to clarify this result.  

Table 4.13 – Thermal analysis of SD benchmark and coprecipitated prototypes.  

Product Number of Tgs Tg (ºC) Presence of melting peaks 

ITZ SD 1 91.4 No 

ITZ HPH 2 
116.2 

125.8 
Yes 

ITZ HSM Inconclusive - Yes 
 

The obtained results for bulk density, residual solvents, water content and assay of SD 

benchmark and coprecipitation prototypes are summarized in Table 4.14. 

Table 4.14 – Summary of SD benchmark and coprecipitated prototypes analytical characteri-
zation.  

Analytical  

Characterization 

 ITZ SD  

benchmark 

ITZ HPH  

prototype 

ITZ HSM  

prototype 

GC 

DCM    (ppm) 110 N/AP N/AP 

MeOH (ppm) 20 N/AP N/AP 

DMSO (ppm) N/AP 37 425 77 159 

TGA Water  (wt.%) 0.16 11.16 26.74 

Bulk density  (g/cm3) 0.23 0.18 0.17 

HPLC Assay   101.5% 137.0% 97.1% 

XRPD  Amorphous Crystallinity N/D 

PSD 

Dv10 (µm) 1.21 9.74 2.69 

Dv50 (µm) 6.32 56.64 224.44 

Dv90 (µm) 17.19 257.31 407.84 

     N/A – not applicable; N/D – not determined 

 Bulk Density  

Bulk density of ITZ benchmark and prototypes is between 0.1 – 0.3 g/cm3. This is a typical 

range for bulk density of spray dried and coprecipitated powers.44,110  

 Assay  

API assay in each powder was calculated using HPLC and presented considering label 

claim. According to WHO, the generally accepted limit for API content in a drug product is ± 5 % 

of the label claim (i.e. 95.0 – 105.0 %).111 For products in development stages, the range for assay 

is typically 90.0 – 110.0 %.  

SD benchmark presented an assay aligned with expectation, as well as HSM prototype. 

However, in the HPH coprecipitated prototype the result is higher than expected. 
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By adding citric acid to lower the water’s pH, the citric acid was incorporated into the 

coprecipitated particles during the isolation stage in both coprecipitated prototypes. Hence, for 

assay calculations, it was assumed a total incorporation of the citric acid amount (present in the 

antisolvent), which consequently, lowered the initial drug load. The estimated drug load for both 

prototypes was now 16 wt.%. When analyzing ITZ HPH assay above 100 wt.%, this would imply 

that the final drug load was above the former estimated 16 wt.% and that the citric acid uptake 

was not total, while for HSM prototype the estimation may indicate a total uptake of citric acid. 

Therefore, the drug loads of coprecipitated materials may differ. 

However, the higher assay value for ITZ HPH may also be a consequence of a matrix 

effect caused by the different behavior of the prototype in the HPLC analytical method. Matrix 

effects are often caused by the alteration of the behavior of target analytes, i.e. the API, in the 

presence of co-eluting compounds, in this case citric acid, in the same matrix.112 Matrix effects 

can lead to an increase or decrease of the peak area and this possible event was not considered 

during the HPLC method’s assessment: no accuracy was performed during the analytical 

method’s assessment, therefore, the possibility of a matrix effect could not be confirmed. Based 

on the described above, no conclusions can be retrieved from the assay results for the                   

coprecipitated prototypes.  

 Residual Solvents and Water content 

ICH guideline recommends the acceptable amounts for residual solvents in pharmaceu-

tical products.45 The ICH limits for the employed solvents are: DCM = 600 ppm, MeOH = 3 000 

ppm and DSMO = 5 000 ppm.45  

GC results for ITZ SD benchmark are bellow ICH limits, indicating that secondary drying 

was adequate. On the other hand, DMSO quantification is above ICH limit in both coprecipitated 

prototypes. In HSM prototype, DMSO content is approximate the concentration in the initial sus-

pension, meaning that this compound was practically not removed during diafiltration. In ITZ HPH 

prototype, DMSO was reduced to almost a half of its initial content. The number of diafiltration 

operations was not enough to reduce the organic solvent bellow ICH limits. Moreover, the ineffi-

cient mixing due to lack of agitation in the retentate reservoir had a severe impact on DMSO 

removal. 

It is important to assess water content, since its presence can lower the Tg of an amor-

phous product.44 As expected, water content was residual in SD benchmark, since no water was 

employed during production. But, for coprecipitated prototypes is significantly higher, which can 

compromise physical stability of the drug product, by triggering even more phase separation, 

increasing molecular mobility. The water content in coprecipitated prototypes is related with the 

extent of DMSO removal – higher in HSM prototype, where DMSO removal was lower. This is 

associated to the fact that DMSO and water are miscible solvents, thus, to reduce water content 

in coprecipitated formulations, diafiltration should be primarily optimized and/or conductivity 
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tracked by measurements in retentate. If even after diafiltration optimization the water content is 

significantly high, Tout during SD isolation can be increased, as long as not above Tg of the amor-

phous material. For detailed information, TGA thermographs are available in Appendix. 

 In vitro biorelevant dissolution studies 

In vitro biorelevant dissolution studies were performed with the aim of testing the super-

saturation extent following acid-to-neutral pH transition. pH-shift dissolution helps in correlating 

with in vivo absorption – mimicking the transition from acidic gastric conditions to intestine. The 

dissolution results for crystalline ITZ, ITZ SD benchmark and ITZ HPH are displayed in Figure 

4.27. As expected, both SD benchmark and HPH coprecipitated prototype exhibited faster disso-

lutions rates and higher solubility than crystalline ITZ. The increase in API concentration for ITZ 

HPH prototype and ITZ SD benchmark happened after 30 minutes, coinciding with the pH shift 

timepoint. This was expected, as the two formulations included HPMCAS-M, an enteric polymer 

with a dissolution pH above 6.  

 

Figure 4.27 – In vitro biorelevant dissolution studies results of crystalline ITZ, ITZ SD bench-

mark and ITZ HPH prototype. 

Crystalline ITZ exhibited the lowest area under the dissolution curve (AUCd = 0.12 

mg.min/mL), during the 240 minutes of the study.  

ITZ SD benchmark was capable of maintaining supersaturation until the end of the test, 

with an AUCd of 6.74 mg.min/mL. Hovione’s experience suggests that AUCd of ITZ SD should be 

higher.  

An increased area under the curve was achieve by the ITZ HPH prototype (AUCd = 31.83 

mg.min/mL), which can be attributed to the high superficial area observed in the porous particles 

(Figure 4.21) and lower density, which can facilitate fluidization and justify a higher bioavailability 

for this prototype. For the dissolution result of this prototype there was a significant standard 
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deviation between both repetitions. This high variability, which precludes an assured conclusion 

concerning the dissolution profiles, may be related with the small number of repetitions (n=2), 

along with the wide span of PSD (Figure 4.24) and fluidization of the material owing to the bulk 

density. 

Concerning the experiments conducted with ITZ HSM prototype, the powder settled at 

the bottom of the small test tube, hindering dissolution, thus, the dissolution profile it is not pre-

sented. 

Due to lack of an agitation parts inside the small test tubes, this method may be hindering 

bigger particles dissolution. Bigger particles may have deposited in the bottom of the test tube or 

even the powder itself may not have been completely dispersed within the dissolution medium. 

Another drawback of this method is the possibility of particle loss during sample preparation, since 

small amounts of medium are withdrawn from the small test tube to the quartz cuvette and, after 

absorbance measurements, are returned to the small test tube. This methodology employed for 

in vitro biorelevant dissolution studies is currently under development and these may be topics of 

improvement. 
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5. Conclusions and Future Work 

The work described in this Thesis was focused on the production of ASDs by coprecipi-

tation coupled with crossflow filtration, demonstrating the feasibility of this methodology. The ma-

terials produced by this new methodology were compared with SD benchmarks to demonstrate 

equivalency in the in vitro biorelevant dissolution profiles. 

The production of an ASD product with Furosemide was conceivable with spray drying. 

However, coprecipitation with FUR was not carried out, since during the pH effect studies severe 

crystallinity presence was observed by birefringence in PLM. According to the API key physico-

chemical properties recommended for coprecipitation process in the literature, FUR may not be 

a suitable candidate for this technique.44 An outcome from this work is that a more detailed and 

structured study of API properties is paramount for a successful coprecipitation process. 

Both ITZ HPH coprecipitated prototype and SD benchmarks were analytically character-

ized through DSC, XRPD, GC, TGA, HPLC, PSD, SEM, bulk density and in vitro biorelevant 

dissolution studies. Due to the presence of atypical agglomeration, it was not possible to analyti-

cally characterize the ITZ HSM coprecipitated prototype completely. ITZ HPH coprecipitated pro-

totype seemed to exhibit a better dissolution performance than SD benchmark, which may be 

attributed to the porous particles and lower density. Nevertheless, the in vitro biorelevant disso-

lution methodology employed may need optimization when evaluating coprecipitated materials. 

The results of this Thesis indicate that the implementation of CFF with hollow fiber mem-

branes in the ASDs production through coprecipitation is feasible and a promising approach. CFF 

extends the production of ASDs by coprecipitation of “brick-dust” compounds that cannot be   

manufactured by typical SD or HME. By concentrating the high-volume suspensions resultant 

from coprecipitation, the hollow fiber membranes allow for a scale independent process. With 

5 
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diafiltration, it was possible to wash the non-volatile organic solvent, DMSO, even though in this 

particular study further washing would be required to be below ICH limit.  

Overall, the process still requires optimization, which would have been done in the context 

of this Thesis, had it not been for the current pandemic constrictions. Coprecipitation with HSM is 

one of points where improvement is warranted, particularly how the coprecipitation occurs in the 

mixing zone of the rotor-stator. CFF with hollow fiber membranes apparatus also needs enhance-

ment to accomplish the desired DMSO washing and achieve results below ICH limit. Suggestions 

on improvements and future work in each process stage are further indicated to optimize the 

production of amorphous solid dispersions by the proposed methodology.   

Coprecipitation process 

In vitro Screening 

The employed solvent casting methodology is a satisfactory technique to help delineate 

drug load/polymer selection. Solvent casting mimicked a slow evaporation of the volatile organic 

solvent mixture further selected for SD. However, this methodology, in future work, should be 

enhanced to mimic coprecipitation process. A high throughput miniaturized coprecipitation 

screening (MiCoS) was reported in the literature by Hu et al.58,113 MiCoS consists of five main 

steps: 

1. Preparation of drug and polymer stock solutions in water miscible solvents, e.g. DMA, 

DMSO; 

2. Mixing of drug and polymer stock solutions, with a typical drug load range between 

10 – 60 wt.% and 10 wt.% solids’ feed concentration; 

3. Coprecipitation occurs in 1 mL glass vials (96-well format) with acidified cold (5 ºC) 

water used as antisolvent. Solutions are added dropwise with a pipet to the antisol-

vent, under magnetic stirring; 

4. Filtration and washing using two 96-well filter plates;  

5. Filtrate is characterized with ULPC (Ultra-Performance Liquid Chromatography). 

Drug concentration in the filtrate is determined and with this result it is possible to 

calculate the drug amount in the dried powder. 

6. The material in one of the 96-well plates will be further used for solid-state character-

ization (XRPD, Raman, PLM…) and the other plate is for kinetic solubility profile as-

sessment using FaSSIF. 

A schematization of MiCoS is represented in Figure 5.1. 
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Figure 5.1 – Schematic representation of MiCoS. [Adapted from 58] 

Coprecipitation with HSM  

Coprecipitation was carried out through two different technologies: HSM and HPH. In this 

study, HPH was the more adequate technology, even though this prototype exhibited some crys-

tallinity. This crystallinity presence may be attributed to potential residual dissolution of the drug 

and stability of the amorphous product and not the HPH process itself. Therefore, a more con-

servative drug loading should be considered in future coprecipitation processes (e.g. 20 wt.% 

ITZ). 

HSM needs further improvement to produce particles with desired morphology and parti-

cle size distribution, and, to avoid the formation of large agglomerates (as happened in this work). 

To summarize, the critical parameters of coprecipitation with a HSM are: 

 S/AS Ratio 

As a conservative S/AS ratio of 1:12 was employed, it is not considered that the main 

challenges of the HSM were associated with this parameter. 

 Temperature 

The temperature increases when the drug stock solution is added to the antisolvent. 

Moreover, the high shear mixing may also contribute to adding additional energy to the medium. 

If the heat is not dissipated, incomplete conversion to amorphous state can occur.44 This also 

translates into the presence of remaining crystalline seeds of the API, which may induce            

crystallization.44 For this reason, the temperature of the antisolvent in the reactor was set at 5 ºC, 

since research has shown the best temperature range is from 2 to 8 ºC.44 Also, heating could be 
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applied during stock solution preparation, to avoid the presence of undissolved drug and crystal-

line seeds.44  

 Shear rate and mixing time 

Higher shear rates and longer mixing times are reported as detrimental to amorphous 

material production.44 Hence, the lowest possible shear rate of the HSM was selected (3000 rpm) 

and the mixing time corresponded to the duration of stock solution addition (~ 4 min). To promote 

a rapidly contact with the antisolvent and the stock solution, a L-shaped tube fed the solution to 

the reactor. But, as the exit of this tubing was near the rotor-stator of the HSM, it may had sub-

mitted the solution to higher temperatures, precluding the production of amorphous particles. 

Therefore, solution-antisolvent mixing require optimization on both addition rate of the drug stock 

solution and feed localization. Currently, a high shear mixing apparatus, addressing these issues, 

is being designed to be implemented on the production of ASDs through coprecipitation. This 

design is based on the work described by Suda et.al, where it was reported that the design ena-

bled fast “mixing [of] two different liquids, thus achieving the highest degree of supersaturation 

within the shortest time and completing a uniform nucleation reaction without initiating particle 

growth or aggregation”.114 

Moreover, in future work, it is essential to assess chemical and physical stability of both 

ITZ and FUR, with HPLC and XRPD, for example, since in the coprecipitation process (either with 

HSM or HPH) the particles stay in suspension while concentration, diafiltration and isolation oc-

cur. Additionally, suspension stability should be studied to support process development. 

Other important factor in coprecipitation, in both HSM and HPH processes, was the ad-

dition of the citric acid. High amounts of citric acid were required to lower water’s pH, to be used 

as antisolvent. Additionally, during diafiltration this compound was not removed, due to the use 

of acidic water to wash DMSO. This impacted yield during isolation through spray drying. For 

future work, it is advised to use other acid, preferably in liquid state, whose amounts do not impact 

formulation during drying. Some suggestions include the usage of acetic acid or ascorbic acid. 

To point out that HCl was also reported in the literature to acidify water as antisolvent in                  

coprecipitation.19,115 Other alternative to minimize the acid amount prior to spray drying isolation, 

is to perform the last diafiltration step with deionized water (non-acididfied).  

CFF with hollow fiber membranes 

The presence of large aggregates, particularly in the ITZ HSM suspension, impacted the 

crossflow filtration process. This fact was more evident with the membrane previously used in 

placebos trials. A few agglomerates exceeding 500 µm in ITZ HSM suspension may have been 

present, which could have potentially caused the fiber’s blockage (0.5 mm of inner diameter). The 

membrane inner fiber diameter selection was conservative and a membrane with a bigger inner 
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fiber diameter could have been chosen to allow higher flowrates during concentration and diafil-

tration. This also applies to pore size. The adequate membrane selection would avoid these chal-

lenges. 

Also, in future work, agitation in the retentate flask is recommended to a better homoge-

nization, especially during diafiltration. To do so with a safe approach, the CFF setup needs 

equipment adjustments. Another setup improvement suggestion is the implementation of a con-

ductometer probe in line, to track solvent mixture conductivity in retentate. In fact, the supplier 

provides that solution with KONDUiT. KONDUiT is an add-on module that connects to the KF 

Comm software from KR2i, enabling conductivity control and monitoring during diafiltration.  

Scale-up strategy – Guidelines  

 One advantage of the incorporation of crossflow filtration with membrane modules is that 

it turns coprecipitation into a scale independent approach to produce amorphous solid disper-

sions. CFF reduces the higher volumes obtained from coprecipitation, by concentrating the sus-

pension, and circumvents the need for secondary drying, by removing the organic solvent during 

diafiltration. Therefore, a strategy for the scale-up of CFF membrane process should be consid-

ered and some guidelines are presented next.  

Scaling up a process involves increasing the filter area, in order to handle larger volumes 

of starting material without significantly changing process conditions.76 

 After identifying the most suitable membrane module for the desired separation, it is im-

portant to maintain its characteristics, namely pore size, selectivity, materials and lumen 

diameter.76,116 

 Then, optimization of TMP and crossflow rate trials can be conducted, to determine the 

optimal permeate flux (Figure 2.16) which increases membrane life, while minimizing cy-

cle time and potential yield losses, before proceeding to scale-up.117,118  

 After this, TMP, crossflow rate, feed concentration and overall process steps and time 

should remain constant, from small tests at lab scale to full scale production.76,116,118,119 

 The simplest scaling strategy is linear scale-up, where system scaling is based on con-

sistent capacity (L/m2) from small to large scale.120 Permeate, washing solvent/buffer and 

retentate volume also scale linearly with feed volume.120 An area-time term can be cal-

culated as the ratio of the manufacturing scale permeate volume over the average per-

meate flux, according to: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑢𝑥 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒𝑑 (𝐿)

𝑑𝑒𝑣𝑖𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2) ×  𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ)
 

Equation 5.1 – Determination of area-time term for scale-up. 

Considering the total processing time, the required area is determined, and this area can 

be divided into several modules with smaller areas connected to each other. Additionally, 
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it is recommended that an area safety factor is considered to allow some process varia-

tions.118 20% safety factor is recommended as a rule of thumb; however, many membrane 

modules are, in fact, oversized (from 20 to 200%) to compensate the flux decay phenom-

enon, as a consequence of membrane fouling.118 Typically, this is achieved through a 

compromise between cycle time, throughput and economic viability. 

 Lastly, the goal of membrane scale-up is to design a process that will have batch-to-batch 

reproducibility while extending membrane service life.116 Hence, pilot scale tryouts are 

conducted, in order to identify the influence of feed batch-to-batch variability and to as-

sure separation performance even after several cycles of operation followed by mem-

brane cleaning.116  
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Appendix 

7. Table A.1 – Examples of drugs according to the BCS. [Adapted from 35] 

CLASS I CLASS II  CLASS III CLASS IV 

Chloroquine 
Diltiazem 
Metoprolol 
Paracetamol 
Propanolol 
Theophylline 
Verapamil 

Carbamazepine 
Danazol 
Glibenclamide 
Ketoconazole 
Nifedipine 
Phenytoin 
Troglitazone 

Acyclovir 
Atenolol 
Captopril 
Cimetidine 
Metformin 
Neomycin B 
Ranitidine 

Coenzyme Q10 
Cyclosporin A 
Ellagic acid 
Furosemide 
Ritonavir 
Saquinavir  
Taxol 

8.  

9.  

10. Table A.2 – Different Kinds of Y-Type and Z-Type Chambers and Their Minimum Internal Di-
mensions.53 

Y-TYPE CHAMBER Z-TYPE CHAMBER 

Style of Chamber 
Microchannel 

Dimensions (µm) 
Style of Chamber 

Microchannel 

Dimensions (µm) 

F12Y 75 G10z 87 

F20Y 75 H10z 100 

J20Y 125 L10z 150 

J30Y 125 H210z 200 

 

H30z 200 

L21z 250 

H30z 300 

11.  



110 

 

 

Table A.3 – Important physicochemical API properties for coprecipitation process. [Adapted 
from44] 

Critical properties Criteria 

Ionization constant 

pKa of the drug should not be higher than 5 to ensure complete 

precipitation during initial coprecipitation and to minimize dissolu-

tion during subsequent rinsing and washing cycles. pH of the anti-

solvent should not exceed drug’s pka (ideal precipitation conditions 

are two units below the pKa) 

Functional group Potential of interaction and reactivity with polymer estimated 

Chemical stability 

Chemically stable in extreme pH ranges where coprecipitation oc-

curs 

Chemically stable in organic solvent for at least 24 h 

H bonding acceptors 

and donors 
H acceptor>7 

Crystallinity API should not form solvate(s) with the solvent(s) 

Low crystallization tendency 

Molecular Weight MW>500 

Lipophilicity log P>3 

Miscibility estimate Negative free energy of mixing estimated by solubility parameter 
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Solvent Casting 

APIs Polymers 
Crystalline ITZ HPMCAS-M 

  
Crystalline FUR Eudragit L100 

  

Figure A.1 – Crystalline ITZ, crystalline FUR, HPMCAS-M and Eudragit L100 mDSC profiles. 
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Figure A.2 – Solvent casting: ITZ:HPMCAS-M and ITZ:Eudragit L100 formulations mDSC profiles. 
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Figure A.3 – Solvent casting: FUR:HPMCAS-M and FUR:Eudragit L100 formulations mDSC profiles. 
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mDSC Characterization of SD benchmarks and coprecipitated prototypes 

 
SD benchmarks 

ITZ SD FUR SD 

  

 

Coprecipitated prototypes 

ITZ HPH ITZ HSM 

  

Figure A.4 – mDSC profile for SD benchmarks and coprecipitated prototypes.  

  



115 

 

TGA Characterization of SD benchmarks and coprecipitated prototypes 

 
SD benchmarks 

ITZ SD FUR SD 

  

 

Coprecipitated prototypes 

ITZ HPH ITZ HSM 

  

Figure A.5 – TGA profile for SD benchmarks and coprecipitated prototypes.  
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Analytical Characterization of FUR SD benchmark 

A shriveled or buckled particle morphology was observed (Figure A.6) for FUR SD bench-

mark, which Is aligned with a slower drying kinetics during spray drying (FFeed = 0.7 kg/h).  
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Figure A.6 – SEM micrographs of FUR SD benchmark at 500 and 1000x magnification. 

PSD was assessed with Sympatec R2 lens (range 0.45 – 87.5 µm). 90 % of the particles 

(Dv90) is under 20 µm (Figure A.7).  

 

Figure A.7 – PSD of FUR SD Benchmark. 

XRPD (Figure A.8) revealed a halo characteristic of amorphous form and lack of X-ray 

diffraction peaks corresponding to the crystalline FUR. 
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Figure A.8 – Powder diffractogram of FUR SD benchmark. 

Table A.4 – Summary of FUR SD benchmark analytical characterization.  

Analytical Characterization FUR SD benchmark 

GC 

DCM  (ppm) 4 855 

MeOH  (ppm) 927 

DMSO  (ppm) N/AP 

TGA Water  (wt.%) 0.79 

Bulk density  (g/cm3) 0.29 

HPLC Assay   98.3% 

DSC Tg  (ºC) 140.0 

XRPD  Amorphous 

PSD 

Dv10 (µm) 0.77 

Dv50 (µm) 4.5 

Dv90 (µm) 11.07 

N/A – not applicable 

FUR SD benchmark exhibited a high glass transition temperature of approximately 140 

ºC and the presence of a melting peak. As addressed before, the occurrence of other thermal 

events is usual at higher drug loadings and may have been caused by heating during DSC.8 

XRPD indicated that the material was amorphous, confirming that the thermal events were not 

attributed to crystallinity presence. 

Concerning residual solvents quantification, DCM is above ICH limit. For FUR SD prod-

uct, either vacuum was not sufficient, due to the fact that the available laboratory tray oven did 

not allow drying with nitrogen sweep, which is the more likely scenario; or this particular formula-

tion requires a secondary drying duration of more than 24 hours. As DCM was not removed from 

FUR SD to acceptable values, it can negatively impact the physical stability of this amorphous 

product, by lowering the Tg or triggering API dissolution in certain domains.44 Ultimately, this may 

lead to recrystallization, compromising product’s shelf life and the overall bioavailability enhance-

ment strategy of the ASD product. 
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 TGA, bulk density and assay results are as expected. 

 

Powder diffractogram of Citric Acid 

 

Figure A.9 – Powder diffractogram of Citric Acid. 

 

Conductivity Curve  

To understand the extent to which organic solvent and antisolvent mixture is being re-

placed by water, a conductivity curve was plotted prior to diafiltration. The conductivity curve con-

sisted in the execution of a limited number of measurements to evaluate conductivity variation 

with the solvent mass fraction. Solvent mixtures with different DMSO/water (solvent/antisolvent) 

ratios were prepared (see Table A.5) and 3 conductivity measurements were made. The conduc-

tivity of water and DMSO was also measured individually. Conductivity was measured with a 

Mettler Toledo SG3 conductometer.  

The plan was to measure in-line conductivity during diafiltration, “tracking” the organic 

solvent content in retentate stream with the conductometer until ICH levels were acceptable.  
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Table A.5 – Conductivity curve: experimental results. 

Ratio (wt.) Conductivityaverage 

DMSO H2O  (µS/cm) 

N/AP 1 1.24 

1 N/AP 0.00 

1 1 0.19 

1 3 0.63 

1 7 0.93 

1 12 1.07 

1 20 1.08 

1 50 1.19 

N/A – not applicable 

Conductivity curve is plotted in Figure A.10. A clear tendency was perceived. However, 

conductivity measurements of deionized water present an off-set from values reported in literature 

(0.055µS/cm).121 This may be due to the equipment limitations and sensibility, and for this reason 

conductivity curve was not employed in this manuscript.  

Nevertheless, this type of inline measurement is recommended to track the efficiency of 

the diafiltration steps in real time.  

 

Figure A.10 – Conductivity Curve. 
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