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Thesis Findings 

1. The poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA64) proved to be a suitable 

polymer matrix to prepare immediate-release SPIR-loaded electrospun (ES) fibers. The 

applied polymer stabilizes a higher amount, even 40%, amorphous active 

pharmaceutical ingredient (API) encapsulated in the polymer matrix. Continuous 

production of SPIR/PVPVA64 ES fibers was accomplished with high-speed 

electrospinning. [I, II, V] 

2. The feasibility of continuous downstream processing of ES fibers (including collection, 

grinding, and tableting) was proven the first time. The feedability of the pure ES 

material is not satisfactory but blending the fibrous samples with large particle size 

microcrystalline cellulose results in reliable feeding. Adding further excipients to the 

ES material-loaded powder makes the tableting feasible. [I, IV, V] 

3. It was confirmed that nondestructive analytical methods could be applied for the 

detection of crystalline traces that influence the dissolution of SPIR negatively. The 

crystalline API content proved to be well measurable both by Raman and near-infrared 

(NIR) spectroscopy allowing in-line monitoring of the crystalline traces during 

continuous downstream processing of ES materials and detection both in blends and 

tablets. Furthermore, the in-line analytical tools make it possible to predict the 

dissolution thus the long destructive dissolution tests could be replaced. [I] 

4. Continuous blending and tableting of ES fibers were accomplished for the first time, 

whereby feeding of both the excipients and the ES material was performed 

continuously. The experimental results confirmed that both Raman and NIR 

spectroscopy methods are suitable for continuous monitoring of the ES material content 

and thus the API content, which has not previously been realized in the literature. UV-

Vis spectrophotometry method proved to be suitable for monitoring the API content of 

the ES fibers and validating the applied in-line analytical methods. The tablets prepared 

by continuous manufacturing passed the USP <905> content uniformity tests. [III, IV, 

V] 

5. We proved that both spray-dried (SD) and ES amorphous solid dispersions can be 

prepared using the same apparatus. The dissolution extent of the SD samples proved to 

be much lower compared to the ES material of the same immediate-release composition. 

The proven presence of crystalline SPIR traces in the SD sample induces precipitation 

of the API during the dissolution, which, however, are not present in the ES fibers. It is 
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confirmed this way that the selection of the preparation methods and the technological 

parameters has an important role in the formulation of amorphous solid dispersions. [II, 

V] 

6. The results proved for the first time that continuous dosing of ES fibers by 

pharmaceutical conditions is feasible. A correlation was identified by multivariate data 

analysis between the material property descriptors of the ES fibers milled by different 

methods and the feeding properties. [IV, V, VI, VII, VIII] 
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Új tudományos eredmények 

1. Igazoltuk, hogy a polivinil-pirrolidon vinil-acetát kopolimer (PVPVA64) kiválóan 

alkalmas azonnali hatóanyag-leadású spironolakton (SPIR)-tartalmú termékek 

elektrosztatikus szálképzéssel történő előállítására, s nagy mennyiségű - akár 40% - 

amorf hatóanyagot is hatékonyan stabilizál. Kifejlesztettük a szálas SPIR/PVPVA64 

termékek folyamatos gyártási eljárását nagysebességű elektrosztatikus szálképzés 

alkalmazásával. [I, II, V] 

2. Elsőként bizonyítottuk, hogy az elektrosztatikus szálképzéssel előállított termékek 

folyamatos gyűjtése, őrlése és feldolgozása tablettává lehetséges. Megállapítottuk, hogy 

a szálas termék önmagában nehezen, de nagy szemcseméretű mikrokristályos 

cellulózzal végzett homogenizálást követően megbízhatóan adagolható, és további 

segédanyagokkal keverve jól tablettázható. [I, IV, V] 

3. Igazoltuk, hogy a SPIR kioldódását negatívan befolyásoló kristályos hatóanyag-

tartalom in-line nyomon követésére roncsolásmentes Raman- és közeli infravörös (NIR) 

spektroszkópiás módszerek kiválóan alkalmasak, lehetővé téve kristályos nyomok 

detektálását folyamatos gyártás során. A módszerek alkalmazásával a kioldódás jóslása 

is lehetővé válik, ezáltal a hosszadalmas, kevés elemszámmal végrehajtott kioldódás 

tesztek helyettesíthetők gyors, nagy elemszámra vonatkozó modell-alapú eljárásokkal. 

[I] 

4. Elsőként valósítottuk meg szálas termékek folyamatos homogenizálását és tablettázását 

oly módon, hogy mind a segédanyagok, mind a szálas minta adagolása folyamatos 

módon történt. Igazoltuk, hogy a Raman- és NIR-spektroszkópiás módszer alkalmas a 

szálasanyag-tartalom és így a hatóanyag-tartalom folyamatos nyomon követésére, 

melyre a szakirodalomban korábban nem volt példa. A hatóanyag-tartalom 

meghatározására és az in-line analitikai módszerek validálására az UV-Vis 

spektrofotometriás módszert találtuk alkalmasnak. A folyamatos úton előállított 

tabletták teljesítették az USP <905> jelzésű hatósági követelményeket, melyek a 

hatóanyag-tartalom egységességére vonatkoznak. [III, IV, V] 

5. Igazoltuk, hogy lehetséges ugyanazzal a készülékkel porlasztva szárított és szálas amorf 

szilárd diszperziós termékeket előállítani.  Megállapítottuk, hogy porlasztva szárított 

azonnali hatóanyag-leadású rendszerekből jelentősen kisebb a kioldódás mértéke, mint 

azonos összetételű szálképzett termékek esetében. Bizonyítottuk, hogy a porlasztva 

szárított termékben levő kristályos nyomok indukálják a hatóanyag kicsapódását a 
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kioldódás során, míg az elektrosztatikus szálképzéssel előállított minták nem 

tartalmaznak kristályos nyomokat. Ezzel igazoltuk az előállítási módszer és a 

technológiai paraméterek kiemelkedő szerepét az amorf szilárd diszperziók 

technológiájában. [II, V] 

6. Elsőként bizonyítottuk, hogy lehetséges gyógyszeripari körülmények között, 

folyamatos üzemmódban, elektrosztatikus szálképzéssel előállított szálas termékeket 

adagolni. Többváltozós adatelemzés alkalmazásával összefüggést állapítottunk meg a 

különböző módon őrölt elektrosztatikus szálképzéssel előállított minták 

portulajdonságai, és adagolási jellemzői között. [IV, V, VI, VII, VIII] 
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1. Introduction 

A great number of small molecule drug candidates in today’s development portfolio has 

poor water solubility, which results in several difficulties during the formulation of oral solid 

dosage forms or parenteral administration. To make the biologically effective active 

pharmaceutical ingredients (APIs) suitable for pharmaceutical application, the dissolution 

properties of the molecules need to be enhanced at first as in most cases this contributes to an 

increase in the bioavailability.  

Different formulation strategies are available to overcome this challenge, among which 

preparation of amorphous solid dispersions (ASDs) is getting to reach more interest thanks to 

the advantageous dissolution properties of the products. The main challenge is the development 

of stabile compositions to avoid the recrystallization of the API during the downstream 

processing, storage and application. Nowadays, several techniques are available to prepare 

stable ASDs such as the commonly used spray drying and hot-melt extrusion. However, other 

novel and promising technologies were also developed for this purpose. One of these innovative 

methods is electrospinning, which is a very gentle continuous technology to accomplish 

appropriate drying at ambient temperature and atmospheric pressure. Although the energy 

consumption and the solvent needs of electrospinning are low, the technology is not applied in 

the case of marketed products in the pharmaceutical industry yet. The reason for this is that the 

scaled-up production and downstream processing of the poorly flowable electrospun (ES) fibers 

need to be addressed, while the applied, often novel technological solutions must satisfy the 

strict pharmaceutical requirements. Besides, integration of continuous manufacturing (CM) can 

further increase the attention to electrospinning since the pharmaceutical industry is more and 

more open to such a change in drug development. 

Our objectives were to prepare immediate-release fibrous systems continuously by high-

speed electrospinning (HSES), to investigate the continuous downstream processing steps of 

ES fibers to tablet and reconstitution dosage form, and to compare the electrospinning with 

other industrial relevant solvent-based ASD preparation methods. It was intended to develop 

an integrated system for downstream processing of ES materials consisting of continuous 

feeding, blending and tableting coupled with two non-destructive, in-line analytical tools. By 

the development of fully CM lines using the technology of electrospinning, the main goal was 

to reveal the effective applicability of API-loaded ES samples in the current, innovative 

pharmaceutical industry. 
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2. Literature review 

2.1. Current trends in the pharmaceutical industry 

In many areas of the chemical industry, the implementation of new and effective 

technologies to the manufacturing is an everyday task to reduce the costs, make the processes 

greener and safer, and increase productivity [1, 2]. In contrast, the pharmaceutical industry can 

react to the changes much slower due to the strict regulations and good manufacturing practice 

(GMP) guidelines [3]. Each research and development needs very large and risky investment 

in this field thus the smaller market players cannot afford to spend money on unknown solutions 

for drug manufacturing. However, the increasing number of poorly water-soluble drug 

candidates and the need for quick and effective production of high-quality drug products 

encourage the pharmaceutical companies and authorities to modernize the manufacturing 

processes and technologies and to rethink the regulatory considerations [4, 5]. In the following 

chapters, the reasons for changing the mindset and the possible solutions, strategies are 

discussed in detail. 

2.1.1. Dissolution enhancement strategies 

Nowadays, the search for potential drug candidates accelerated with the development of 

the novel and effective drug discovery strategies such as high throughput screening, 

combinatorial chemistry, or the application of machine learning [6-8]. Although the number of 

promising small molecules is increasing year by year only a small fraction of them reach the 

phase trials and finally the approval. One of the main reasons is their low aqueous solubility, 

permeability or solubility-permeability [9, 10]. To facilitate the drug developments, Amidon 

and his coworkers created the so-called Biopharmaceutical Classification System (BCS), which 

categorizes the active pharmaceutical ingredients (APIs) according to their solubility and 

permeability (Figure 1) [11]. Furthermore, the expectation for the in vitro-in vivo correlations 

was also the main part of their studies, which can help the regulatory authorities during the 

approval processes and the formulation scientist during searching for optimized dosage forms 

[12]. 
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Figure 1. Biopharmaceutical classification system (BCS). 

The drug molecules in BCS I group are ideal for pharmaceutical applications but only 

circa 35% of the marketed drugs and 5-10% of the promising candidates belong to this group 

[13]. Nearly 40% of the marketed drugs and approximately 75% of the new APIs under 

development possess weak solubility in water thus tackling this problem is the key issue of 

formulation developments [14]. To handle the solubility difficulties, several physical and 

chemical methods are available, which indicate the variety of the possibilities in the formulation 

field of poorly-water soluble drugs (Figure 2) [15]. Important to note that increasing the 

thermodynamic solubility is possible only by chemical methods since it is a material property 

that defines the maximum amount of the most stable form of a given substance that can be 

dissolved in a given solvent at a given temperature and pressure. However, the dissolution, 

which is characterized the pharmacologically useful time, can be enhanced by physical 

methods. In this way, the apparent solubility (kinetic solubility) and the degree of 

supersaturation can be increased effectively, which is the main driving force of passive 

membrane transport [16], resulting in increased bioavailability [17, 18]. Besides, formulation 

strategists increasingly prefer the physical methods since the dissolution properties can be 

enhanced without modifying the structure of the API. Therefore, the drugs retain their 

therapeutic effects and main material properties. Considering these advantages and the topic of 

this PhD research, only the physical techniques are discussed in detail in this chapter. 
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Figure 2. Formulation strategies of poorly water-soluble drugs. (Red rounds and shapes indicate the 

drug while other components are depicted by grey color.) 

One of the simplest physical methods is the particle size reduction, usually via 

micronization [19]. This technique is based on the well-known Noyes’s and Whitney’s equation 

(Equation 1), which describe that the dissolution rate depends on the surface area of the given 

material. 

𝑑𝑚

𝑑𝑡
=  

𝐷∙𝐴

ℎ
(𝑐𝑠 − 𝑐) Equation (1) 

In Equation 1, 
𝑑𝑚

𝑑𝑡
 indicates the dissolution rate, 𝐷 is the diffusion coefficient, 𝐴 denotes 

the surface of the material, ℎ means the thickness of the diffusion layer, 𝑐𝑠 is equilibrium 

solubility, and 𝑐 is the actual concentration. By decreasing the particle size of the APIs, the 

specific surface area is increasing, which results in an enhanced dissolution rate according to 

Equation 1. Micronization was successfully applied for instance to improve the bioavailability 

of megestrol acetate [20] but it is also usually used in the case of marketed products, e.g. in the 

case of fenofibrate-loaded medicines [21]. The main challenge relating to the micronized APIs 

is their poor powder flowability and large electrostatic chargeability, which make the 

downstream processes (e.g. capsule filling) critical from the content uniformity point of view 

[22, 23]. 

Another widely used method for dissolution enhancement is the complexation, the most 

common form of which is the use of cyclodextrins [24]. These macrocyclic oligosaccharides 
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have a hydrophilic outer exterior, which contributes to their good solubility properties, and have 

a hydrophobic inner cavity in which the poorly water-soluble drug molecules can form 

inclusion complexes. Significant dissolution improvements were achieved with modified 

cyclodextrins such as hydroxypropyl-β-cyclodextrin and sulfobutylether-β-cyclodextrin (SBE-

β-CD), which are common applied in marketed drug products [4, 25, 26]. The main limitation 

of cyclodextrin-based formulation development is that not every drug molecules have the 

appropriate size and geometry to form an inclusion complex with the cyclodextrins [27]. 

Solubilization techniques are also well applicable for increasing the dissolution 

properties. For instance, the application of Poloxamer 407 surfactant resulted in high dissolution 

and bioavailability in the case of the poorly water-soluble griseofulvin since the surfactant 

facilitated the wettability of the particles [28]. Similarly, good dissolution can be achieved by 

lipid-based formulation systems [29] or by using cosolvents [30]. Although the apparent 

solubility can be increased by solubilization methods the permeability decreasing was observed 

several times, which usually lead to low bioavailability [31, 32]. Therefore, the role of in vitro 

dissolution-permeation tests might be important in this field [33]. 

Crystal engineering has also an important role in the dissolution enhancement since the 

different crystal structures, solvated/hydrated crystals or crystals with a given particle size and 

shape might have different physico-chemical properties [34]. An interesting example is the 

investigation of polymorphism of efavirenz, which showed that polymorph II is more stable 

and have a higher intrinsic dissolution rate compared to polymorph I [35]. However, the number 

of possible polymorphs and solvomorphs is finite thus these techniques do not lead to better 

dissolution in many cases. In that case, co-crystallization might mean a possible solution where 

covalent bonds did not form between the co-crystals and the original API [36].  By application 

of co-crystals, dissolution of ezetimibe was successfully increased, while the flow properties of 

the powder were also improved [37]. The main challenges relating to the co-crystals are the 

scaled-up production and the selection of the pharmaceutical applicable, effective co-crystals 

[38]. 

A common and widely researched area in the field of dissolution enhancement strategies 

is the application of amorphous solid dispersions (ASDs) [39]. Their efficiency lies in that there 

is no need for high energies to break the crystalline lattice during the dissolution thanks to the 

amorphous structure. ASDs can be an excellent choice in the case of the majority of poorly 

water-soluble APIs thanks to the variety of the preparation methods and the usage of known 

pharmaceutical excipients. Nowadays, more and more ASD-loaded drug products are approved, 
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which indicate great potential in this formulation strategy [40]. In addition, new technological 

developments and the application of novel excipients can further increase the possibilities 

relating to the ASDs. If the stability of the amorphous form is appropriate until the expiration 

date of the commonly used dosage forms, the ASD-loaded medicines can be the best solution 

for the solubility problems of BCS II and BCS IV APIs [41]. Considering all of the mentioned 

advantages, it can be established that ASDs have an important role in the current drug 

developments and these forms might be significant in the future pharmaceutical industry as 

well. 

To summarize, several effective formulation strategies are available for dissolution 

enhancement, among which preparation of ASDs is a very promising and commonly 

applicable technique. However, the high number of poorly water-soluble potential drug 

candidates requires continuous research and development of both the current and the 

novel technologies. Besides, selection of the appropriate methods and excipients need to be 

performed by considering the physico-chemical properties of the given API. Therefore, 

searching for solutions, which can be used for as many substances as possible, is essential. 

2.1.2. Continuous technologies in the pharmaceutical industry 

From the beginning of the 2000s, some publications, crossing the batch-centered systems, 

started to deal with the possibilities of continuous technologies during pharmaceutical 

manufacturing [42, 43]. After the first International Symposium on Continuous Manufacturing 

of Pharmaceuticals (ISCMP) [44], the researches and results related to this topic have become 

more and more popular, and the first continuous manufacturing (CM) drug product 

(Orkambi™) approved by the Food and Drug Administration (FDA) demonstrated the success 

of the new trend. The renovation of regulatory aspects became timely, which was one of the 

main topics on the second ISCMP in 2016 [45]. The white paper of the conference follows the 

previously accepted FDA and International Council on Harmonization (ICH) guidelines [46-

49] and on that basis, process monitoring and control have been emphasized peculiarly at the 

conference [45]. The new approaches and consideration resulted in six FDA-approved CM 

products until 2019 (Orkambi™, Prezista®, Verzenio™, Symdeko™, Daurismo™, Severin®), 

which show the possibilities of this continuous trend [50]. The CM line of Janssen for 

production of the protease inhibitor Prezista® can be highlighted among the marketed CM 

products since a complete batch-to-continuous shift was implemented for the very first time 

[51]. In this way, making an illustrative comparison between batch and continuous technologies 

became possible. According to their calculations, the production volume can be increased by 
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70% within eight years. Besides, the waste can be reduced by 33% and the manufacturing and 

testing cycle time can be decreased by 80%. Summing up, batch technologies still dominate in 

the pharmaceutical industry but changing the mindset and opening towards continuous 

opportunities could denote significant advantages during the production of medicines [52]. 

Continuous technologies spread particularly quickly in the field of secondary 

pharmaceutical manufacturing where the main goal is the formation of the final dosage forms. 

As tablets are the most common final products, the majority of continuous downstream 

processing consists of feeding, blending, and tableting. Several companies came to the market 

with their continuous formulation line until today such as the GEA, Glatt, Lodige, LBBohle, 

Gericke/Gertise, and Bosch [53-55]. In the academic area, Simonaho et al. presented CM of 

tablets with the so-called PROMIS-line, which is a research and development continuous 

formulation approach established at the University of Eastern Finland [56]. This construction 

was tested in the case of three different operations. The results demonstrated the applicability 

of all three configurations that can be implemented in a normal laboratory room. Nonetheless, 

the introduced system can be the basis of formulation studies, process parameter examinations 

and process analytical technology (PAT) measurements. Singh et al. studied continuous direct 

compaction of acetyl-para-aminophenol, silicified microcrystalline cellulose (MCC) and 

magnesium stearate (MgSt) [57]. Since feeding has a high impact on the quality of tablets, the 

major influence factor, bulk density, was investigated. Near-infrared (NIR) spectroscopy was 

applied for real-time monitoring of powder bulk density by collecting spectra of the blends. For 

developing a NIR calibration model, powders with different bulk densities were measured. 

Afterwards, a control system was created using information from NIR spectra. This research 

proves that knowledge of critical quality attributes and those influencing factors are very 

important to obtain high-quality products. Experiments of Taipale-Kovalainen et al. also 

confirm the importance of crucial parameters [58]. Two different, long CM runs were tested 

during their research where the investigated technological set-up consisted of feeding, mixing, 

and tableting steps, these processes were connected by vacuum conveyors. The results present 

the intentional and unintentional deviations during the long-term operation of continuous 

tableting. An even longer continuous direct tableting manufacturing was accomplished by the 

co-workers of GEA and Merck [59]. During their experiment, 15 million tablets were produced 

under PAT controlled circumstances, which resulted in a yield of 99.2%. This study 

demonstrated the robustness of a commercially available CM line and the role of continuous 

monitoring in producing high-quality products. 
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Finally, it is worth mentioning in this section the end-to-end CM of pharmaceuticals. Its 

essence is to connect the synthesis of the APIs and formulation steps thereby a fully continuous 

system can be accomplished without human intervention. The first publication in this field, the 

work of the MIT’s researchers who achieved the synthesis and the purification of aliskiren-

hemifumarate, then it was formulated to tablet form in a completely CM line in 2013 [60]. 

Later, four further APIs have been synthesized and formulated by using this technology to 

evidence its capabilities and success [61]. 

After surveying the current trend of the pharmaceutical industry, and seeing the 

supportive attitude of the regulatory authorities, it can be stated that continuous technologies 

getting to paid special attention. In addition, the example of the marketed Prezista® proved 

that CM needs less room and results in a reduced production timeline than the batch 

manufacturing of the same product. However, the low number of the FDA-approved medicines 

prepared by CM suggests that there are several obstacles yet that need to be addressed such 

as handling of poorly flowable powders, avoiding clogging or harmonization of the 

processing steps. 

2.1.3. Process analytical technologies 

In 2004, the FDA presented the PAT, a new regulatory framework to encourage the 

development of innovative pharmaceutical manufacturing and quality assurance [46]. The PAT 

framework is more than the application of common analytical methods since it includes 

multivariate tools for manufacturing design, data acquisition and analysis, process analyzers 

and process control tools, and continuous improvement and knowledge management tools. A 

combination of these tools can secure constant product quality, which is the key aspect of 

regulatory approvals. As a result, research and development in this field became more and more 

important and PAT tools were implemented into the pharmaceutical manufacturing lines [62]. 

With the development of continuous technologies, the role of PAT increased even more, as it 

was seen in the previous chapter as well, PAT tools are inevitable to the continuous process 

monitoring and controlling [63]. 

Considering the analytical methods, at-line, on-line and in-line process analyzers can fit 

into the PAT framework, which might replace the traditional off-line techniques (Figure 3). In 

addition, it is the most preferable during CM if process monitoring and analyzing technologies 

include non-destructive, in-line applicable analytical tools, appropriate chemometric tools for 

evaluation and suitable controlling systems and strategies.  
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Figure 3. Differences between off-line, at-line, on-line and in-line analysis. 

In general, vibrational spectroscopic methods such as NIR and Raman spectroscopy are 

used for in-line monitoring of pharmaceutical processes since there is no need for sample 

preparation [64] thus these methods can be inserted easily in CM lines as well. NIR 

spectroscopy was successfully applied for the quantitative determination of the API content 

after granulation and tablet coating [65], measuring tablet coat thickness [66], monitoring the 

continuous blending process [67] and determining the moisture content of pellets [68]. 

Similarly, Raman spectroscopy proved to be suitable for monitoring several pharmaceutical 

processes such as hot-melt extrusion [69], blending [70] or wet-granulation [71]. Besides, 

Raman spectroscopy was applicable for in-line monitoring and feedback control of continuous 

pharmaceutical blending and tableting process, which demonstrated its efficiency in continuous 

pharmaceutical manufacturing [72]. Furthermore, several studies compare the two 

spectroscopic methods since NIR and Raman can complete each other. Mostly, Raman is more 

suitable for drug content determination thanks to the advantage of greater chemical specify [73, 

74], while NIR can be effective tool for moisture content determination because of its sensitivity 

of polar groups and asymmetric vibrations [75]. 

After reviewing the literature relating to the application of PAT tools, it is clear that real-

time analysis of the processes is needed during CM to produce high-quality drug products. 

However, selection of the suitable spectroscopic and chemometric methods highly depends 

on the given process and purpose. Therefore, new technological developments and 

formulation strategies require thorough PAT design and new analytical and chemometric 

developments. 
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2.2. Amorphous solid dispersions 

2.2.1. Properties and challenges 

The concept of solid dispersions in the pharmaceutical field was determined by Chiou 

and Riegelman, as one or more active ingredients in an inert carrier or matrix at solid state 

prepared by the melting (fusion), solvent, or melting solvent method [76]. During the years, 

more categorization of solid dispersions was introduced, which distinguish solid dispersion 

systems mainly based on the physical state of the carrier and of the dispersed phase (of API) 

[77, 78]. The most common version from the pharmaceutical application point of view is when 

an amorphous API is molecularly dispersed in an amorphous (mostly in polymer) matrix, which 

is the determination of the previously mentioned ASD [79, 80]. It can be stated that numerous 

pharmaceutical formulation publications are relating to drug-loaded, polymer-based amorphous 

systems due to their advantageous properties compared to the crystalline form (Figure 4) [81]. 

 

Figure 4. Advantages of drug-loaded polymer-based amorphous solid dispersions (ASDs). 

Although several impediments can be excluded by forming ASDs, other, hitherto 

unknown pitfalls can emerge. One of the major troubles is that physical instability might turn 

up; therefore, recrystallization of the amorphous system befalls during storage [82, 83]. The 

origin of the stability issues can be explained by Figure 5 [84]. The ideal structure is if the drug 

is molecularly fully dispersed in the polymer matrix (Figure 5a), which usually achievable only 

at low drug loadings. If the phase separation has a lower energy barrier than the crystallization 

a meta-stable structure forms (Figure 5b), which tends to recrystallize over time. The worst 

option is when the drug precipitates out from a supersaturated solution/solid solution and the 

system lose its advantageous properties due to the recrystallization of the amorphous form 

(Figure 5c). Therefore, technologists need to strive to the formation of the most desirable 

structure (Figure 5a) to achieve stable forms. 
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Figure 5. The three possible structures of a drug/polymer solid dispersion (adapted from [84]). 

Recrystallization can be avoided for instance by choosing an appropriate polymer as a 

matrix which ‘antiplasticizes’ the drug (raising its glass transition temperature) and/or forms 

intense interaction with the drug [41]. However, not only the polymer influences the stability 

but the physicochemical characteristics of the drug, ratio of the components and preparation 

methods also have an impact on the quality [81]. In conclusion, developers have to consider 

all of these factors during designing applicable ASDs. 

2.2.2. Preparation methods 

ASD manufacturing techniques are divisible into two chief groups, namely solvent 

methods and melt or fusion methods. Versatile and applied-in-practice technologies can be 

listed in these two classes, which are compared and specified in many articles [77, 85]. Spray 

drying and HME stand out from all of the known ASD preparation methods because most of 

the commercially available ASD-based products are manufactured with these techniques. Their 

success can be explained with scale-up possibilities and by the fact that the process parameters 

are well-known and adjustable. Furthermore, spray drying and HME are both continuous 

technologies. Consequently, special attention is paid to these techniques in this chapter. 

The most common solvent method is spray drying during which the solution is fed into a 

nozzle. After leaving the nozzle, the droplets are dried by counter- or co-flowing warm gas in 

the drying chamber. Then, the spray-dried (SD) form is collected through a cyclone into a 

collection bin [86]. In general, a powder of small particle size is obtained as the product at the 

end of this continuous technology [87]. One of the major advantages of this formulation is that 

faster dissolution can be achieved because of the enhanced surface area. In addition, there is no 

need for milling due to the fine powder products, which can also be considered beneficial. 

Although the poor flow properties of the SD samples can be a significant drawback resulting in 
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challenges in course of other continuous steps like feeding, blending or tableting. At last, 

residual solvents could mean problems during scaling up thus their amount needs to be 

decreased as much as possible due to the strict quality requirements. In summary, many SD 

products containing medicines can be found on the market and plenty of publications are 

referring to spray drying as a continuous process but a full continuous formulation of SD 

products may have been examined only in the case of the Orkambi™ and the Symdeko™ up to 

now. 

Among the melt methods, the most prominent is HME adapted from the plastic industry 

[88]. During this process, the drug-polymer mixture is heated while the melt is transported 

through the extruder by one or two rotating screws (usually co-rotating screws). After leaving 

the equipment, the extrudates are arriving on a conveyor belt where the hot materials can 

solidify. Afterwards, the glassy product can be forwarded for cutting or grinding. This technique 

is also continuous and it has some benefits against spray drying such as solvent-free operation 

or better flow properties of the extruded powders [89]. However, only thermostable drugs can 

be formulated by HME, which is the greatest limitation of this method. Moreover, the poor 

compressibility of the products signifies a challenge in many instances; therefore, it also needs 

to apply fillers and other excipients if the tablet formulation is planned to be prepared by CM. 

Despite these detriments, many drug products consisting of extruded samples have been 

approved so far and continuous downstream processing systems, where HME is coupled with 

injection moulding or 3D printing, have appeared in the literature recently [90, 91]. 

During the years, some of the other ASD preparation methods were also investigated with 

regards to the generation of the final dosage form [92]. For instance, more examples have been 

published relating to tablets containing freeze-dried samples for improving the dissolution rate 

of poorly water-soluble APIs [93, 94]. An alternative to conventional solvent evaporation 

methods can be the supercritical fluid processing where quick drying leads to residual solvent-

free and free-flowing end product [95]. Furthermore, electrospinning, a relatively novel 

technique for ASD preparation, also has to be mentioned as it seems to be a promising 

technology in the future based on the numerous publications in this field [96]. 

Although the commonly used spray drying and HME would be replaceable with 

several novel ASD preparation methods the new technologies need to fulfil some key 

aspects such as scalability, processability, environmental and economic issues. 
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2.2.3. Continuous formulation approaches 

Numerous research papers exist in the literature concerning the continuous effectuation 

of the different formulation steps. Although the number of publications is limited relating to the 

fully continuous preparation of ASD-based final drug products, it seems to be a quickly 

developing area.  

Among the ASD formulation methods, HME is one of the most common techniques, 

which is basically a continuous technology. HME was used successfully several times to make 

amorphous drug-loaded pellets, granules or tablets [97, 98]. Baronsky-Probst et al. studied twin-

screw HME as an auspicious method for continuous production of pharmaceutical tamper-

resistant tablets [99]. Potential critical process parameters of HME and their relationship with 

the critical quality attributes were investigated during their work. Fourier-transform NIR was 

applied as a PAT tool for detecting and controlling the influencing factors in real-time. Based 

on the results, the optimization of the HME technology could be facilitated by analyzing the 

process data and by using design of experiments (DoE). Interestingly, not only solid dosage 

forms can be prepared via HME but also gel formation, which proves the wide-range 

applicability of the technology. Pawar et al. investigated HME as a continuous opportunity for 

preparing topical diclofenac sodium gel [100]. In their research, the applied API was dissolved 

in water with other excipients and this solvent was injected into the extruder with a peristaltic 

pump. The other phase of the system was fed with a twin-screw volumetric feeder. These 

processes can be transformed into other continuous techniques as well. If the feeding of the 

pure, solid API seems to be difficult it might be worth feeding a ‘liquid masterbatch’ while 

excipients with good flow properties can be fed with the commercially available feeders. In this 

way, the drug release was enhanced successfully and HME was used for CM of gel formulation 

at first.  

Some publications in context to downstream processing present continuous systems 

where novel methods such as injection molding or 3D printing are connected to the HME for 

generating the final dosage form. The application of an integrated HME-injection molding (IM) 

manufacturing platform was successfully developed for preparing sustained-release or 

immediate-release matrix tablets [90, 101]. Although the dissolution properties of these drug-

polymer systems seemed to be well controllable, the APIs were in the crystalline state in most 

cases where HME and IM were coupled. However, innovative 3D printing is another viable 

way to produce tablets after the HME process. Zhang et al. investigated the differences among 

3D-printed tablets, directly compressed tablets from milled extrudates and tablets prepared from 
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physical mixtures [91]. 3D printing is one of the state-of-the-art methods in formulation fields, 

which enables the design of complex dosage forms, thereby the production of personalized-

dose medicines and immediate consumption products can be achieved. Linking HME and 3D 

printing resulted in extended acetaminophen release for every tested polymer. Furthermore, this 

article punctuates that a combination of HME and 3D printing is considered advantageous for 

both bioavailability enhancement of the API and from the more effective production point of 

view. Similar conclusions were drawn in the case of carvedilol-loaded 3D-printed floating 

tablets where four configurations were examined with different in vitro dissolution testing 

methods [102]. The major limitation of the 3D printing-based and integrated HME-IM 

formulation processes is that productivity is not comparable to the traditional tableting methods. 

HME coupled with 3D printing or IM seems to be an innovative and promising way of 

personalized treatment but currently, it cannot be applied for mass production.  

Formulation of amorphous drug delivery systems via spray drying is considered to be a 

continuous technology as well. The final dosage form of SD samples can be inhalable dry 

powders [103] or oral solid dosage forms [104-106]. However, a totally continuous formulation 

line needs to start with the solution preparation and should take until the formulation of the final 

dosage form, usually tablets. Consequently, technologists have to face similar challenges than 

in the case of HME, especially in the field of feeding. Cayli et al., prepared inhalation dry 

powders via spray drying where the API was fed in a suspension form while the mucolytic 

agent was added to it right before the ASD preparation process [107]. 

Balogh et al. published a research paper in which continuous end-to-end production of an 

ASD-based solid form was accomplished [108]. During this work, electrospinning was 

introduced as an advanced linking technology between the synthesis of acetylsalicylic acid and 

its formulation into orally dissolving webs. Continuous preparation of the solution for 

electrospinning means the key step of connection flow reaction and electrospinning. If the 

polymer has no chemical interaction with the reactants, it can be added to the API solution 

during the synthesis. Otherwise, the polymer needs to be added right after the synthesis. 

Electrospinning allows the simple and quick removal of reaction solvents via fast evaporation. 

Therefore, crystallization, filtration, and drying can be excluded this way. In addition, 

continuous cutting and collection of the layered fibrous webs were successfully achieved by 

coupling Raman spectroscopy to the system.  

Nevertheless, continuous preparation of tablets or capsules, the most popular solid dosage 

forms, could be important if the current batch systems are planned to be replaced. 
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GlaxoSmithKline also developed their own CM method for preparing tablets where the process 

was approached from another side [109]. The speciality of the so-called liquid dispensing 

technology is that the tablets are pressed at first and then these placebo tablets are covered by 

the solution of the API and polymer or other excipients. This method is suitable to prepare low 

dose drug products in which the API is concentrated on the tablet surface. To confirm the exact 

amount of the dry dose, the surface of the tablets was examined by NIR imaging [110]. 

Although the research of Clarke and Doughty does not mention the ‘amorphicity’ of the API 

on the surface of the carrier tablets the dosing solution contains a polymer and other excipients 

as well. The published method can consider being a platform technology for continuous film 

casting. Consequently, the technique can be applied for preparing low-dose ASD-loaded tablets 

in a continuous way if an appropriate drying process is chosen. 

The above-mentioned examples presented alternative ways for preparation of the final 

dosage forms but conventional tablet production containing ASDs is more challenging in a 

continuous way. The main reason for this is that the powder flow properties have an impact on 

the downstream processing of polymer-based ASDs as well. Inadequate flowability can cause 

bridging, arching, or rat-holing during tableting, which deteriorates the processing time and the 

efficiency of die filling [111]. Furthermore, powder behavior also influences the feeding in the 

case of CM and thus, successful implementation of this step strongly depends on the physical 

properties of the ASDs and the external variables such as consolidation, aeration or the applied 

equipment [112]. ASDs can be characterized with bad powder flow properties in many 

instances; therefore, automatic and continuous mass production of ASD-loaded tablets may 

encounter obstacles [92]. The major influencing factors of polymer-based ASDs’ flowability 

are summarized in Figure 6. As the different preparation methods and process parameters result 

in various kinds of products, the flow properties differ accordingly. In addition, to a lesser extent 

but the type and amount of the applied raw materials also determine the flow characteristic of 

the produced ASD. Finally, flowability can be influenced by adding extra excipients to the 

composition before the ASD preparation. 
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Figure 6. Main influencing factors of polymer-based ASDs’ flowability. 

Davis et al. studied the impacts of spray drying and HME on powder flow, compression 

and dissolution in the case of itraconazole-containing ASDs [113]. A ternary ratio of API-

Soluplus®-HPMCP 30-40-30 (w/w%) was selected for the preparation of ASDs. The different 

samples were analysed by scanning electron microscopy (SEM) and Freeman FT4 powder 

rheometer to receive information about the particle size, morphology, and powder flow, 

respectively. In terms of powder flow, SD materials had poorer characteristics than milled 

extrudates due to the smaller particles sizes, more complex morphology and cohesiveness. 

Decreasing the particle size of extrudates is possible too, by different intensive milling 

processes [114]. Poor flowability of SD samples has industrial relevance as well. The flow 

properties of etravirine-loaded SD ASD needed to be improved by continuous roller compaction 

together with MCC during the downstream process [115]. 

In addition, important to note that PAT tools are needed during the continuous 

formulation of ASDs as well. From the ASDs point of view, the quality control should focus 

on the crystalline traces of the API [116] since small crystallinities can occur, which might 

result in deteriorated dissolution due to the lack of the amorphous structure. Raman 

spectroscopy was successfully applied several times for investigating the absence of 

crystallinity in extrudates [117, 118]. However, there is another key factor besides the 

‘amorphicity’, namely the amount of residual solvent, which needs to be determined during 

solvent-based ASD preparation methods. Tewari et al. were successfully accomplished on-line 

monitoring of residual solvents during drying with a non-invasive infrared sensor [119]. A 

similar conclusion was deducted by Fonteyne et al. who investigated the moisture content 

during fluid bed drying [120]. The monitored drying system was part of a fully continuous 

from-powder-to-tablets production line where Raman and NIR spectroscopy is seemed to be 
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effective to examine the fluid bed drying process in real-time. Consequently, the use of these 

methods can be satisfying for investigating ASDs as well, especially because fluid bed drying 

can be a continuous way for secondary drying ASD prepared by solvent methods. Therefore, 

not only crystalline traces but residual solvents also can be examined with the same analytical 

technique by combining the evaluation methods. 

Although ASD preparation methods are originally continuous technologies there are 

fewer examples for integrated systems including the production of the ASDs, the 

conventional tablet formation and the suitable PAT tools. Therefore, it would be essential 

to investigate the possibilities of developments of complex continuous systems to 

accomplish productive, cost-effective, faster and greener manufacturing lines for ASD-

loaded final drug products. 
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2.3. Electrospinning 

2.3.1. Introduction of electrospinning 

Electrospinning was originally reported in 1899 and the technology has been used since 

for the fabrication of continuous fibers [121]. Beginning from the 1980s and particularly during 

the recent decade, electrospinning technology has gained increasing attention. Possibly this can 

be attributed to the surging interest in nanotechnology, as ultrafine micro- or nanofibers or 

fibrous structures of various polymers or cyclodextrins can easily be fabricated using this 

process. The applications of electrospun (ES) products are expanding, especially in areas 

relating to drug delivery and tissue engineering [122-124]. 

Basically, there are three basic types of electrospinning, namely the melt, solvent and 

emulsion electrospinning [125], among which solvent-based techniques are the most common 

in pharmaceutical researches. During the simplest solvent electrospinning, called single-needle 

electrospinning (SNES) (Figure 7), the solution containing the polymer(s) and the API(s) are 

fed into a nozzle-type spinneret possessed one orifice. This needle connects to high voltage 

while a grounded collector can be found opposite that. In this way, there will be a potential 

difference between the spinneret and the collector as a result, the formation of a so-called Taylor 

cone occurs. If the electrostatic forces overcome the surface tension, a liquid jet leaves from the 

cone, while the solvents evaporate and solid material with fibrous structure stabilize on the 

collector [126]. The product of the process can be characterized by high surface area, which is 

one of the main advantages from the dissolution enhancement point of view. 

 

Figure 7. Schematic drawing of single-needle electrospinning (SNES). 

Besides the high surface area, an amorphous structure can be achieved by electrospinning, 

which also contributes to the improvement of the dissolution rate. The very efficient 

amorphization effect of ES is due to the immediate evaporation of the solvent, which results in 

a solid solution of the drug in the applied matrix [127-130].  
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The first patent about ES oral drug delivery systems contained a very comprehensive 

description of the technology and was submitted by Ignatious and Baldoni in 1999 [131]. In 

2003, the first scientific article was published by Verreck et al. about dissolution enhancement 

for oral drug delivery using ES nanofibers [132]. In this pioneering work, itraconazole-loaded 

hydroxypropyl methylcellulose (HPMC) fibers were produced and the dissolution rate of the 

poorly water-soluble itraconazole was increased significantly. A few years later, in 2009, Yu et 

al. published a polyvinylpyrrolidone-based oral fast-dissolving drug delivery system [133], in 

which 85% drug release was achieved in the first 20 s of dissolution. In 2010, 100% drug release 

was reached within a few seconds using a polyvinyl alcohol-based orally dissolving web [134]. 

From 2010, the number of publications aiming at oral drug delivery using ES fibers increased 

exponentially [96, 135].  

Most of the publications, however, employ SNES having rather low productivity (<1 

g/h), which does not satisfy the needs of the pharmaceutical industry. Therefore, multiple 

attempts were made for the scale-up of the technology to reach production rates 

sufficiently high for industrial applications [136]. Besides increased productivity, current 

development needs to focus on fiber collection methods and the downstream processing 

of the produced fibers as well. 

2.3.2. Scaled-up electrospinning technologies 

Since the productivity of the simplest ES method is usually around 0.01–1 g/h, 

technological changes are needed for raising the output of ES, which can satisfy the 

pharmaceutical requirements. The scale-up of ES technology is based on increasing the number 

of Taylor cones, which means increasing the number of liquid jets leaving the solution. 

Basically, the modified ES techniques can be divided into two main groups according to their 

working principle: nozzle and free surface methods [137]. The nozzle ES apparatuses are 

systems with limited open solution surface, where the solution is being fed directly into the 

charged needles or multiple-hole spinnerets. In contrast, significantly more Taylor cones can 

be formed during free surface ES methods, during which many liquid jets are able to leave from 

the open surface of the solution. Furthermore, both groups consist of some subgroups 

(depending on the type of the spinneret), which include several high-performance ES methods 

[138, 139]. 

Among nozzle-type techniques, multi-needle ES is considered to be the easiest solution 

to increase productivity, when the arrangement and the distance of the two or more needles can 

be multifarious [140, 141]. The main challenge of these methods is to avoid the interaction of 
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the electrostatic fields formed by the needles carrying the static charge. As a result of 

interaction, repulsive forces may occur between the liquid jets, which can lead to the increased 

variation of fiber quality. The application of tubular or flat spinnerets with holes reduces the 

interaction between the leaving jets [142, 143]. However, no notable increase in productivity 

has been reported using multiple needles, and presumably, it is the reason why these methods 

did not spread in practical usage. Much higher production rates can be achieved with 

electroblowing when an additional air flow facilitates solvent evaporation [144-149]. Although 

the feeding rate is increased during the electroblowing process, beads or droplets can also 

appear among the fibers more frequently due to the effects of the air flow. In addition, the main 

limitation of all nozzle techniques is the possibility of spinneret clogging, and therefore, 

adjusting the process parameters (feeding rate, applied voltage, etc.) requires thorough 

optimization. 

The application of rotating spinnerets can reduce the likelihood of clogging due to the 

centrifugal force that pushes the solution through the nozzle. The possibility of clogging can be 

reduced even further if the spinneret contains orifices instead of needles. In addition, the liquid 

jet is continuously stretched and elongated by the centrifugal force and therefore it is possible 

to use rotating spinnerets to prepare fibers [150-152] with increased yields even without 

applying voltage. Sarkar et al. developed the Forcespinning® technology and increased 

production rates were reported in the case of polypropylene (PP), polylactic acid, 

polycarbonate, acrylonitrile butadiene styrene, and polyethylene oxide using 3,000–5,000 rpm 

rotational speed [153-155]. The pressurized gyration technique is another voltage-free fiber 

production method utilizing a small cylindrical vessel with multiple orifices [156]. The vessel 

is connected to a motor (capable of rotational speeds up to 36,000 rpm) and a gas inlet (gas 

pressure up to 0.3 MPa). The solution is loaded into the vessel and fiber formation is induced 

by the combined application of the rotation and gas pressure. This setup was shown to be 

capable of spinning 5 ml of solution in less than 15 s; however, the continuous operation of 

pressurized gyration technology has not been presented yet and the volume of the applied vessel 

is the limiting factor of the productivity [157]. Sebe et al. developed high-speed rotary spinning 

employing a rotating reservoir (80 mL) with nozzles that can be spun at 3,500 to 10,500 rpm. 

They reported a productivity rate similar to the Forcespinning® technology (around 60 g/h) 

[158, 159]. However, all the technologies above do not utilize and benefit from electrostatic 

forces and therefore they cannot be considered ES methods. 
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The abovementioned spinneret clogging can be avoided using free surface ES since the 

curvature formation of the liquid surface makes fiber production possible without nozzles [160, 

161]. The first significant patent in this topic presents a rotating charged cylindrical electrode 

immersed into the solution as the starting surface of fiber generation [162]. This technology has 

been commercialized by Elmarco as Nanospider™ [163]. Subsequently, the cylinder was 

changed to a wire in the second generation of Nanospider™ technology in 2010. The main 

alteration in this technology compared to the cylindrical method is that the spinneret does not 

move and instead of immersion, the solution covers the stationary wire by using a continuous 

feeding system. Alongside the Nanospider™ technologies, many other free surface ES 

techniques have been published to increase the productivity using different types of spinnerets 

such as beaded-chain, spiral coil, balls, bubbles, and so on [164-169]. Free surface ES methods 

also have some disadvantages, which complicate the practical application, especially in the 

pharmaceutical field. Probably the most important one is the fast evaporation of volatile 

solvents, in which poorly water-soluble drug compounds can typically be dissolved. This 

phenomenon results in a continuously changing concentration in the liquid film, which makes 

the process difficult to control. 

After reviewing the literature about scaling up possibilities of electrospinning, it can be 

stated that several methods are available. However, rational selection of the most suitable 

technology for pharmaceutical purposes, especially the safety considerations relating to 

the volatile solvents, is inevitable. This is confirmed by the fact that there are fewer examples 

for preparing a high amount of ES materials, which can be used for the investigation of 

the downstream processing steps and formation of the final drug product. 

2.3.3. Preparation of final dosage forms from electrospun samples 

Scaled-up preparation of drug-loaded ES fibers might enable the investigation of the 

downstream processing steps relating to the preparation of fibrous material-loaded tablets or 

parenteral dosage forms. Despite this, only a few publications have been appeared about the 

conversion of API containing fibers into applicable pharmaceutical formulations. Therefore, 

the published researches relating to the downstream processing opportunities are intended to 

summarize in this chapter.  

During the last few years, several articles were published relating to the tablet and capsule 

formation from ES material. Tableting was successfully performed from protein-type drug-

loaded [170] and acetaminophen-loaded ES fibers [171]. Furthermore, a minitablet formulation 

from ES nanofibers has been also published in the literature [172]. In addition, filling the fibrous 
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materials into capsules is also a widely investigated area since it allows dissolution comparison 

between the novel formulation and marketed products [132, 173]. However, most of the time 

the filling process or the tableting is accomplished manually due to the poor flow properties of 

ES materials. Consequently, the role of particle engineering and formulation steps is growing 

rapidly to achieve real industrial relevance of the electrospinning technology.  

Besides, the accomplishment of applicable secondary manufacturing from ES materials 

requires the in-depth examination and joint application of each technological solution, 

especially if continuous technologies are planned to use as well. During the formulation of ES 

fibers to tablets, the first step is usually the collection of the samples from the collector, which 

is followed by milling, blending and finally by tableting. For non-pharmaceutical purposes, 

usually, a substrate web potentially made of cellulose, synthetics, fiberglass, or foils with a 

width of 1–1.7 m is used for the collection of the fibers, which can be a promising solution in 

the pharmaceutical industry as well [163, 174]. It was proved by Balogh et al. who developed 

a similar collection method for capturing the fibers from SNES production. [108, 175]. 

Although the final dosage forms during their study were orally dissolving webs, the technology 

with little modifications can be very promising in the high-productivity tablet formulation too. 

The next processing step after the collection is usually the grinding of the fibers to make well 

flowable powder forms from the ES sheets. The milling of microfibers prepared by high-speed 

rotary spinning (without the application of high-voltage) was successfully performed by a 

vibrating mill and by a milling machine with knives [176, 177].  Furthermore, milling of ES 

samples obtained by HSES was effectively accomplished by a cutting mill and a hammer mill 

[178].  However, several factors influence the grindability of the ES materials such as the type 

and the molecular weight of the applied carrier matrix, the fiber diameter, residual moisture, 

and the plasticizer effect of the API. Therefore, it is crucial to take into account the selection of 

the excipients for the electrospinning from the grindability point of view as well. Finally, 

conventional tablet preparation including blending of the milled ES fibers with excipients and 

tableting was fulfilled in few cases, where the properties of the blends and tablets were also 

investigated [176, 177, 179]. However, the majority of the researches relating to electrospinning 

concentrates only on the dissolution enhancement and not focused on the final dosage forms. 

For instance, ES materials can be applied not only in tablet form but the preparation of 

reconstitution dosage forms is also a possible way for their usage too [144]. Despite of this, the 

low bulk density of the fibers makes harder the accurate continuous dosing, which would be 

necessary to be solved to the real pharmaceutical application. 



34 

 

To summarize, the conversion of fibrous sheets into conventional tablets seems 

possible; however, attention must be paid to achieve proper flowability, disintegration, 

and dissolution. In addition, poor flow properties can lead to deteriorated content 

uniformity in the case of other final dosage forms such as in the case of capsules or 

parenteral dosage forms as well. Nonetheless, no examples could be found for continuous 

tablet preparation from ES material and for continuous dosing of fibrous samples, which 

would be very important and useful in the future pharmaceutical industry. Thereby, the 

advantages of continuous technologies and electrospinning could utilize together in order 

to bring these novel technological methods closer to the industry. 
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2.4. Objectives 

After surveying the current state-of-the-art related to electrospinning and downstream 

processing of ES materials, the main objectives of the experimental work could be set up: 

- to investigate the effect of the polymer on the dissolution of ES samples to find an 

optimal composition for preparing an immediate-release system by HSES; 

- to examine the possible continuous downstream processing steps during the production 

of tablets containing  ES materials; furthermore, to develop non-destructive, in-line 

applicable analytical methods for measuring crystalline traces; 

- to develop an integrated system for continuous downstream processing of ES materials 

consisting of feeding, blending and tableting; in addition, to monitor the API content in 

real-time with non-destructive, in-line analytical tools; 

- to compare the HSES with other industrial relevant solvent-based ASD preparation 

methods, especially with the commonly used spray-drying; 

- to investigate the effect of the milling process on the feedability of ES fibers and to 

accomplish continuous vial filling with the samples prepared by HSES. 
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3. Materials and methods 

3.1. Applied materials 

3.1.1. Active pharmaceutical ingredients 

All of the applied APIs belong to the BCS II drugs and consequently can be characterized 

with low water solubility [180]. The reason for the API selections was that different innovative 

and effective formulation strategies and connected analytical methods were developed during 

this PhD study where the main motivation was to increase the dissolution of poorly water-

soluble drugs. In this way, the feasibility of the novel technologies and methods was 

demonstrated through the example of suitable model APIs. 

3.1.1.1. Spironolactone 

Spironolactone (SPIR) is a mineralocorticoid receptor antagonist, which is a widely used 

API for treating fluid build-up and high blood pressure (Figure 8a). SPIR has several 

polymorphs and metabolites among which one of the most common active forms is the 

canrenone (Figure 8b). The water solubility of SPIR is only 28 µg/mL thus increasing the 

dissolution is indispensable [181]. The dissolution properties of the marketed products were 

mostly enhanced via micronization [182, 183]. For the experiments, micronized SPIR (Form 

II) was kindly provided by Gedeon Richter Plc. (Budapest, Hungary). 

 

Figure 8. Chemical structure of SPIR (a) and canrenone (b). 

3.1.1.2. Itraconazole 

Itraconazole (ITR) is a well-known antifungal API with a broad spectrum of effects. 

Figure 9 presents that three chirality centers can be found in the molecule [184]. The clinically 

administered form is a 1:1:1:1 racemic mixture of four diastereomers (two enantiomeric pairs) 

[184, 185]. The water solubility of ITR is extremely low, only ~ 1 ng/mL, which means that it 

is less soluble than marble [186, 187]. The dissolution and thus the bioavailability in the 

marketed products is usually enhanced with the preparation of ASDs [40]. The applied ITR for 

this work was received from Janssen Pharmaceutica (Beerse, Belgium). 
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Figure 9. Chemical structure of ITR. (Asterisks mark the chirality centers.) 

3.1.1.3. Voriconazole 

Voriconazole (VOR), similarly to the ITR, is an antifungal API (Figure 10), which is 

often used for instance for the treatment of invasive aspergillosis [188]. The aqueous solubility 

of VOR is 0.6 mg/mL at pH 7 thus improving the dissolution is needed in the case of this API 

as well [189]. Sulfobuthylether-β-cyclodextrin, used in the most commonly marketed product 

(Vfend®), is a suitable excipient for handling solubility issues [190, 191]. The VOR needed for 

the experiments was obtained from Sigma-Aldrich (Budapest, Hungary). 

 

Figure 10. Chemical structure of VOR. 
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3.1.2. Excipients 

3.1.2.1. Excipients for electrospinning experiments 

Different polymers and one type of cyclodextrins were applied as carrier matrices for the 

electrospinning experiments (Table 1). Each applied excipient is commonly used in 

pharmaceutics, which demonstrates that there would be no obstacle to the pharmaceutical 

authorization of the electrospinning technology on the part of the excipients. 

For the solution preparation, absolute ethanol (EtOH), dichloromethane (DCM), 

isopropyl alcohol (IPA) and acetone (ACE) were purchased from Merck Ltd. (Budapest, 

Hungary). All of the applied solvents were analytical grade and used without any further 

purification.  

Table 1. List of the carrier matrices for electrospinning experiments. 

Chemical name 

(Applied 

abbreviation) 

Brand 

name 
Supplier Structure Characteristic 

Poly(vinylpyrrolidone-

co-vinyl acetate) 

(PVPVA64*) 

Kollidon® 

VA64 

BASF  

(Ludwigshafen,

Germany) 
 

- White amorphous 

powder 

- Water-soluble 

polymer 

- MW**** = 45-70 

kDa 

Polyvinylpyrrolidone 

(PVP K30**) 

Plasdone® 

K30 

Ashland Inc. 

(Schaffhausen, 

Switzerland) 
 

- Off-white 

amorphous powder 

- Water-soluble 

polymer 

- MW = 40-80 kDa 

Hydroxypropyl 

methylcellulose 

(HPMC) 

Methocel
® E5*** 

Aqualon 

(Zwijndrecht, 

the Netherlands) 

 
R = – CH3 

- Odorless, white 

powder 

- Water-soluble 

polymer 

- MW < 50 kDa 

Sulfobutylether-β-

cyclodextrin 

(SBE-β-CD) 

Dexolve

™ 

Cyclolab 

Cyclodextrin 

Research and 

Development 

Laboratory Ltd. 

(Budapest, 

Hungary)  

- Odorless, white 

crystalline powder 

- Water-soluble 

oligosaccharide 

- Average degree of 

substitution: 6.5 

* The number of 64 indicates the ratio of the PVP and the VA in the copolymer. 

** K30 refers to the K-value of the polymer describing the molecular weight grades. 

*** E indicates that the applied HPMC is E type 2910, which means that its average content of methoxyl 

groups is 29% and its average content of hydroxypropyl groups is 10%. The number of 5 refers to its 

viscosity. 

**** MW is the abbreviation of molecular weight. 
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3.1.2.2. Excipients for the downstream processing steps 

Further excipients were needed to prepare tablets from the ES materials since the fibrous 

samples have very poor flow properties in general. During this PhD study, commonly used 

excipients were selected taking into account previous experiences of our research group (Table 

2) [179]. 

Table 2. List of excipients used for tablet formulation. 

Chemical name 

(Applied 

abbreviation) 

Brand 

name 
Supplier 

Role of the 

excipient in 

the tablets 

Characteristic 

Microcrystalline 

cellulose 

(MCC) 

Vivapur® 

200 

JRS Pharma 

(Rosenberg, 

Germany) 

Filler and 

binder 

- White crystalline 

powder 

- The average particle size 

is ~250 μm 

- Bulk density: 0.31-0.37 

g/cm3 

Lactose 
Tablettose

® 80 

Meggle Pharma 

(Wasserburg, 

Germany) 

Filler 

- White crystalline 

powder 

- The range of particle 

size is 0-630 µm 

- Bulk density: 0.62 g/cm3 

Mannitol 
Pearlitol® 

400DC 

Roquette 

Pharma 

(Lestrem, 

France) 

Filler 

 

- White crystalline 

powder 

- The average particle 

diameter is ~360 μm 

- Bulk density: 0.68 g/cm3 

Croscarmellose 

sodium 

Ac-Di-

Sol® SD-

711 

FMC 

BioPolymer 

(Brussels, 

Belgium) 

Disintegrant 

- Water-insoluble white 

powder 

- Bulk density: 0.53 g/cm3 

Crosslinked 

polyvinylpyrrolidone 

Kollidon® 

CL 

BASF 

(Ludwigshafen,

Germany) 

Disintegrant 

- Water-insoluble white 

powder 

- The range of particle 

size is 90-130 μm 

- Bulk density: 0.30-0.40 

g/cm3 

Silicium dioxide 
Aerosil® 

200 

Evonik 

Industries 

(Essen, 

Germany) 

Glidant 

- White amorphous 

powder 

- High specific surface 

area 

- Hydrophilic 

characteristic 

Magnesium stearate 

(MgSt) 
- 

Hungaropharma 

Ltd. (Budapest, 

Hungary) 

Lubricant 

- Water-insoluble white 

powder 

- The average particle size 

is ~10 µm 

Sodium stearyl 

fumarate 

(SSF) 

Pruv® 

JRS Pharma 

(Rosenberg, 

Germany) 

Lubricant 

- Water-insoluble white 

powder 

- The average particle size 

is ~12 µm 
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3.2. Methods 

3.2.1. Single-needle electrospinning 

Single-needle electrospinning (SNES) was applied for small-scale production of fibers 

with different SPIR-polymer compositions. The main part of the experiment setup was the metal 

spinneret with an inner diameter of 0.5 mm, which was connected with an NT-35 high voltage 

DC supply (MA2000; Unitronik Ltd., Nagykanizsa, Hungary). The electrical potential applied 

on the spinneret electrode was set to 35 kV during all experiments. A grounded collector 

covered with aluminium foil was placed 15 cm from the spinneret. The SNES experiments were 

performed at room temperature (25 ± 1 °C) and 45 ± 5% relative humidity (RH). The solutions 

containing SPIR and the given polymer were fed by a SEP-10S Plus type syringe pump with a 

dosing rate of 6 mL/h (Aitecs, Vilnius, Lithuania). 

3.2.2. High-speed electrospinning 

3.2.2.1. Laboratory-scale high-speed electrospinning 

The scaled-up electrospinning of one of the SPIR-loaded samples was accomplished 

using a horizontally arranged high-speed electrospinning (HSES) setup (Figure 11). The main 

difference compared to the SNES apparatus was that the applied spinneret was a round-shaped, 

stainless steel disk (d = 34 mm) with 8 equidistant orifices (d = 330 µm) located in the sidewall 

of the spinneret. This spinneret connected to a pneumatic air-bearing turbine used as a high-

speed motor. The rotational speed of the spinneret was adjusted to 15,000 rpm, while the applied 

voltage was 40 kV during the experiments. The solution was dosed with a Watson-Marlow 

120U type peristaltic pump (Watson-Marlow Fluid Technology Group, Budapest, Hungary) 

with a flow rate of 200 mL/h. The distance between the collector and the spinneret was 30 cm. 

The HSES experiment was performed at ambient temperature (25 ± 1 °C) and 45 ± 5% RH. 

 

Figure 11. Laboratory-scale HSES apparatus 
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3.2.2.2. Pilot-scale high-speed electrospinning 

The other applied equipment for scaled-up production of ES fibers was a vertically 

arranged HSES setup coupled with a cyclone (Figure 12) (Quick2000 Ltd., Tiszavasvári, 

Hungary). A fan provided a constant 120 m3/h gas flow rate in the system, which facilitated the 

collection of the fibers into the collector bin at the bottom of the cyclone. On the other hand, 

this airflow ensures the transportation of the volatile solvents, which makes the whole apparatus 

more suitable for pharmaceutical application. The key element of this equipment was also a 

rotating, round-shaped, stainless steel spinneret (d = 34 mm) but with 36 equidistantly 

distributed orifices. Two different spinnerets were applied during the experiments, which 

differed in the diameter of the orifices. The SPIR- and VOR-loaded samples were prepared with 

a spinneret of dorifice = 330 μm, while ITR-loaded sample was produced using the spinneret with 

dorifice = 500 μm. The spinneret was connected to a pneumatic air-bearing turbine used as a high-

speed motor. The rotational speed of the spinneret was set to 40,000 rpm, while 40 kV positive, 

direct current voltage was applied to the spinneret during all experiments. A grounded stainless 

steel cone at the bottom of the drying chamber was used to achieve the potential difference. The 

products were periodically removed from the grounded metal cone with automated air knives 

(pressurized blowing air) and were collected in the cyclone, which enabled the application of 

the system in CM mode. The HSES production of SPIR-, ITR- and VOR-loaded fibers were 

performed at ambient temperature (25 ± 1 °C) and 45 ± 5% RH. The prepared SPIR- and ITR-

loaded solutions were fed towards the spinneret with a built-in Watson-Marlow Sci-Q 323 type 

peristaltic pump (Watson-Marlow Fluid Technology Group, Budapest, Hungary) with feeding 

rates of 300 and 1,000 mL/h, respectively. The VOR-loaded solution was dosed with a SEP-10 

S Plus syringe pump with a flow rate of 300 mL/h. 

 

Figure 12. Schematic drawing (a) and photo (b) of the pilot-scale HSES apparatus. 
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3.2.3. Spray drying and electrospraying 

The above-mentioned pilot-scale HSES apparatus is suitable for spray drying and 

electrospraying as well. The rotating round-shaped, stainless steel spinneret can be perfectly 

operated as a rotary spray dryer if a less viscous solution is used than that in the case of the 

electrospinning experiments. Application of high voltage in the case of dilute solution results 

in electrospraying, where the products are similar to the SD round-shaped particles but can be 

characterized with smaller particle sizes. During the spray drying and electrospraying 

experiments, the round-shaped, stainless steel spinneret with dspinneret = 34 mm and dorifice = 330 

μm was applied with a rotational speed of 40,000 rpm. The utilized voltage of the atomizer was 

adjusted to 40 kV during the electrospraying experiment. The SD and the electrosprayed (ESY) 

samples were prepared at 25 °C ± 1 °C and 45 ± 5% RH. The solutions were fed into the 

spinneret with a Watson-Marlow Sci-Q 323 type peristaltic pump (Watson-Marlow Fluid 

Technology Group, Budapest, Hungary). 

3.2.4. Film casting 

Film casting was used as a reference technique for examining the influence of drying 

kinetics. The SPIR-loaded solution was cast into square-shaped silicon molds (3 × 50 × 50 mm) 

and dried for 3 days at room temperature. A pro-max electronic digital caliper (NSK, Tokyo, 

Japan) was applied to determined the thickness of the film, which was measured to 70 ± 5 µm. 

Before the analytical investigations, the film was pushed through a sieve with a hole size of 0.8 

mm. 

3.2.5. Continuous collection of fibrous samples 

To achieve continuous production of ES material-loaded tablets, the fibrous mats needed 

to be collected continuously and automatically in the first step, which was not solved in the 

pharmaceutical industry before. For this purpose, a machine made of aluminium with three rolls 

was designed (Figure 13a, rolls are marked by 1, 2, and 3), on which a polypropylene (PP) 

fleece moved constantly twirled by an electrical motor (12 V direct current motor, gear ratio 

3000:1). The applied fleece was suitable for the fiber collection since it was strong, flexible, 

and thin enough not to affect the electric field strength. Behind the moving fleece, a grounded 

collector was placed (marked by 4 in Figure 13a) to achieve the potential difference needed for 

the fiber formation. At the bottom of the equipment, a doctor blade made of aluminium peels 

the fibrous sheet off the fleece, making it nonwoven to be suitable for collecting fibers again 

(Figure 13b). 
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Figure 13. Equipment for collecting fibers using three rolls (a) and a blade (b) for peeling the samples. 

A more GMP compatible solution for fiber collection is the application of a cyclone 

connected directly to the electrospinning apparatus, which was presented in 3.2.2.2. section 

(Figure 12). This method allows continuous electrospinning and continuous collection of the 

fibers. Although the collector bin needs to be changed from time to time, a shutter placed above 

the collector bin can provide continuous collection until the arrival of the new, empty collector 

bin (Figure 14). 

 

Figure 14. Continuous collection of fibers with cyclone (a: schematic drawing of the equipment; b: 

photo of the equipment; c: photo about the shutter). Red arrows indicate the shutter. 

3.2.6. Milling 

Further formulation of the fibrous mats after the collection is challenging due to the poor 

flowability and low bulk density of the samples. For this reason, milling of the fibers is needed 

to reduce the fiber length and thus obtain a powder from the fibrous material with better flow 

properties. During this research, several milling methods were tested to make the fibers more 

suitable for the possible downstream processing steps.  

The simplest solution was when the SPIR-loaded ES material was pushed through a sieve 

with a hole size of 0.8 mm to achieve a more uniform macroscopic particle size. In this way, 

the grindability of the fibers can be demonstrated using only a small amount of the samples. 
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Besides, the milled fibers are appropriate for analytical investigations and more suitable for 

blending with excipients. 

However, automatic methods are needed to achieve continuous milling of the fibers. 

Therefore, a QUICKmill Lab multifunctional milling apparatus (Quick2000 Ltd., Tiszavasvári, 

Hungary) was tested during the further experiments. Both oscillating and conical milling can 

be performed with this equipment depending on the applied grinding head. During the 

formulation of ITR-loaded sample, the oscillating mode and a sieve with holes of 2.0 mm were 

chosen due to its higher capacity and less material loss. The milling rate was adjusted to 200 

cycles/min, which resulted in circa 200 g/h milling capacity in the case of the investigated ITR-

loaded fibrous system. 

For milling of the VOR-loaded fibers, both the oscillating and the conical milling mode 

was utilized with different size of sieves (Table 3). The adjusted milling rate was 200 cycles/min 

during the oscillating milling, while 2,000 rpm rotation speed was set in the case of conical 

milling. To compare more milling methods, the other applied equipment was a hammer mill 

(IKA MF10, IKAWERKE GmbH & Co. KG, Staufen, Germany). The rotational speed of the 

hammers was fixed at 3,000 rpm, while a sieve with holes of 1.0 mm was used. 

Table 3. Summary of the applied milling methods 

Type of the milling 

method 
Milling heads 

Diameter of the 

holes by the 

applied sieve (mm) 

Applied 

abbreviations 

Oscillating milling 

 

0.8 O0.8 

1.5 O1.5 

2.0 O2.0 

Conical milling 

 

1.5 C1.5 

2.0 C2.0 

Hammer milling 

 

1.0 H1.0 
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3.2.7. Feeding 

3.2.7.1. Twin-screw gravimetric feeding 

A DDW-MD0-MT type twin-screw loss-in-weight feeder (Brabender Technologie 

(Duisburg, Germany) was used in a gravimetric mode for feeding the SPIR-containing fibers 

and its pre-blend with MCC. The diameter of the applied screws was 12 mm.  

During the continuous blending of ITR-loaded fibers, the pre-blend of the excipients was 

fed with the same twin-screw gravimetric feeder. Then the feeding rate was adjusted to 750 g/h 

to achieve appropriate API content in the blend. 

3.2.7.2. Vibratory feeding 

The milled ITR-loaded fibers were fed with a LABORETTE 24 vibratory feeder (Fritsch 

GmbH, Idar-Oberstein, Germany) during the continuous blending experiments. A V-shaped 

channel was applied to direct the powder into the blender. The feeding rate could be controlled 

only by adjusting the vibration amplitude. In this way, gravimetric feeding could not be 

accomplished with this feeder. Therefore, a pre-calibration needed to be performed before each 

experiment to adjust the vibration intensity and thus the feeding rate to the targeted API content. 

To the vial filling of VOR-containing SBE-β-CD fibers, the same vibratory feeder was 

applied with the above-mentioned V-shaped channel. Nonetheless, an in-house developed 

software recorded the mass data measured with a catch scale and enabled the control of the 

feeder according to the measured data. (Sartorius LC4800P, Göttingen, Germany). 

3.2.8. Continuous blending 

For continuous blending of ITR-containing PVPVA64 fibers, a TS16 QuickExtruder® 

(Quick 2000 Ltd., Tiszavasvári, Hungary) multifunctional equipment was used as a twin-screw 

blender. The diameter of the applied screws was 16 mm, while the L/D ratio was 25. The 

rotation speed of the screws was set to 70 rpm during the final continuous blending experiment. 

3.2.9. Tableting 

The tableting was accomplished using a Dott Bonapace CPR6 eccentric tableting machine 

(Limbiate, Italy) equipped with 14 mm concave punches. The applied compression force was 

about 10 kN during all experiments. In the case of SPIR-containing PVPVA64 fibers, 625 mg 

tablets were compressed with 50 mg API content and it also included Ac-Di-Sol® (disintegrant), 

Aerosil® (glidant), MgSt (lubricant), Vivapur 200® (filler) and Tablettose 80® (filler) as 

excipients. Besides, 600 mg tablets were prepared from the ITR-loaded PVPVA64 ES samples 

during the continuous blending and tableting experiments, in which Kollidon CL® was applied 

as a disintegrant, Pruv® was used as a lubricant and another filler, the Pearlitol 400DC®, was 
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utilized besides the MCC instead of the Tablettose 80®. The MCC and the silicium dioxide was 

the same that in the case of the SPIR-loaded tablets. The ES fibers used for the tableting 

contained 40% API and 60% PVPVA64 in both cases. The composition of the prepared SPIR- 

and ITR-loaded tablets are summarized in Table 4.  

Table 4. Composition of the prepared tablets consisting of the SPIR and ITR-loaded fibers. 

Type of the 

excipient 

Concentration in the SPIR-loaded 

tablets (w/w%) 

(Applied materials) 

Concentration in the ITR-loaded 

tablets (w/w%) 

(Applied materials) 

ES material 20 20.8 

Disintegrant 10 10 

Glidant 1 1 

Lubricant 1 1.5 

Filler 34 33.35 

Filler 34  33.35 



47 

 

3.3. Analytical methods 

3.3.1. Scanning electron microscopy 

The morphology and size of the prepared samples were examined by a JEOL JSM 

6380LA (JEOL, Tokyo, Japan) type scanning electron microscope in a high vacuum. The 

specimens were fixed with conductive double-sided carbon adhesive tape on the copper sample 

holders. Then, the samples were sputtered with gold using an ion sputter (JEOL 1200, JEOL, 

Tokyo, Japan) to avoid electrostatic charging. The applied accelerating voltage was set between 

5 and 15 kV, while the working distance was between 10 and 16 mm. A randomized diameter 

determination method was used to calculate the average diameter of the ES fibers and SD 

particles [192]. 

3.3.2. Polarized light optical microscopy 

For detection of crystalline traces in the prepared SPIR-loaded ES and SD samples, an 

Amplival Carl Zeiss (Jena, Germany) polarized microscope with an OLYMPUS C4040 Z type 

camera was utilized. The agglomerates of the milled ES samples and SD material were 

separated into individual particles with silicon oil during sample preparation. The collection 

and evaluation of the images were performed with DP-Soft software. 

3.3.3. Differential scanning calorimetry 

The amorphous characteristic of the prepared samples was investigated with a Setaram 

DSC 92 type (Calure, France) differential scanning calorimetry (DSC) apparatus. Nitrogen 

flush was introduced into the chamber with a continuous flow of 50 mL/min, while the pressure 

was set to 1.6 bar. Sample weights of ~10-15 mg were measured into open aluminium pans 

during the sample preparation. The applied temperature program consisted of an isothermal part 

of 1 min at ambient temperature, which was followed by linear heating from 25 to 250 °C at a 

rate of 10 °C/min. 

3.3.4. Thermogravimetric analysis and mass loss measurement 

Thermogravimetric analysis (TGA) of the samples was performed by a Q5000 TGA 

instrument (TA Instruments, USA). For the measurements, ~10 mg samples were measured 

into 100 µL platinum pans. The SPIR-loaded PVPVA64 sample from the first HSES 

experiments was heated up from 25 to 300°C by 10°C/min, while the applied nitrogen flush 

was 50 mL/min. During the comparison of spray drying and electrospinning, the applied 

temperature program consisted of heating from 25 to 250 °C at 10 °C/min and 25 mL/min 

nitrogen flush was adjusted.  
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During the comparison study of spray drying and electrospinning, solvent evaporation 

was also examined. For this purpose, a simple mass loss analysis was used, where the mass of 

the products was measured over time under atmospheric circumstances (no inert gas was 

applied). The samples were placed on an analytical balance (Sartorius AC 210 and SQP-F, 

Göttingen, Germany) at 25 °C for 90 min immediately after preparation and a computer using 

a data processing software (written by the authors) recorded the measured weights. 

3.3.5. X-ray powder diffraction 

The other applied method for the investigation of the amorphous character of the samples 

was X-ray powder diffraction (XRPD). XRPD patterns were docketed with a PANalytical 

X’pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using Cu-Kα radiation (1.506 

Å) and a Ni filter. The applied current and voltage were 30 mA and 40 kV, respectively. The 

reference materials and the prepared samples were examined between 2θ angles of 4 and 44°. 

3.3.6. In vitro dissolution test 

In vitro dissolution studies were carried out on a Pharmatest PTWS 600 dissolution tester 

(Pharma Test Apparatebau AG, Hainburg, Germany), which was coupled with an Agilent 8453 

UV–Vis spectrophotometer (Hewlett-Packard, Palo Alto, USA) for online measuring the 

dissolved API through a flow cell system. During all experiments, the applied dissolution media 

was 900 mL of 0.1 N HCl set at a constant temperature of (37 ± 0.5) °C.  Dissolution of the 

first SPIR-loaded HSES product was investigated by basket method (United States 

Pharmacopoeia I), all of the other prepared ASD samples were examined by the so-called 

“tapped basket” dissolution method [193], while the tablets were measured with the commonly 

used paddle method (United States Pharmacopoeia II). The stirrer speed was set to 50 rpm in 

the case of the special ‘tapped basket’ set up, while it was adjusted to 100 rpm during all other 

dissolution tests. In the case of the USP I method, samples equivalent to 50 mg of SPIR were 

weighed without any pre-treatment into the dissolution baskets. The same dose was used during 

the dissolution tests of the other samples but the ES samples were milled before the 

measurements. For determining the current dissolved API during the dissolution tests, 

preliminarily built calibrations from 1 to 50 mg/L were applied. The concentrations of the 

dissolved SPIR and ITR were measured at the wavelengths of 243 nm and 254 nm, respectively. 

All of the dissolution tests were accomplished triplicates in the case of each composition and 

sample (ASDs and tablets). 



49 

 

3.3.7. UV-Vis spectroscopy 

The above-mentioned UV-Vis spectrophotometer was used for measuring the SPIR 

solubility besides different polymers, for the determination of the content uniformity in the 

continuously prepared ITR-loaded tablets and for measuring the dissolved VOR during the 

reconstitution tests. 

During the solubility tests, 8.3 mg polymer and 11.1 mg SPIR were weighed in a 100 mL 

flask filled up subsequently with the acidic dissolution medium (0.1 N HCl). The weight of the 

drug and the polymer was calculated proportionally based on the dissolution measurements 

where 125 mg 40% SPIR-containing PVPVA64 ES material was tested in a 900 mL dissolution 

medium. The prepared solutions were stirred for 2 days on a magnetic stirrer and were filtered 

through a 0.45 μm filter right before the UV-Vis measurement. Determination of the 

concentration was performed using the preliminarily built calibration, similarly to the in vitro 

dissolution test. 

The content uniformity in the tablets containing ITR-loaded PVPVA64 ES fibers was 

determined at the same wavelength and with the same calibration as before during the in vitro 

dissolution tests. The sample preparation was similar to the solubility tests. The tablets were 

dissolved in 2 L of 0.1 N HCl dissolution media and stirred with a magnetic stirrer for 2 days. 

After the stirring, the solutions were filtered through a 0.45 μm filter before the UV-Vis 

measurements. During the investigation of continuous blending and tableting, the UV-Vis 

spectroscopy was applied as a reference analytical method for verifying the results of the NIR 

and Raman spectroscopy measurements. 

For the reconstitution tests, 19 mL of purified water was added to 3400 mg of milled 

electrospun sample [194]. Then, the vials were shaken to dissolve the samples including powder 

stuck on the wall. The absorbance of the dissolved VOR was measured at the wavelength of 

256 nm. The dissolution percentage was calculated from a preliminary built calibration. For the 

UV measurements, 1 mL of the solution was filtered using a regenerated cellulose filter with 

0.45 μm pores. 

3.3.8. Borescope 

The precipitation in the dissolution media of the SPIR-loaded SD samples was made 

visible with an Olympus A50372A borescope. The outer diameter of the probe was 5 mm, while 

the direction of the view was 0°. 
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3.3.9. Raman spectroscopy and mapping 

During the comparison of SPIR-loaded ES and SD materials, the temperature-induced 

decomposition of the samples, the effect of the dissolution media on the samples, and the 

possible crystalline traces in the prepared ASDs were investigated with a Horiba Jobin-Yvon 

LabRAM system coupled with an external 785 nm diode laser source and an Olympus BX-40 

optical microscope. A confocal hole of 500 μm, half of the maximum diameter, was utilized in 

the confocal system to improve the confocal performance and reduce the analysis volume. 

Besides, a 950 groove/mm grating monochromator was applied to disperse the Raman photons 

before they reach the CCD detector.   

An objective of 20× magnification with ~ 3 µm of laser spot size was used for examining 

the temperature-induced decomposition of SPIR in the ASD samples and the impact of the 

dissolution media. The spectrograph position was set to 1200 cm-1 to measure the spectral range 

of 570-1765 cm-1 with 4 cm-1 resolution. The applied acquisition time was adjusted to 60 s with 

2-time accumulation. To examine the temperature-induced decomposition, the temperature of 

the ES and SD samples were controlled by a Linkam THMS600 heating/cooling stage (Linkam, 

United Kingdom). The adjusted temperature program comprised linear heating from 25 °C to 

250 °C with a 10 °C/min heating rate. To measure the impact of the HCl solution, pastilles were 

formed from 100 mg SD powder and 100 mg ES sample, and then 20 µL of the dissolution 

media was dropped onto the surface of each pastille. The flat round pastilles were prepared with 

a Camilla OL95 type press by using 50 bar pressure.  The thickness and diameter of the pastilles 

were ~1.5 and 12 mm, respectively. 

Investigation of the crystalline SPIR traces in the pure ES and SD samples was performed 

by Raman mapping, where pastilles of the ASDs were examined. A 50× objective (laser spot 

size: ~2 µm) was used for this purpose. The spectral range was the same as in the case of simple 

spectrum collection. The maps were recorded with 5 µm step size in both directions and 

contained 41 × 41 points. Every single spectrum acquisition took 20 s, and two spectra were 

averaged at each measured point. The evaluation of the Raman mapping was conducted by 

using the classical least-squares (CLS) method in LabSpec 5.41 (Horiba Jobin Yvon S.A.S., 

Villeneuve d’Ascq, France). Spectra of crystalline SPIR, amorphous SPIR, and PVPVA64 were 

applied as references during chemometric analysis. 

3.3.10. Characterization of the powders and blends 

The milled ES samples and the prepared blends were examined with different powder 

characterization techniques, which will be presented in detail in the following sections. 
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However, abbreviations were used during the evaluation of the feeding of the VOR-containing 

SBE-β-CD samples thus the applied three basic characterization techniques, the measured and 

calculated material property descriptors and the abbreviations were summarized in Table 5. 

Among the applied characterization methods, the SPIR-loaded powder mixture was 

investigated only by the bulk and tapped density test, while the ITR-loaded blends were 

examined only by laser diffraction and the bulk and tapped density test. 

Table 5. Summary of the applied powder characterization methods. 

Characterization method Material property descriptor 
Applied 

abbreviation 

Bulk and tapped density test Bulk density ρbulk 

Tapped density ρtapped 

Hausner ratio HR 

Carr index CI 

The angle of repose 

measurement 
Angle of repose α 

Laser diffraction 10% cumulative 

undersize of volumetric particle size distribution d(0.1) 

50% cumulative 

undersize of volumetric particle size distribution d(0.5) 

90% cumulative 

undersize of volumetric particle size distribution d(0.9) 

The span of volumetric particle size distribution dspan 

Specific surface area SSA 

Surface weighted mean D[3,2] 

Volume weighted mean D[4,3] 

3.3.10.1. Laser diffraction 

The particle size distribution of the prepared samples was determined by a Malvern 

Mastersizer 2000 type laser diffractometer (Malvern Instruments Ltd., Worchestershire, UK). 

The background recording took 45 s while the measurement time was set to 1 min. A vibratory 

feeder added the powder into the equipment with 75% intensity of the vibrational amplitude. 

The applied pressure was 1.5 bar during all measurements. The most important measured data 

was the d(0.5) values, which was used to characterize the particle size in all cases. The d(0.5) value 

can be described as the 50% cumulative undersize of the volumetric distribution. 

3.3.10.2. Bulk and tapped density test 

Bulk and tapped densities of the milled ES samples and the powder mixtures for tableting 

were examined on an ERWEKA SVM12 (Heusenstamm, Germany) type tapped density tester. 

The bulk density was calculated as the quotient of the measured mass and the initial volume, 

which was determined using a graduated cylinder. The tapped density was calculated in a 
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similar way but the volume applied for the calculation was measured after 1250 taps. 

Furthermore, the Hausner ratio can be calculated based on Equation (2) [195] and Carr index 

[196] may be determined according to Equation (3): 

𝐻𝑅 =
𝜌𝑡𝑎𝑝𝑝𝑒𝑑

𝜌𝑏𝑢𝑙𝑘
  Equation (2) 

𝐶𝐼 = 100 ∙ (
𝜌𝑡𝑎𝑝𝑝𝑒𝑑−𝜌𝑏𝑢𝑙𝑘

𝜌𝑡𝑎𝑝𝑝𝑒𝑑
) Equation (3) 

3.3.10.3. Angle of repose measurement 

The angle of repose was measured using a fixed funnel, where the diameter of the hole at 

the bottom of the funnel was 10 mm. The angle of repose was calculated according to Equation 

4. 

𝑡𝑎𝑛𝛼 =  
ℎ

0.5×𝑑
   Equation (4) 

In the equation, h indicates the height of the cone of powder and d is the diameter of the 

base. 

3.3.11. Characterization of the tablets 

The tablet breaking force of SPIR- and ITR-loaded tablets was determined on a 

Schleuniger 4 M (Thun, Switzerland) type hardness tester with 10 tablets. Besides, the 

continuously prepared ITR-containing tablets were investigated with more characterization 

techniques. Friability was measured on PharmaTest PTF 20E (Hainburg, Germany) type 

friability tester after 100 rounds on 10 tablets. A Sartorius MA40 (Göttingen, Germany) 

moisture analyzer was used for measuring the moisture content of 10 ground tablets. Loss in 

drying was determined at 105 °C for 10 minutes. Finally, the thickness of the tablets was 

determined with a Pro-Max Electronic Digital Caliper (NSK, Tokyo, Japan). 
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3.4. Process analytical technology tools 

3.4.1. Near-infrared spectroscopy 

One of the applied PAT tools was a Bruker MPA Multi Purpose Fourier-transformed Near 

Infrared (FT-NIR) Analyzer (Bruker OPTIK GmbH, Germany) with a high-intensity NIR 

source (Tungsten) as excimer and a PbS detector operated at room temperature.   

The NIR was used in diffuse reflection mode in the case of the SPIR-loaded samples. 

Spectra were obtained in the spectral range of 3700–15000 cm–1 with a resolution of 8 cm–1, 

and 128 scans were accumulated. A double-sided forward-backward acquisition mode was used 

during the measurements. Simple glass and tablet sample holders were used for investigating 

powder mixtures and tablets. 5 spectra per powder sample were acquired and 2 repeated 

measurements per tablet (both sides of the products) in the case of 3 tablets were satisfactory 

for calibration. Although the transmission mode of the equipment was available, the 

experiments were taken place only in reflection mode due to the tablet thickness. 

For monitoring the continuous blending and investigation of the prepared ITR-loaded 

tablets, the spectra were collect in reflection mode while the investigated spectral range was set 

to 4000-10000 cm-1. The resolution of 8 cm-1 was applied during the measurements and 16 

scans were accumulated with double-sided, forward-backward acquisition mode. The same 

repetitions were performed as in the case of the SPIR-loaded samples. 

3.4.2. Raman spectroscopy 

The other applied spectroscopy instrument was a Kaiser RamanRxn2® Hybrid in situ 

analyzer (Kaiser Optical Systems, Ann Arbor, USA) connected with a pharmaceutical area 

testing (PhAT) probe. A 400 mW, 785 nm diode laser (Invictus) was utilized for illuminating 

the investigated samples. The diameter of the laser spot size was extended to 6 mm and the 

nominal focus length was 250 mm. The examined Raman shift range was between 200 and 

1890 cm–1. During the measurements, the resolution was 4 cm–1, which provided 1690 variables 

during data processing. 

For detection of crystalline SPIR in blends and tablets, reflection mode was used to 

measure the calibration samples. Besides, the device was also operated in transmission mode 

in the case of tablets. An acquisition time of 30 seconds gave adequate Raman intensity and 

signal-to-noise ratio during the measurements in reflection mode. During the experiments in 

transmission mode, an acquisition time of 2 minutes was adjusted due to the 4 mm thickness of 
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625 mg tablets to reach similar quality with the backscattered spectra. The number of repetitions 

during the calibration was the same as in the NIR measurements. 

Reflection mode was applied for measuring the calibration samples (blends and tablets) 

off-line and for in-line monitoring of the continuous blending process of the ITR-loaded 

PVPVA64 fibers and the excipients. The tablets prepared after the continuous blending were 

investigated in reflection mode as well. The number of repetitions for calibration was the same 

as in the case of the previously presented measurements. However, the applied acquisition time 

was only 5 seconds with two scans during the calibration and measuring of blends and tablets 

to develop a suitable spectroscopic analysis for real-time measurements. 

3.4.3. Multivariate data analysis 

Multivariate data analysis was used for three different purposes during this PhD study: to 

investigate the crystalline SPIR traces within ASD-loaded blends and tablets, to determine the 

API concentration during continuous blending and tableting of milled, ITR-loaded ES samples, 

and to explore the powder characteristic and the feedability of VOR-containing ES samples 

milled by different methods. The evaluation of crystalline traces measurements was performed 

by using MATLAB 8.2. (MathWorks, USA) program with PLS Toolbox 7.8.2. (Eigenvector 

Research, USA), while the results of the other two kinds of research were evaluated by using 

MATLAB 9.4.0. (MathWorks, USA) program with PLS Toolbox 8.6.1. (Eigenvector Research, 

USA).  

Partial least squares (PLS) regression method was applied for the determination of the 

crystalline SPIR content and for monitoring the continuous blending and tableting of ITR-

loaded samples. The number of latent variables (LVs), necessary for the models, was 

determined by minimizing the root mean square error of cross-validation (RMSECV). The 

performance of the PLS model can be further improved by selecting a subset of spectrum 

wavenumbers resulting in the most accurate model. Furthermore, the powder characteristic of 

the VOR-loaded milled fibers was evaluated by principal component analysis (PCA), while the 

correlation between the material property descriptors and the feeding was analyzed by PLS 

modeling. The following chapters will present the applied multivariate data analysis for each 

purpose in detail. 

3.4.3.1. Partial least squares regression for examining the crystalline traces 

Calibration samples of 2.5 g powder were prepared for NIR and Raman spectroscopic 

studies with 0, 0.5, 2, 5, 10, 20, 50 and 100 w/w% crystalline SPIR content followed by 
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preparation of three tablets of 625 mg at each concentration level. All spectra were pre-

processed before PLS modelling. NIR spectra were corrected by Savitzky-Golay first derivative 

(15 points/window, second-order smoothing), standard normal variate (SNV), and mean 

centering. In the case of Raman spectra, Automatic Whittaker Filter baseline correction with 

asymmetry parameter 𝑝 =  0.001 and smoothing parameter 𝜆 =  105, normalization to unit 

length, and mean centering were applied. The models were validated by 6-fold venetian blind 

cross-validation leaving out one sample per concentration level at each calculation step. Interval 

PLS method was tested for variable selection both in forward and reverse mode. The models 

were compared by the coefficient of determination (R2
C), the root mean square error of 

calibration (RMSEC) and cross-validation  (RMSECV). The performance of the built models 

was also characterized by the limit of detection (LoD) and limit of quantification (LoQ), which 

were calculated by equations 5 and 6, respectively[197].  

LoD =
3.3×σ

S
 Equation (5) 

LoQ =
10×σ

S
 Equation (6) 

In equations 5-6, σ indicates the standard deviation of the predicted y-values for each x-

value; S denotes the slope calculated from the measured and predicted concentrations. The 

standard deviation of the predicted y-values for each x-value and the slope calculated from the 

measured and predicted concentrations can be determined by equations 7 and 8, respectively. 

𝜎 = √
1

(𝑛−2)
[∑(𝑦 − �̅�)2 −

[∑(𝑥−�̅�)(𝑦−�̅�)]2

∑(𝑥−�̅�)2 ] Equation (7) 

�̅� and �̅� indicates the average of x (measured) and y (predicted) values, while n refers to 

the number of samples. 

𝑆 =
∑(𝑥−�̅�)(𝑦−�̅�)

∑(𝑥−�̅�)2
 Equation (8) 

3.4.3.2. Partial least squares regression for monitoring the drug content 

During the ITR content determination, each calibration sample consisted of a mixture of 

the excipients and the ES sample in different concentrations. The target composition of the 

excipients-loaded powder was chosen based on a prior study [179], which can be found in 3.2.9. 

section in Table 4. To develop a suitable chemometric model for the target concentration (20.8 

w/w% ES material), the ASD contents of the calibration samples were 0, 5, 10, 15, 20, 20.8, 25 

and 30 w/w%, which are equal to 0, 2, 4, 6, 8, 8.3, 10 and 12 w/w% API content. Besides, 7, 
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13 and 22 w/w% ASD-loaded samples were also prepared for validation of the blend models. 

The homogenization of the calibration blend was performed with the previously mentioned 

QUICKmill Lab multifunctional milling apparatus, where the grinding head was changed to a 

batch bin blender. The powder mixtures were homogenized for 5 minutes with a rotation speed 

of 60 rpm. The tablets for calibration were pressed from the prepared calibration blends. During 

the evaluation process of the measured spectra, a calibration curve was determined with the 

PLS regression method, using the ASD content as a dependent variable. Important to note that 

the milled ES fibers containing both ITR and PVPVA64 were used in the calibration samples 

thus in the calibration spectra, the spectral signs of the prepared ASD were characteristics and 

not of the pure API. Therefore, the calibration models were built on the ASD content and not 

on the API content. However, the API content of the ES fibers was also determined by UV-Vis 

measurements before the calibration. Interval PLS method proved to be suitable in all cases for 

variable selection, where the number of maximal LVs was changed based on the pretreated PLS 

model. All of the NIR spectra were pre-processed using Savitzky–Golay first derivative (15 

points/window, second-order smoothing). Multiplicative signal correction (MSC) using the 

mean spectra as a reference and mean centering were also applied in the further steps of NIR 

spectra pretreatment. The Raman spectra were smoothed at first with Savitzky–Golay 

smoothing method (15 points/window, second-order smoothing). Then all Raman spectra were 

baseline corrected using Automatic Whittaker Filter baseline correction with an asymmetry 

parameter 𝑝 =  0.001 and a smoothing parameter 𝜆 =  105. The Raman spectra of the blends 

were normalized to unit length, which is a widely used weighted normalization method. The 

intensity of the raw spectra showed greater differences (Figure 15) thus this form of 

normalization, where the larger values were weighted more heavily in the scaling, seemed to 

be suitable for the spectra of calibration powders. The intensity values of the Raman spectra of 

the different concentration tablets were closer to each other; therefore, these raw spectra were 

normalized to the unit area, which proved to be appropriate for these data (Figure 16). In the 

final step of the pre-processing, mean centering was utilized in the case of the Raman spectra 

as well. 
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Figure 15. Raw near-infrared spectra of powders (a) and tablets (c); pre-processed spectra of powders 

(b) and tablets (d). 

 

Figure 16. Raw Raman spectra of powders (a) and tablets (c); pre-processed spectra of powders (b) 

and tablets (d). 

For cross-validation, 6-fold and 7-fold venetian blind cross-validation were used, leaving 

out one sample per concentration level at each calculation step method, in the case of the blends 

and tablets, respectively. This validation found to be suitable since the replicate measurements 

were ordered randomly. Besides, external validation was also performed in the case of powders, 
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which confirmed the applicability of the built models. The models were compared by the 

coefficient of determination for calibration, cross-validation, and prediction (R2
C, R2

CV, R2
P), 

and the root mean square error of calibration, cross-validation, and prediction (RMSEC, 

RMSECV, RMSEP). Besides, the performance of the built models was also characterized by the 

LoD and LoQ values. Furthermore, the limit of Hotelling T2 was calculated in the case of the 

selected models to determine an acceptance limit for the real-time experiment (equation 9) [72]. 

Limit of Hotelling T2 = σHotelling T2 + (3 × Hotelling T2
MAX

) Equation (9) 

In equation 9, σHotellingT
2 means the standard deviation of the Hotelling T2 values and 

Hotelling T2
MAX expresses the largest Hotelling T2 value of the given model. 

3.4.3.3. Multivariate data analysis for investigating milled electrospun fibers 

Principal component analysis (PCA) was applied to take an overview of the material 

property descriptors and the examined milling methods in the case of VOR-containing SBE-β-

CD ES fibers. Several pre-treatments were tested before the PCA model building. Finally, 

automatic scaling was selected during the evaluation of the measured data. 

The correlation between the material property descriptors and the feeding was 

investigated by PLS model development. The RSD values of the feed rates from three repeated 

measurements were applied as feeding responses (Y) during the PLS regression, while the 

material property descriptors were used as X values. Since the RSD values were determined at 

different vibration intensities, the applied intensities were also included in the X matrix. Prior 

to the PLS model building, the data was pre-treated with automatic scaling the and leave one 

out method was used during the cross-validation of the model since it is appropriate for small 

datasets with randomly distributed objects. 
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4. Results and discussion 

4.1. Preparation of spironolactone-loaded electrospun fibers and 

investigation of their continuous downstream processing possibilities to 

generate tablet formulations 

4.1.1. Selection of the polymer 

Limited data is available on the ES SPIR containing ASDs. As a consequence, a screening 

study with three polymers and optimization of polymer-drug concentration was to be done at 

first. Table 6 presents the different polymer-drug combinations investigated. HPMC requires 

the application of DCM, and only a small concentration of it can be achieved in the solution. 

However, with the vinylpyrrolidone-based polymers (PVPK30 and PVPVA64), more 

environmentally friendly solvent combinations were attempted to be used. The utilization of 

IPA is particularly interesting since this is not a conventional ES solvent. Nevertheless, the fiber 

formation was feasible for each composition. 

Table 6. Various compositions of ES solutions and dissolution results of the ES products. Applied 

dissolution method: 900 mL 0.1 M HCl dissolution medium, 37±0.5 °C, 100 rpm, basket method, 50 

mg API content. 

Samples 
Polymer 

(mg) 

SPIR 

(mg) 

Applied Solvents 

(8 mL) 

Dissolved drug 

at 5 and 90 min 

(%) 

HPMC_SPIR20% 600 150 DCM+EtOH (1:1) 28.0 83.8 

HPMC_SPIR30% 600 257 DCM+EtOH (1:1) 28.4 81.4 

HPMC_SPIR40% 600 400 DCM+EtOH (1:1) 22.1 67.9 

PVPK30_SPIR20% 2000 500 ACE+EtOH (1:1) 8.9 50.8 

PVPK30_SPIR30% 2000 857 ACE+EtOH (1:1) 11.1 48.3 

PVPK30_SPIR40% 2000 1333 ACE+EtOH (1:1) 16.3 49.2 

PVPVA64_SPIR20% 2100 525 IPA+ACE (2:1) 41.1 68.5 

PVPVA64_SPIR30% 2100 900 IPA+ACE (2:1) 74.2 79.7 

PVPVA64_SPIR40% 2100 1400 IPA+ACE (2:1) 78.9 87.9 

cryst. SPIR n/a n/a n/a 4.7 17.5 

The ‘amorphicity’ of the different compositions was examined by DSC. Based on the 

thermograms obtained (Figure 17a), it can be concluded that the melting peak of the drug 

(~211°C) did not appear for the ES products. This indicates that SPIR was amorphous in all 

these compositions. The appearance of peaks between 65 and 94.4 °C can be explained by the 

presence of water absorbed by the ASD. Peaks between 222 and 240 °C indicate the 

decomposition of SPIR. Interestingly, HPMC mitigates this decomposition as a significantly 

smaller peak appears in the resulted thermograms. Total amorphisation is also supported by 
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results of XRPD: the sharp peaks of crystalline SPIR did not appear with any of the different 

fibrous samples (Figure 17b). 

 

Figure 17. Results of DSC (a) and XRPD (b) experiments. 

According to the dissolution results (Table 6), the well water-soluble PVPVA64 provided 

the best dissolution profile since nearly 80% of SPIR was released in the first 5 minutes from 

the PVPVA64_SPIR40% sample. Slower dissolutions and lower extents were observed with 

HPMC systems (less than 30% drug dissolved in 5 minutes). PVPK30 gave the least favourable 

result: approximately only two times more drug was released at 90 minutes than in the case of 

the crystalline drug. The amount of the SPIR molecules dissolved from the crystalline sample 

into the medium was 17.5% at 90 minutes. Not only the higher dissolution, but the extent of 

supersaturation is of great interest since it can determine the diffusion performance of the drug 

through membranes [16]. The solubility of SPIR, both in pure form and mixed with polymers, 

was determined in 0.1 N HCl by UV-Vis spectroscopy after 2 days of stirring at room 

temperature. Three repeated measurements were performed in all cases. It can be established 

that polymers increase the solubility of crystalline SPIR slightly, but there is no significant 

difference between them (Figure 18). The high polymer content of the tablet can, however, 

generate disadvantageous tablet properties such as slow disintegration. Therefore, the polymer 

content should be reduced as much as possible. Based on these considerations and the obtained 

results the ASD of PVPVA64 and 40% SPIR seemed to be the most suitable for further 

experiments. 
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Figure 18. Solubility of different polymer-drug mixtures (n=3). 

The selected composition was investigated by scanning electron microscopy (SEM) to 

get information on the sample morphology. Electrospinning is well-known for its capability of 

producing nanofibers with enhanced surface area with which instantaneous release can be 

achieved [134, 198, 199]. Fibers with diameters in the nano range could be produced with 

PVPK30 and HPMC polymers (data not shown). With IPA, a solvent with relatively large 

viscosity (2.86 cP at 15°C), slightly thicker PVPVA64-based fibers with some beads could be 

obtained (Figure 19a). An increase in viscosity usually leads to thicker fibers [200, 201]. 

However, it can occur that fibers with a larger diameter release the encapsulated drug faster 

than nanofibers due to the easier accessibility [192]. Based on the SEM images, it can be stated 

that the majority of the fibers prepared by SNES possesses a diameter below 5 μm (4.26±2.08 

μm), therefore their specific surface is fairly large. As it is shown hereinafter, the dissolution 

rate was not impaired, fast release could be achieved. Another interesting fact is the 

fragmentation of the fibers which can cause by PVPVA64. For this reason, a comparison was 

made between the SEM images of the fiber before grinding (Figure 19a) and after grinding 

(Figure 19b). It can be seen in Figure 19 that no significant differences are between the two 

images. This observation proves that the fibers are very fragile, which is advantageous from the 

downstream processing (e.g. grinding) point of view. 
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Figure 19. SEM images of the selected composition prepared by SNES before grinding (a) and after 

grinding (b) (PVPVA64_SPIR40%). 

4.1.2. Scaled-up production 

SNES samples had appropriate dissolution and morphology, but SNES is known to be 

inappropriate for mass production of the fibers. The technology of HSES was used to increase 

productivity. The scaled-up electrospinning technique was applied with the optimal 

composition (matrix: PVPVA64, drug loading: 40%) and more than thirtyfold productivity was 

achieved during this production (SNES: ~2.1 g/h; HSES: ~70 g/h). In consequence, the amount 

of the ES material produced by HSES was sufficient for examining tableting and CM 

circumstances. 

Characterization of the product was investigated by the methods used previously, such as 

DSC, XRPD and SEM. Figure 20a and Figure 20b prove the success of scaling-up: total 

amorphisation of SPIR was achieved for this ASD as well (according to DSC and XRPD 

results). The same peak has been appeared in the case of HSES samples in the DSC results than 

before by the SNES materials. For this reason, a TGA measurement was performed with the 

selected composition (Figure 20c). A significant weight loss from the temperature of the 

endothermic peak (~200 °C) can be seen in the thermogram which proves the decomposition 

of the SPIR. The morphology and the diameter of the HSES fibers (5.70±3.75 μm), as shown 

in SEM image of the milled fibers (Figure 20d), were similar to the SNES materials. Grinding 

of the sample, which is an important step to obtain a blendable powder, is obviously noticeable 

on the image since appropriately short fibers could be obtained. 
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Figure 20. Characterization of the fibrous samples prepared by HSES by DSC (a), XRPD (b), TGA 

(c) and SEM (d). 

The dissolution of the HSES product was compared to that of the same SNES 

composition. Dissolution profiles were compared by the ‘difference factor, f1’ and the 

‘similarity factor, f2’ [202, 203]. These can be used in bioequivalence studies to compare the in 

vitro dissolutions of different forms. Based on our calculations (f1 = 0.39%; f2 = 98.14%), the 

dissolution characteristics of the HSES fibers were similar to the SNES materials which are 

also clearly visible in Figure 21. 

 

Figure 21. In vitro dissolution of the HSES product (900 mL 0.1 M HCl dissolution medium, 37±0.5 

°C, 100 rpm, basket method, 50 mg API content, n=3). 
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4.1.3. Investigation of the possible continuous downstream processing steps 

Scaled-up production of drug-loaded fibers and preparation of appropriate blends and 

tablets has been proved to be feasible. One of the main pharmaceutical trends nowadays is the 

transfer from batch to CM. To reveal if ES fits into this perspective and can be inserted into 

continuous lines, some fundamentals have to be established. The possible way to generate 

tablets from ES ASDs in a continuous manner is depicted in Figure 22. The produced fibers 

need to be collected and forwarded to a piece of milling equipment (milling was proven to be 

feasible earlier) and then to a loss-in-weight feeder. After gravimetric feeding and 

homogenization, the tablets can obviously be produced in a continuous manner. Investigation 

of homogenization of fibrous ASD with excipients in a twin-screw blender and homogeneity is 

a subject of a different, ongoing study. 

 

Figure 22. Schematic design of a continuous line from ES to directly compressed tablets with real-

time detection of crystallinity. Green rectangles mark the areas investigated in this work. 

4.1.3.1. Collection and milling of the fibers 

To achieve continuous production of ES fiber-based tablets, mechanical engineering 

developments are also needed. The first step is the continuous collection of the produced fibers, 

which is not solved in the pharmaceutical. For this purpose, a machine made of aluminium with 



65 

 

three rolls was designed (Figure 13). One of the most important parameters is the distance 

between the spinneret and the grounded collector (marked by 4 in Figure 13a). In our 

experiment with PVPVA64 fibers, this was chosen to be 300 mm, since this way the 

evaporation of the solvent can be complete, and sticking of the sheet to the fleece can be 

avoided. This way the removed product could be easily forwarded to the next step, to the milling 

equipment (e.g. oscillational mill or conical mill, Figure 22). The collection of the fibers were 

successfully performed. In addition, it can be stated that the milling of brittle PVPVA64-based 

fibers is feasible as it was shown earlier. 

4.1.3.2. Gravimetric feeding of the electrospun amorphous solid dispersion 

In CM, the precise dosing of the components with loss-in-weight feeders is necessary to 

ensure satisfying tablet quality. However, low bulk density and weak flowability (like the 

fibrous ASD has) can hinder the appropriate feeding. The maximum mass rate for the fibrous 

ASD was 40 g/h that could be maintained precisely by the twin-screw gravimetric feeder with 

12 mm screw diameter. Presumably, this rate can be easily enhanced by increasing the size of 

the feeder and/or the type of screws. Another possible method to increase the feeding rate is the 

addition of feeding aiding excipients. In this case, MCC (Vivapur® 200) was added to the fibers 

(double amount compared to the ASD), and a 385 g/h feeding rate was achieved. This means 

~130 g/h for the ES ASD in the case of 1:2 ES and MCC ratio, which is already a quite satisfying 

value for such a small system. At this scale, 24,000 tablets/day might be manufactured with 50 

mg dose of SPIR. 

4.1.3.3. Tableting 

The next step was to convert the ASD into an applicable formulation. While the ES 

material has ‘poor’ flowability (according to the Hausner ratio: 1.36 and Carr index: 26%), 

which might hinder the tableting process. Therefore, the addition of flowability aiding 

excipients is necessary. Interestingly, the powder mixture consisting of ASD of SPIR and 

PVPVA64 and the tableting excipients had much improved flowability, which is surprising 

considering the results of a similar subject in the literature [179]. (Hausner ratio: 1.12, Carr 

index: 11%; according to the U.S. Pharmacopeia, powder blends with Hausner ratios between 

1.12 and 1.18 and Carr indices between 11 and 15% receive the second best, ‘good’ 

classification for flowability). The bulk density of this blend was also appropriate for tableting. 

The breaking force of the prepared tablets achieved a high value between 100 and 134 N (Table 

7).  
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Table 7. Physical properties of the powder mixture and the tablets. 

Properties of the powder 

mixture 

Bulk density 0.499 g/mL 

 Tapped density 0.561 g/mL 

 Hausner Ratio 1.12 

 Carr’s index 11% 

Properties of the tablets Compression force 10.72 ± 1.47 kN 

 Weight  625.9 ± 0.8 mg 

 Tablet breaking force  122.7  ± 11.9 N 

 Friability 0.23% 

 Thickness 3.88 ± 0.033 mm 

The in vitro dissolution of the tablets was investigated to find out if ASD system retains 

its advantageous properties even after tableting. Figure 23 shows a comparison of dissolution 

profiles of crystalline SPIR, scaled-up ASD product, and tablet. Release of SPIR from the 

tablets was observed to have a similar extent and a slightly slower rate compared to that of the 

pure ASD. 

 

Figure 23. In vitro dissolution of amorphous SPIR containing tablet (900 mL 0.1 M HCl dissolution 

medium, 37±0.5 °C, 100 rpm, basket method for HSES product and paddle method for tablets, 50 mg 

API content, n=3). 

4.1.3.4. Effect of the crystalline spironolactone on the dissolution 

Physical instability of ASDs during storage may lead to phase separation and 

crystallization. Crystalline traces can deteriorate the generally good dissolution of amorphous 

drugs which is a critical point from a quality assurance viewpoint. To investigate the extent of 

dissolution reduction caused by crystalline SPIR in the case of tablets, various blends with 

different crystalline SPIR content were compressed into tablets and exposed to a dissolution 

test.  

It is discernible, that the more the crystalline SPIR content the worse the dissolution as it 

can be seen in Figure 24. Nonetheless, standard deviations were found to be really small in all 



67 

 

cases. These results highlight that it is worth examining the crystallinity of the API during both 

production and storage. 

 

Figure 24. Dissolution of crystalline SPIR content tablets (900 mL 0.1 M HCl dissolution medium, 

37±0.5 °C, 100 rpm, paddle method, 50 mg API content, n=3). 

4.1.4. Detection of crystalline spironolactone with Raman and near-infrared spectroscopy 

As the presence of crystalline API can impair the dissolution, the fast detection of 

crystalline SPIR in the tablets during production utilizing Raman and NIR spectroscopies might 

be very important for quality assurance. These techniques are non-destructive and can be 

applied without any sample preparation and in-line mode. Both tablets and powders were 

investigated by reflection mode and in the case of Raman spectroscopy moreover by 

transmission mode, too. Several combinations of spectral ranges and pre-processing methods 

were tested to obtain the most accurate regression (PLS) models. Hereinafter, only the models 

best fitting to each spectroscopic method and measuring mode are discussed.  

Figure 25 shows the coefficients of determination (R2 values), besides the predicted and 

measured concentrations for calibration and cross-validation. In addition, LoD and LoQ values 

were calculated and presented in Table 8. In the case of Raman models of powders, crystalline 

API cannot be detected, under 2.89% (LoD) and the exact quantity of SPIR can be calculated 

over 8.75% (LoQ). If detecting lower crystallinities is still required, a calibration between 0 and 

10% is necessary. The NIR spectroscopic model, compared to Raman results, determine the 

crystalline content of powders with 4.73 and 14.33% LoD/LoQ values, which are 

approximately 1.6 times higher than that of the Raman spectroscopy. Based on these results, 

more accurate detection can be achieved by Raman spectroscopy suggesting that it is more 

suitable for in-line analysis of crystallinity. Furthermore, it was also noticed that the calibration 
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was more precise using powder samples. This is proven by the fact that the reflection Raman 

model of blends was found to be the most precise one. 

 

Figure 25. Regression lines resulted from the measurements of powders by NIR in reflection mode 

(a), tablets by NIR in reflection mode (b), powders by Raman in reflection mode (c), tablets by Raman 

in reflection mode (d), and tablets by Raman in transmission mode (e). 

Table 8. Parameters of the models. 

 Results of NIR spectroscopy Results of Raman spectroscopy 

Blends Tablets 

(reflection 

mode) 

Blends Tablets  

(reflection 

mode) 

Tablets 

(transmission 

mode) 

RMSEC 1.40 2.23 0.98 1.04 2.16 

RMSECV 1.62 4.16 1.19 1.60 2.64 

LoQ 14.33 23.77 8.75 10.22 23.60 

LoD 4.73 7.84 2.89 3.37 7.79 

Real-time detection of crystalline traces by a non-destructive analytical technique such as 

NIR or Raman spectroscopy is of great importance regarding new pharmaceutical trends, CM 

[5]. A further goal of the future is to enhance the prediction power of the models and to correlate 

NIR and Raman spectra with the dissolution and achieve real-time release testing. 

4.1.5. Prediction of the dissolution profile based on the non-destructive, in-line analytical 

measurements 

Dissolution results of the above-mentioned calibration samples were served as the basis 

of the prediction. In the first step, dissolution values at 90 minutes were depicted as a function 
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of the investigated SPIR contents (Figure 26). Based on this graph, a well-fitting power function 

relationship can be observed between the dissolution percentage and the crystalline API 

content. Similarly to Figure 26, power functions can be fitted on the dissolution percentages 

versus crystalline drug content at all the dissolution sampling time points (Table 9). Utilizing 

these equations and the spectroscopically measured value of crystalline drug content dissolution 

percentages at the given time points can be calculated. 

 

Figure 26. Dissolution values at 90 minutes as a function of crystalline API content (900 mL 0.1 M 

HCl dissolution medium, 37±0.5 °C, 100 rpm, paddle method, 50 mg API content). 

Table 9. Fitted equations and the adjusted coefficient of determination (R2
adj) 

Time (min) Equation 𝐑𝐚𝐝𝐣
𝟐  

5 𝑦 = 65.503 ∙
1

𝑥0.0990
 0.9538 

10 𝑦 = 76.114 ∙
1

𝑥0.0870
 0.9823 

15 𝑦 = 78.652 ∙
1

𝑥0.0800
 0.9934 

20 𝑦 = 79.841 ∙
1

𝑥0.0750
 0.9953 

30 𝑦 = 80.5629 ∙
1

𝑥0.0705
 0.9981 

45 𝑦 = 80.374 ∙
1

𝑥0.0636
 0.9954 

60 𝑦 = 80.11 ∙
1

𝑥0.0600
 0.9964 

90 𝑦 = 79.606 ∙
1

𝑥0.0540
 0.9913 

 

As a consequence, the described method seems to be appropriate to estimate the 

dissolution profiles of the tablets based on crystalline drug content determination using non-

destructive spectroscopy (Raman or NIR) which can be considered as a real-time release testing 

method. 
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4.1.6. Conclusions regarding the scaled-up production of SPIR-loaded electrospun fibers 

and the possible continuous downstream processing steps 

In the present work, SPIR containing ES ASDs with different polymer matrices and drug 

loadings were characterized. According to the characterization methods applied (DSC, XRPD, 

SEM), all ES products were completely amorphous, and the micro-sized fibers were beneficial 

in terms of dissolution enhancement. PVPVA64 with 40% drug loading was found to be the 

most suitable composition for improved dissolution and scale-up using HSES. HSES enables 

practical utilization of ASDs by preparing fibers more productively, and continuous production 

of ES fiber-based tablets seems to be also doable. This latter statement is based on the feasible 

continuous collection, grinding, and precise feeding of the fibrous ASD.  

Both NIR and Raman spectroscopies are suitable to detect crystalline SPIR in the 

prepared fibres and subsequent tablets. The Raman technique and reflection mode was found 

to be superior to NIR and transmission mode, respectively. Narrow calibration ranges (for 

instance, 0–10%) would certainly give more accurate models, hence real-time process and 

quality control could be realized with these non-destructive analytical tools. 
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4.2. Continuous downstream processing of milled, itraconazole-loaded 

electrospun fibers to tablets monitored by near-infrared and Raman 

spectroscopy 

In the previous chapter, it was demonstrated that continuous downstream processing steps 

of tablet preparation from ES material are feasible. However, the continuous blending and 

tableting of the fibrous samples were not investigated before. Therefore, an integrated system, 

that included continuous feeding, blending and tableting, was developed during the next study, 

where the above-mentioned PAT tools were applied for real-time monitoring of the ASD 

content in the blend. To the best of our knowledge, continuous formulation of milled ES fibers 

to prepare tablets has not yet been realized.  

4.2.1. Preparation of the electrospun and milled samples 

The development of an integrated continuous formulation system requires the 

synchronization of each processing step concerning capacity. During this research, the 

production rate of the electrospinning experiments was chosen to fit the next milling step, while 

the further steps (feedings, blending, tableting) were adapted to the production rate of the milled 

fibers to see the potential of a possible fully continuous line (from the electrospinning to the 

tableting). The feeding rate of the solution was set to 1,000 mL/h, which seemed to be suitable 

to prepare adequate quality fibers (grindable, dry product with small fiber diameter). The yield 

of 78% was reached with the applied process parameters, which resulted in ~ 200 g/h production 

rate for the solid fibrous material. During longer productions, the yield of the electrospinning 

might be further enhanced. On the other hand, the material loss was observed on the wall of the 

drying chamber thus further optimization of the formulation and the equipment (e.g. additional 

air knives in the HSES equipment) could further increase the yield. The basic characterization 

showed similarities to the results of our previous articles (data not shown), which means that 

ES fibers containing an ASD of 40% ITR and 60% PVPVA64 with good dissolution properties 

(90% released within 10 min) were prepared using the aforementioned settings [193]. 

Milling of the fibrous products may result macroscopically near round-shaped particles 

with enhanced flowability therefore, it is important to choose well grindable API-polymer 

compositions for electrospinning. The ITR-PVPVA64 system was easy to grind with an 

oscillating milling machine right after the ES because the powder did not stick into the hole of 

the sieve and the material loss was less than 5%. The successful milling right after the HSES 

assumes that the fibers dried enough during the continuous fiber collection by a cyclone. The 
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average diameter of the ITR-loaded ES fibers was 1.6 ± 0.9 µm and the fibrous structure 

remained after the oscillating milling (Figure 27). 

 

Figure 27. SEM images of the prepared ES sample a) before milling (100× magnification); b) before 

milling (4000× magnification); c) after milling (100× magnification) (red arrows indicate the 

entangled fibers); d) after milling (4000× magnification). 

The macroscopic characteristic of the milled product was investigated with laser 

diffraction and the results are shown in Figure 28 and Table 10. The observed multimodal 

particle size distribution with an average diameter of 12.6 ± 1.0 µm can be explained by the 

formation of different sized agglomerates after the milling. The high standard deviations and 

relative standard deviations (RSDs) suggest inhomogeneity in the macroscopic particle size 

after the milling, which can be a critical factor during the downstream processing of the milled 

fibers. The SEM images also presented that the milled fibers became entangled and form 

smaller and larger agglomerates or bundles (Figure 27c). 
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Figure 28. The particle size distribution of the ground ES sample. Different colors indicate three 

repeated measurements from the same sample. 

Table 10. Results of the laser diffraction measurements. 

 d(0.1) d(0.5) d(0.9) 

Average (µm) 2.1 12.6 47.4 

Standard deviation (µm) 0.1 1.0 11.6 

RSD (%) 3.5 8.2 24.5 

Although the size distribution of these agglomerates showed higher deviations, the 

flowability of the milled fibers found to be good according to the bulk-tapped density test (Table 

11) thus the sample seemed to be suitable for further downstream processing steps. However, 

the milled fibrous material still has a low bulk density (~ 0.13 g/cm3) and is prone to 

electrostatic charge, which can cause difficulties during the formulation (e.g. the sample could 

stick to the wall of the feeder, blender, and tableting machine and lead to weight variations 

during the processes). For this reason, the application of excipients with good flow properties 

such as large particle size MCC or mannitol [179], and effective blending is indispensable to 

continuously produce tablets. Furthermore, the investigated ES system with low bulk density 

revealed that the applicability of the powders cannot be predicted based on only the Hausner 

ratio and Carr’s index. Wider powder characterization can give more information about the 

materials with respect to the formulation processes [204]. 

Table 11. Results of the bulk-tapped density test. Standard deviations were calculated from three 

repeated measurements. 

ρbulk (g/cm3) 0.13 ± 0.01 

ρtapped (g/cm3) 0.15 ± 0.01 

Hausner ratio 1.15 ± 0.02 

Carr’s index 13 ± 1.22 
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4.2.2. Preliminary experiments before process analytical technology-based continuous 

blending and tableting 

Before the continuous blending and tableting experiments in-line analytical methods 

needed to be developed to determine the drug content in real-time. Coupling of in-line 

applicable PAT tools to the CM processes can ensure good quality products. During the 

continuous formulation of ES samples, monitoring of the ASD content, and thus the API content 

(section 3.4.3.2.) is the key factor from the quality point of view. Preliminary experiments 

showed the applicability of NIR and Raman spectroscopies for the analysis of the ITR-loaded 

ES materials during continuous blending. However, the quantitative determination of the ASD 

content required thorough calibration and chemometric model building. 

4.2.2.1. Effect of the lubricant 

One of the crucial parts of the method development was the preparation of the calibration 

samples. The first important question, had to be considered, was how to add the lubricant. A 

possible answer is the feeding of the lubricant directly before the tableting since the over-

lubrication can be avoided in this way. However, continuous feeding of the lubricants with poor 

flowability may be challenging, therefore a pre-blend with the other excipients was more 

suitable from the CM point of view. For this reason, the effect of the sodium-stearyl-fumarate 

(SSF) on the dissolution was investigated first to see if it could be added to the mixture of the 

excipients before the continuous blending with the ES material. To test the impact of the 

lubricant, tablets were prepared in small quantities with the batch homogenization method. The 

results showed that the tablets, where the SSF was added to the powder mixture with the other 

excipients and ES sample and homogenized for 30 minutes showed similarities with the 

dissolution of the tablets, where the SSF was added only after the homogenization of the blend 

for 30 minutes (Figure 29). Although the applied homogenization times during the batch 

blending processes were much higher than the residence times during a CM, the dissolution did 

not deteriorate. Therefore, it can be stated that the lubricant does not mean a problem in the 

case of the examined composition and processing steps, thus the SSF was added to the 

calibration samples as well. 
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Figure 29. Investigation of the effect of the lubricant on the dissolution of the ASD-loaded tablets 

(900 mL 0.1 M HCl dissolution medium, 37±0.5°C, 100 rpm, paddle method, 50 mg API content, n = 

3). The physical mixture contained the crystalline ITR, the polymer and the tableting excipients in the 

same concentrations as the ASD-loaded tablets. 

4.2.2.2. Chemometric model building 

To reduce the time and the material consumption of the calibration, 2.4 g blends were 

prepared at each concentration and measured off-line mode without any special sample 

preparation and destruction. Then the NIR and Raman spectra were pre-processed to find the 

most reliable regression models. Several variable selection methods were also tried for choosing 

the appropriate spectral regions that carry the most information. The raw and the pre-processed 

NIR and Raman spectra of the powders can be seen in Figures 15 and 16, respectively. The off-

line performance characteristics of the selected models seemed to be satisfying according to the 

R2, RMSE and bias values (Table 12). Although the LoD and LoQ values proved to be lower 

for the NIR spectra-based model, the Raman spectroscopy also seemed to be appropriate to 

predict accurately the concentrations around the target value. 

Table 12. Off-line performance parameters of the selected models. 

 NIR spectra-based model Raman spectra-based model 

Number of LVs 3 6 

R2
C 0.994 0.997 

R2
CV 0.988 0.990 

RMSEC (w/w%) 0.727 0.502 

RMSECV (w/w%) 1.035 1.004 

BiasC (w/w%) 0.000 0.000 

BiasCV (w/w%) -0.013 -0.081 

LoD (w/w%) 2.47 4.93 

LoQ (w/w%) 7.48 14.93 

 

The main goal of this work was to develop in-line applicable models to the continuous 

blending thus off-line performance parameters of the models needed to be supplemented with 
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other important indicators. Before the real in-line tests, the validation of the selected models 

was accomplished with 7, 13 and 22 w/w% ASD-loaded samples, which were made in the same 

way as the calibration samples but not used during the model building. The validation blends 

were measured five times and the concentrations were predicted by the selected models. The 

predicted values were subtracted from the known concentrations and the obtained residuals can 

be found in Figure 30. The residuals of the repeated measurements were below 5 w/w%, which 

indicates acceptable predicting performance. The higher standard deviations in the case of the 

13% ASD-loaded sample can refer to the inhomogeneity of the validation sample and not the 

error of the models since the standard deviations of the other two investigated concentrations 

proved the be suitable. However, it can be stated that the Raman spectra-based model can 

predict the concentrations more accurately since the standard deviations of the repeated 

measurements were lower.  

 

Figure 30. Residuals of the validation samples in the function of ASD content (n=5). 

Furthermore, the averaged results of the Raman-based model showed fewer deviations 

from the known concentration of the compositions; therefore, it could be more promising in the 

in-line applicability point of view than the NIR spectra-based model (Table 13). It is important 

to note that the calculated deviations agree with the LoD and LoQ values of the models since 

the highest differences were observed at the 7% ASD-loaded sample, which concentration is 

below the LoQ values of 7.48 and 14.93 in the case of NIR and Raman spectra-based models, 

respectively. Furthermore, the R2
P and the RMSEP values were also calculated to see the 

goodness of the models (Table 13). These indicators suggest that the Raman spectra-based 

model can be more accurate to predict in-line the ASD content during a real-time continuous 

blending process. For outlier detection, the critical limit of Hotelling T2 values was determined, 

which were 26.68 and 25.06 in the case of NIR and Raman spectra-based models, respectively. 
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The Hotelling T2 values of the validation samples were far under the calculated limits therefore 

both models seemed to be suitable for in-line application at these wider acceptance limits. 

Table 13. Prediction performance of the selected models. 

  NIR spectra-based model Raman spectra-based model 

Prediction 

of the 

validation 

samples 

7% ASD 

content  

Average 8.21 7.70 

Standard 

deviation 
1.00 0.54 

Percentage 

deviation (%) 
17.34 9.98 

13% ASD 

content 

Average 12.91 13.20 

Standard 

deviation 
2.76 1.85 

Percentage 

deviation (%) 
0.73 1.59 

22% ASD 

content 

Average 22.45 21.84 

Standard 

deviation 
1.57 1.00 

Percentage 

deviation (%) 
2.06 0.71 

R2
P 0.917 0.964 

RMSEP (w/w%) 1.874 1.199 

BiasP (w/w%) 0.524 0.250 

4.2.3. Continuous blending 

4.2.3.1. Setting of the continuous blending experimental setup 

NIR and Raman spectroscopies seemed to be appropriate to detect the ITR-loaded ES 

material in blends thus the next step was to investigate the in-line applicability of the built 

models during the continuous blending process. The continuous experiments required the 

application of suitable devices and setups, where the most critical processing step is the 

continuous feeding of the powders (Figure 31). The preliminary experiments revealed that the 

homogenization of the tableting excipients including the lubricant does not cause deteriorated 

dissolution therefore using a pre-blend during the continuous blending of ES materials seemed 

to be a proper solution. The application of excipients composites provide several advantages 

and has industrial relevance as well since some powder mixtures for CM are already on the 

market [205]. In this way, fewer feeders need to be used for continuous blending processes, 

which decreases the possibility of weight variations due to feeding errors. The blend of the 

excipients was characterized with excellent flowability and 0.45 g/cm3 bulk density thus it 

proved to be perfect for a CM process. Besides, the feedability of the powder was appropriate 

and well adjustable using a twin-screw gravimetric feeder. Although the feeding of the milled 

ES materials is more challenging due to the low bulk densities, a vibratory feeder was suitable 

for handling the prepared ITR-loaded fibers. A further crucial parameter was the rotation speed 
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of the screws in the extruder during the continuous blending. On the one hand, if the rotational 

speed is too slow the accumulation of the ES sample in the extruder’s hopper can stop the whole 

process. On the other hand, if the rotational speed is too fast the efficiency of the blending can 

decrease. For this reason, preliminary experiments were performed to find an optimal setting, 

where the rotation speed was changed from 50 rpm that found to be an appropriate setting to 

transport the mixture of excipients. The finally selected rotation speed was 70 rpm since this 

was the lowest adjustment, which proved to be suitable for efficient transport of the incoming 

pre-blend and ES fibers together. The bulk density of the outgoing blend was 0.43 g/cm3 and 

its flowability proved to be appropriate for the tableting. At higher rotational speed, the powders 

were not able to totally fill the screws, which resulted in the inhomogeneous blend. 

 

Figure 31. Photo of the continuous blending experimental setup. 

4.2.3.2. Real-time monitoring of continuous blending 

To investigate the homogeneity of the outgoing blend in the case of the set rotation speed 

the developed NIR and Raman spectra-based models were applied in a continuous experiment 

(Figure 32). The aim of the continuous blending process was two-fold: to check the in-line 

applicability of the built PLS models, and to prepare homogenous ES ASD-loaded blend 

continuously, which was never accomplished before according to the best knowledge of the 

authors. At the beginning of the process, only the excipients were fed into the blender. Both the 

NIR and Raman spectra-based models calculated values around 0% but the NIR spectroscopy 

showed some outliers based on the Hotelling T2 values, especially at the first few measured 

points. Since the powder layer on the conveyor belt was thinner when the excipients were fed, 

these outliers suggest that the NIR spectroscopy was more sensitive to the thickness of the 

powder flowing under the probe. For this reason, it is worth paying special attention to the 
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sample thickness and because of it to the appropriate selection of the screw speed during the 

continuous blending processes [72]. After the feeding of the ES material, the measured ASD 

content of the blend increased continuously, which was measured well with both applied 

spectroscopic methods. After emptying the vibratory feeder, the ASD content decreased to the 

starting point according to the NIR and Raman measurements, which also confirmed the 

efficiency of the built models. 

 

Figure 32. Monitoring of continuous blending by NIR and Raman spectra-based chemometric models. 

Black symbols indicate the outliers from the models according to the calculated Hotelling T2 limits. 

Grey background indicates that period when the feeding set up and the system reached a steady state. 

As expected based on the higher prediction performance values of the NIR validation, the 

NIR spectra-based model showed more outliers based on the Hotelling T2 values, measured 

higher concentrations, and resulted in higher standard deviation and RSD in steady-state (Table 

14). In contrast, the Raman monitoring showed more reliable values and the ASD 

concentrations were closer to the target concentration (20.8 w/w%) during the steady-state. It 

is worth mentioning that the presented work is a proof-of-concept relating to the CM of ES 

fibers to tablet forms. Therefore, the variability was high from the industrial point of view but 

standard deviations can be decreased when fully integrated lines are constructed. To reach the 

target concentration more accurately, the feedback control can be applied based on the Raman 

spectra [72] or a gravimetric vibratory feeder could be used to adjust the feeding rate of the 

ASD. 

Table 14. The averaged ASD and API content in steady state. 

 NIR spectra-based model Raman spectra-based model 

ASD content 

(w/w%) 

Average 24.48 22.98 

Standard deviation 2.48 1.26 

ITR content 

(w/w%) 

Average 9.79 9.19 

Standard deviation 0.99 0.50 

RSD 10.12 5.48 
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4.2.4. Characterization of continuously manufactured tablets 

After reaching the steady state, tablets were prepared and analyzed from the continuously 

blended powder (Figure 33). The obtained average hardness of ten examined tablets was 95 N 

while the loss in drying was 3.34% according to the moisture analysis. The thickness of the 

prepared tablets was between 4.38 and 4.42 mm. Besides, the friability was 0.67%, which is 

under the 1.00% regulatory limit determined for uncoated tablets. The measured values of the 

basic characterization methods met the usual pharmaceutical requirements and well correlated 

with the previous results of the tablets containing ITR-loaded fibers [179]. 

 

Figure 33. Photos about a continuously prepared tablet (a) and a tablet after the hardness test (b). 

For further investigations, ten tablets were selected randomly with an average tablet 

weight of 578.2 mg and measured off-line by NIR and Raman spectroscopy. The evaluation of 

the spectra was performed using the built models from the calibration tablets (Table 15). The 

raw and the pre-processed NIR and Raman spectra of the tablets can be seen in Figure 15 and 

Figure 16, respectively. The off-line performance parameters showed similarities to the models 

of the blends, and the LoD and LoQ values were also below the target concentration. The 

Hotelling T2 values of the investigated tablets were well below the acceptance limit, as the 

highest values were 73.54 and 6.42 for the NIR and Raman measurements, respectively. 

Although the tablets were measured off-line, the low Hotelling T2 values and the higher 

acceptance limits seemed to be promising thus it would be worth testing the models in-line. 

Table 15. Off-line performance parameters of the selected tableting models. 

 NIR spectra-based model Raman spectra-based model 

Number of LVs 5 3 

R2
C 0.997 0.996 

R2
CV 0.988 0.993 

RMSEC (w/w%) 0.541 0.620 

RMSECV (w/w%) 1.034 0.820 

BiasC (w/w%) 0.000 0.000 

BiasCV (w/w%) 0.088 0.021 

LoD (w/w%) 3.99 2.09 

LoQ (w/w%) 12.08 6.35 

Hotelling T2 limit 280.82 51.17 
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The API content of the selected tablets was measured by a reference UV-Vis method as 

well, and the calculated API content results from the three different measurements (NIR, 

Raman, UV-Vis) are depicted in Figure 34. The ITR content of each tablet was in a narrow 

range around the targeted 50 mg dose and the deviation of the average values from the target 

value was less than 5% in all cases (Table 16), which also proved the feasibility of the presented 

CM setup. The API concentration calculated by the three different measurements showed 

similarities, and the average ITR content of the ten tablets was comparable in all cases (Table 

16). 

 

Figure 34. ITR content of the randomly selected ten tablets in weight unit calculated from NIR, 

Raman and UV-Vis measurements. The yellow line indicates the target value and the green lines show 

the USP limit [206]. 

Table 16. Content uniformity test of the prepared ITR-loaded tablets. X ,̅ s, M and AV numbers given 

as % label claim. M can be determined based on the sample mean. If 98.5 < X  ̅< 101.5 then M = X ,̅ if 

X ̅ < 98.5 then M = 98.5, if X > 101.5 then M = 101.5. The AV = |M-X ̅ | + kS, where k = 2.4 for 10 

tablets (Pharmacopeia, 2007.). 

 NIR Raman UV 

Average API content of ten tablets (mg) 51.4 50.3 51.7 

Standard deviation (mg) 3.5 1.1 2.4 

RSD 6.9 2.2 4.6 

Deviation from the target value (%) 2.8 0.6 3.5 

X̅ (sample mean) 102.7 100.6 103.5 

s (sample standard deviation) 6.7 2.2 4.4 

M 101.5 100.6 101.5 

AV 17.3 5.3 12.6 

 

The acceptance value (AV) of the tablets calculated by Raman and UV-Vis methods were 

below the L1 = 15.0 acceptance limit, which means that the tablets passed the USP <905> 

content uniformity test [206]. Furthermore, the ITR contents of the individual tablets were 
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between 37.5 and 62.5 mg, i.e. between 75.0 and 125.0% of the label claim (the 100.0% target 

content was 50 mg in this case). The NIR spectra-based model resulted in higher AV due to the 

higher RSD values but the predicted API contents were similar to the results of the other two 

methods. Besides, the NIR and Raman spectra-based models were compared according to the 

error of the prediction, where the UV-Vis results were used as known API content. The RMSEP 

values were 2.96 mg and 2.52 mg for the NIR and Raman spectra-based calculations, which 

proved to comply with the USP limits. The UV-Vis measurements verified the reliability of the 

NIR and Raman methods, thus the traditionally used destructive and off-line UV-Vis analysis 

could be replaced with the in-line applicable, non-destructive NIR and Raman spectroscopy. 

The quality control can be simplified in this way, and it can be characterized as being time-

efficient since the spectra recording takes only a few seconds per tablet. Therefore, the API 

content of each tablet can be determined and a fully automated system is achievable, which 

enables even the implementation of real-time release tests [207]. 

Moreover, the shear forces during the blending process of ES materials are also crucial 

factors since a low-shear mixing may lead to unacceptable final homogeneity [208]. The results 

of this work showed that there were no significant standard deviations in the content uniformity 

of the final dosage form, which suggests that the shear forces in the twin-screw blender were 

high enough to distribute the different size agglomerates of the milled fibrous material. Besides, 

volumetric feeding of the API-loaded fibers resulted in an appropriate content uniformity, but 

it could be further improved using a gravimetric vibratory feeder. Based on the results, CM of 

ES ASD-loaded tablets is achievable, and in-line spectroscopy-based feedback control of the 

feeders could further increase the efficiency of the processes. 
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4.2.5. Conclusions regarding continuous downstream processing of milled, itraconazole-

loaded electrospun fibers to tablets 

CM of tablets containing milled ITR-loaded ES fibers was successfully achieved through 

a multi-step system including electrospinning, milling, feeding, blending and tableting 

processing steps. The synchronization of the different parts of the investigated experimental 

setup was an important aspect of the work. The adjusted feeding rate during the electrospinning 

resulted in ~ 200 g/h ASD productivity and this value was the starting point of the continuous 

blending as well. For the examined ITR-PVPVA64 formulation, the results showed that it was 

possible to produce 600 mg tablets continuously. Further developments could enable a fully 

continuous line integrating electrospinning with milling to the continuous tableting process. In 

that case, the application of the presented production rates could result in circa 38,400 

tablets/day in the case of the 600 mg tablets with 50 mg API content. Moreover, further scale-

up is also achievable [193], which can satisfy the requirements of the pharmaceutical industry. 

Besides, real-time monitoring of the ASD content proved to be achievable using NIR and 

Raman spectroscopy and spectra-based PLS regression models. The off-line performance 

parameters of the models, the validation and the in-line experiments revealed that the Raman 

spectroscopy-based models are more robust and accurate than the NIR spectra-based models. 

The UV-Vis measurements, used as a reference analytical method, confirmed that appropriate 

homogeneity was achieved in the final dosage form, which was well measurable with both NIR 

and Raman spectroscopy with 2.96 mg and 2.52 mg RMSEP values, respectively. Furthermore, 

the prepared tablets fulfilled the USP <905> content uniformity test based on the results of UV-

Vis and Raman spectroscopy. The implementation of the in-line, non-destructive methods in 

the continuous formulation of ES material allowed the determination of the ASD, and thus the 

API content in real-time, which reduced the time of the quality control from more than a day to 

10 s per tablet. Furthermore, the feedback control of the excipients feeder based on the Raman 

spectra and the built chemometric model could make the whole continuous system more 

reliable. The simultaneous application of electrospinning and CM was demonstrated well in the 

present study and the combination of these two areas can open new ways in the development 

and production of effective solid dosage forms. 
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4.3. Comparison of amorphous solid dispersions of spironolactone prepared 

by electrospinning and spray drying 

In the previous chapters, it was demonstrated that continuous production of high-quality 

ES material-loaded tablets is possible, which can be very promising from the industrial 

application point of view. In the next part of the work, a comparison with spray drying was 

performed to see what can be the advantages of electrospinning compared to the most common 

solvent-based method applied in the industry. To the best of our knowledge, the comparison of 

spray drying and electrospinning under similar processing conditions and using the same 

apparatus has not yet been realized. 

4.3.1. Production of the electrospun and spray-dried samples 

For preparing SPIR-loaded fibers with a small fiber diameter, the feeding rate during the 

electrospinning experiment was set based on our previous studies. According to the SEM 

images, fibrous samples were produced successfully with an average fiber diameter of 1.27 ± 

0.59 µm (Figure 35a). The fibrous structure was retained even after grinding; therefore, the 

prepared ASD was found to be suitable for further downstream processing such as blending and 

tableting (Figure 35b). The particle size analysis of the ground ES samples based on laser 

diffraction showed multimodal distribution with a d(0.5) = 10.533 µm (Figure 36). Multiple 

peaks can be explained with the different size agglomerates, which formed after grinding.52 A 

yield of 70% was obtained during the fiber preparation, which corresponded to ~70 g/h 

productivity. This value was much higher than the ~0.01 to 1 g/h productivities, which were 

achieved by the basic electrospinning setups. In addition, it was possible to enhance the output 

by increasing the number of spinnerets [193]. 

 

Figure 35. SEM images of the ES before grinding (a), after grinding (b), and the SD (c) samples. 

The next step was to achieve similar productivity with spray drying. Twice as much 

solvent was used to obtain uniform particles with satisfactory efficiency. To achieve ~ 70 g/h 

productivity from the lower viscosity solution, 600 mL/h feeding rate was needed. Since the 
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concentration was half of that used during electrospinning, the doubled feeding rate resulted in 

the same solid material production in the case of the spray drying. A rotary atomizer allowed a 

quick solvent evaporation, thanks to the high shear forces, the applied feeding rate was 

appropriate to make round-shaped SD particles with an average diameter of 13.13 ± 6.25 µm 

according to the SEM images, and with d(0.5) = 10.766 µm based on the laser diffraction 

measurement (Figure 35c, Figure 36). 

 

Figure 36. Particle size analysis of ES fibers, SD particles, and the film-cast (FC) sample by laser 

diffraction. 

The achieved ~70% yield value of both methods are satisfactory during the short periods 

examined as the efficiency may be enhanced with a longer, continuous production process. The 

main reason for the material losses is that the samples were stuck to the wall of the drying 

chamber. However, the application of air knives during the process can further increase the 

yield of the two solvent-based ASD preparation methods. Nonetheless, the equipment used 

works continuously; therefore, the total productivity could be increased. 

4.3.2. Investigation of the amorphous characteristics 

Examination of the physical state of SPIR in the ES and SD samples was accomplished 

by DSC and XRPD after drying them for 3 days at room temperature. Pure crystalline SPIR 

and PVPVA64 were measured as references. The sharp, endothermic melting peak of the 

crystalline SPIR at 211°C did not appear in the thermograms of the ES and SD samples, which 

indicated the amorphous character of the prepared materials (Figure 37a). The wide 

endothermic sign at the beginning of the thermograms of the ASDs can be explained by the 

water loss of the polymer. TGA of the ES and SD samples did not show any significant 

difference after 3 days of drying at room temperature, and the weight losses were less than that 

of the pure polymer, which indicated that the ASDs were free of residual solvents after 3 days 

(Figure 37b). The decomposition of SPIR to canrenone was observed in the thermograms at 
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223 and 227 °C in the ES and the SD samples, respectively. To differentiate these peaks from 

the melting peak of the crystalline SPIR, TGA was performed where the weight loss at the given 

temperatures showed the decomposition of the API. Furthermore, the characteristic Raman 

peaks of canrenone (a metabolite of SPIR) were detectable by Raman spectroscopy, which also 

proved the decomposition of the API (Figure 37c) [209]. XRPD results proved the success of 

the amorphization as well because the sharp peaks of the crystalline SPIR did not appear on the 

diffractograms of the ES and SD samples (Figure 37d). 

 

Figure 37. DSC thermograms (a), TGA results (b), Raman spectra (c), and XRPD patterns (d) of the 

prepared samples. Red arrows on the Raman spectra indicate the characteristic peak of the canrenone. 

4.3.3. Dissolution tests of the prepared samples 

The dissolution results showed a fast release of SPIR from both ASD formulations, which 

can satisfy the requirements of immediate-release drug products (Figure 38). In addition, 

standard deviations of the repeated measurements proved to be negligible thus, it can be stated 

that a high macroscopic homogeneity of the powders was reached. However, a lower 

dissolution extent was observed during the measurements of SD samples. After an initial rapid 

increase in the dissolution, a plateau was achieved in the first 10 min since very quick 

precipitation took place in the case of the SD material. The ES fibers dissolved nearly 100%, 

while the maximal dissolution of the SD particles reached only the value of the micronized 

crystalline SPIR, which suggested that the SD material recrystallized in the dissolution media. 
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Figure 38. Dissolution profiles of crystalline SPIR, SD particles, and ES fibers. Applied parameters: 

37 ± 0.5 °C, 900 mL of 0.1 M HCl dissolution medium, 50 mg of the API content, tapped basket 

method, 50 rpm, n = 3. 

A comparison of the dissolution media of the ES and SD materials highlighted that the 

precipitation of the API from the SD particles was clearly visible (Figure 39). The opaque 

solution indicates that SPIR was in a supersaturated state, and no more API could dissolve in 

the dissolution media. The dissolution of the prepared ASDs was investigated with a borescope 

as well. The probe in pure dissolution media showed a black background. At the beginning of 

the test, the ES fibers dispersed in the dissolution media while the SD particles precipitated 

almost immediately. Both effects could be tracked with the probe, which showed turbid 

solutions in the first minute. After 120 min, the ES fibers dissolved completely in 0.1 M HCl 

medium, and the image of the probe showed the black background again. The precipitation of 

the SD samples was observed even at the end of the dissolution tests, where the recordings of 

the probe indicated the precipitated particles. Based on the results, the applied borescope is a 

promising tool to monitor the effect of supersaturation and predict the dissolution of quick 

precipitation systems. 

 

Figure 39. Recordings of the borescope about the dissolution (images with the dark background) and 

photos about the dissolution media, the paddle, and the probe. The red arrow indicates the precipitated 

particles, which were visible in the borescope image. Blue arrow indicates the light scattering due to 

the precipitated particles. 
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For a better understanding of the dissolution process, Raman spectroscopy was used to 

monitor the precipitation caused by the dissolution media (Figure 40). A small volume of HCl 

medium was dropped onto the surface of the ES and SD pastilles to imitate and examine the 

processes that occur during the dissolution. The Raman spectra of the starting materials show 

band-broadening, which suggests that SPIR was in the amorphous form within the ASDs [209]. 

However, narrow peaks appeared in the spectra of SD pastilles after coming in contact with the 

dissolution media. The most characteristic peak of crystalline SPIR can be seen at 1690 cm-1; 

therefore, it can be stated that the dissolution media induced quick crystallization from the 

amorphous SD samples [128]. 

 

Figure 40. Raman spectra of the ES and SD samples before (ES fibers and SD particles) and after (ES 

fibers + HCl solution and SD particles + HCl solution) coming in contact with the dissolution media. 

The red arrow indicates the most characteristic peak of crystalline SPIR. 

4.3.4. Micro-morphological background of quick precipitation of spray-dried samples 

According to the DSC, XRPD, and Raman spectroscopy results, the ES and SD samples 

were amorphous before the dissolution test, and no significant differences were observed 

between these materials. Based on the measurements, the difference in the dissolution 

properties of the ASD samples cannot be explained. Although the dissolution tests of the two 

samples showed remarkable differences, an in-depth investigation of the ES fibers and the SD 

particles was needed. 

The polarized light microscopy images did not show birefringence in the ES samples 

(Figure 41a), while some little green and purple spots were visible in the SD material, which 

indicated traces of crystallites (Figure 41b). Birefringence was visible almost on every single 

particle. Although the amount of crystallized samples just reached the LoD of the polarized 
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light microscopy, the dissolution of the SD powder deteriorated significantly. Consequently, 

crystalline SPIR should be detected using more sensitive analytical methods. 

 

Figure 41. Polarized microscopic images of ES fibers (a) (4× magnification) and SD particles (b) 

(6.3× magnification). 

To measure the exact amount of the crystalline traces, Raman microscopy mapping was 

carried out (Figure 42). This analytical tool proved to be appropriate for detecting small 

quantities of crystalline SPIR with local analysis. In addition, CLS modeling made it possible 

to determine the crystalline percentage of the samples using crystalline and amorphous SPIR 

as references. As expected, the SD powder contained plenty of local crystalline traces (Figure 

42b), while no noticeable crystallinity was observed in the case of the fibrous samples (Figure 

42a). The local quantity of crystalline SPIR at the investigated points reached 5-7% in the SD 

material. This value was below 1% in the ES samples, which is comparable with the model 

error of CLS. The existing crystalline nuclei in the SD particles (and the related arrangement of 

the surrounding randomly arranged molecules) allow rapid crystallization under the dissolution 

circumstances and the presence of the solvent accelerated the molecular movement leading to 

crystal growth. The Raman mapping gave a good explanation for the better dissolution 

properties of the fibrous material. These results correlated well with the results presented in 

4.1.3.4. section where the relationship between the crystalline traces and the dissolution was 

investigated. 

 

Figure 42. Raman mapping of the ES fibers (a) and the SD particles (b). 
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From the polarized microscopic images and the Raman mapping, it can be deduced that 

the molecular dispersity of the API was not perfect in the SD samples [81]. This unequal 

molecular dispersity in the ASD led to the formation of crystalline traces, which induced 

precipitation during the dissolution. 

4.3.5. Investigation of the possible reasons for the formation of crystalline traces 

The dissolution results of the ES and SD samples made clear that the differences in the 

ASD preparation methods have a huge impact on the physical properties of the generally 

amorphous product. Consequently, the prepared ASD samples reacted differently in the 

dissolution media, which was due to the crystalline traces in the SD particles. To explore the 

origin of the micro-morphological difference, a more detailed analysis was performed. 

The solvent evaporation rate can be a possible factor influencing the formation of 

crystalline traces. Since the drying kinetic during the ASD preparation is difficult to determine, 

the weight loss of the samples at 25°C was measured right after its preparation. The weight-

loss rates of residual solvents in the first 20 min were 0.125 and 0.09 w/w%/min in the case of 

the ES and SD samples, respectively. It can be stated that the higher specific surface area of ES 

fibers facilitates solvent evaporation after ASD preparation, which may be similar during solid 

particle formation. Slower solvent evaporation can result in supersaturated areas for a longer 

time during the preparation of ASDs, where the API molecules can arrange to form a crystalline 

structure. 

The influence of evaporation rate on the dissolution was also examined by the preparation 

of the film-cast (FC) sample (Figure 43). Because solvent evaporation during film casting is 

relatively slow, the effect of the drying kinetic can be investigated well [210]. The polarized 

microscopic images of the FC product showed birefringence, which refers to the crystallinity 

of the sample. The dissolution profile of the FC sample confirmed the formation of crystalline 

traces because the lower evaporation rate of the residual solvents results in the deterioration of 

dissolution properties. The lower dissolution of the FC sample compared to the crystalline SPIR 

may be explained by the larger particle size (Figure 36) and the crystallinity of the films. 



91 

 

 

Figure 43. Dissolution profiles of the FC samples, the crystalline SPIR, the SD particles, the ESY 

particles, and the ES fibers. Applied parameters: 37 ± 0.5°C, 900 mL of 0.1 M HCl dissolution 

medium, 50 mg of the API content, tapped basket method, 50 rpm, n = 3. 

Besides the evaporation rate of solvents, the electrostatic field might have an influence 

on particle formation and the drying kinetic during the ASD preparation methods. To identify 

the effect of the electrostatic forces on the product quality and thus on the dissolution, 

electrospraying was performed. The application of this electrostatic force-based method 

resulted in round-shaped particles instead of fibrous structures due to the half concentration of 

the feed solution. The morphology of the ESY sample showed similarity to the SD particles 

while the average diameter of the ESY particles was 6.48 ± 3.89 µm according to the SEM 

images, which is approximately half that of the SD samples (d = 13.13 ± 6.25 µm). The 

dissolution of the ESY particles proved to be better compared to the SD sample (Figure 43). 

The results assumed that the formation of local crystalline traces was avoidable in the presence 

of an electrostatic field since dissolution reached almost the level of the ES fibers. The 

explanation of these results can be that the Coulomb fission during the electrostatic forces-

based methods affects the evaporation rate and contributes to the orientation of the API 

molecules in the ASDs [211-213]. Further investigation of electrospraying might be needed for 

a deeper understanding of the effect of the electrostatic field on particle formation. 

4.3.6. Conclusions regarding the spironolactone-loaded spray-dried and electrospun 

samples 

Multifunctional equipment was successfully applied to prepare ES fibers and SD particles 

in a continuous way with similar productivity. Both produced samples proved to be amorphous 

according to the DSC and XRPD result. The increased specific surface area and the amorphous 

forms facilitated the dissolution, and thus immediate drug release was realized. However, the 

dissolution extent enhanced only for the ES product while the SD sample showed a similar final 

release of crystalline SPIR. In further experiments, the origin of the deterioration of dissolution 
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properties was examined. Traces of crystallinity in the SD particles was detected by polarized 

microscopy and Raman mapping. The latter was able to determine the local amounts (5-7%) of 

the crystalline impurity in the SD sample using CLS modeling, which provides the explanation 

for the precipitation of SD particles during dissolution. According to the findings of this 

research, electrospinning seemed to be more effective in the context of amorphization of the 

investigated API-polymer composition. A simple mass loss analysis of ES and SD products 

showed that the faster solvent evaporation rate during the electrospinning can be a possible 

reason for the preparation of a more stable amorphous system, which retains its advantageous 

properties even during the dissolution tests. Furthermore, the preparation of FC and ESY 

samples revealed that the size and shape of the products and the electrostatic forces might 

influence the efficiency of the amorphization in the case of the presented SPIR-PVPVA64 

composition. 

It is important to note that the evaporation rate of solvents can vary over a wide range 

during spray drying, which results in either hardly detectable or even easily measurable 

crystallinity in the product [116]. Consequently, the dissolution of the SD samples depends 

largely on the process parameter of the preparation method [193, 214]. In contrast to spray 

drying, electrospinning provides a more reliable way to prepare ASDs without crystalline traces 

since the electrostatic forces contribute to more effective solvent evaporation. Therefore, the 

preparation method plays a particularly important role in the case of noninteracting ASDs 

because no intermolecular or intramolecular hydrogen bonds and interactions can be formed, 

which could prevent the recrystallization during the dissolution or the storage if there are 

crystalline impurities in the system. In conclusion, electrospinning proved to be a promising 

and competitive technology with the widely used spray drying to formulate ASDs. 
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4.4. Continuous dosing of milled, voriconazole-loaded electrospun materials 

As it can be seen from the previous chapters, electrospinning could be a continuous 

alternative to spray drying, while continuous preparation of tablets containing ES samples 

proved to be feasible as well. In the next part of the work, electrospinning as a continuous 

alternative to freeze-drying was investigated to see the applicability of the technology for 

scaled-up production of reconstitution dosage forms. To accomplish the vial filling was the 

main goal of this study since it might demonstrate the first vial filling with ES materials. 

4.4.1. Characterization of the milled electrospun samples 

The main challenge during the pharmaceutical application of ES fibers is the handling of 

the hardly flowable fibrous mats in the formulation steps. During continuous vial filling, the 

feedability of the powders is the most important factor; therefore, preparing ES samples with 

good powder flow properties is the key point of the developments. Milling of the ES samples 

can be an effective solution for increasing the flowability of the fibers. In this way, the length 

of the fibers can be reduced, which may lead to increased bulk density and result in better flow 

properties.  

During this research, oscillating, conical and hammer milling was used for grinding the 

VOR and SBE-β-CD containing ES fibers. The morphology of the milled fibers was 

investigated with SEM (Figure 44). The SEM images confirm that the fibrous structure 

remained after the milling in all cases while the fiber diameters were between 0.5-2 μm. 

However, agglomerates in the size range of 100-1000 μm generated after the milling of the ES 

samples, which can be seen on the left side of Figure 44. These agglomerates may facilitate the 

downstream processing steps during the formulation since the round-shaped structure can be 

described with better flow properties than the fluffy fibers with low bulk density. 
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Figure 44. Morphology of the fibers after milling. (a), (b): O0.8 sample; (c), (d): O1.5 sample; (e), (f): 

O2.0 sample; (g), (h): C1.5 sample; (i), (j): C2.0 sample; (k), (l): H1.0 sample. 

Although the appearance of the milled ES samples is quite similar, small differences are 

visible in the structure of the powders (Figure 45). The various particle size distribution due to 

the different size agglomerates and the distinct powder characteristics of the ES samples milled 

by the examined methods can cause difficulties in accurate feeding. For this reason, an in-depth 

investigation of the main material property descriptors of the milled ES fibers is essential before 

technological developments. 
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Figure 45. VOR-loaded fibers before grinding (a); O0.8 sample (b); O1.5 sample (c); O2.0 sample 

(d);  H1.0 sample (e); C1.5 sample (f); C2.0 sample (g). 

An overview of the material property descriptors and the milling methods was 

accomplished by using PCA modeling (Figure 46). A model including two PC was selected, 

which explained 90% of the variation in the material property database. The small scale of the 

database and the similarity of the powders are the main reasons for the relatively high explained 

variance. 

 

Figure 46. PCA model of the milled ES samples: score plot (a) and loading plot (b). 

The score plot including the scores on PC1 and PC2 shows that the samples milled by 

oscillating milling with 0.8 and 1.5 mm screen, and the sample milled by conical milling with 

1.5 mm screen were located in the same region, referring that these milling settings resulted in 

powders with similar material properties (Figure 46a). In contrast, the samples milled by 

oscillating milling with 2.0 mm screen is anti-correlated since it can be found on the opposite 

side of the scores plot. This part of the PCA modeling gives a quick overview of the correlation 

between different milling methods based on the descriptors of the milled ES samples. The 
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results may suggest that the samples with similar properties will behave similarly during the 

feeding or other formulation steps. 

The loading plot of PC1 and PC2 reveals that the first PC is mainly influenced by the 

particle size descriptors because the mean values from the laser diffraction measurements 

(D[3,2], D[4,3]) and the median values of the particle size distribution (d(0.5)) are located on the 

right side of the PC1 and PC2 loading scatter plot (Figure 46b). In addition, the flowability 

descriptors (HR, CI) have the highest impact on the second PC. The scores and loading scatter 

plots are completed by each other, which means that samples with a given location at the scores 

plot have high values for the given variables at a similar location on the loading plot. Overall, 

the whole presented PCA modeling can provide useful information from the further formulation 

steps point of view. For instance, if the particle size would have a high impact on the feeding 

the samples with the C1.5, O1.5 and O0.8 abbreviations will show similarities during the 

feeding. 

4.4.2. Preliminary feeding experiments 

Feeding of the ES materials can be very challenging due to their low bulk densities and 

high electrostatic chargeability, even after the milling. As it was seen in 4.1.3.2. section, pre-

blending the ES samples with well flowable excipients enables the application of the most used 

twin-screw gravimetric feeders because appropriate feedability and accurate feeding can be 

achieved in that way. However, this type of feeder is a wrong choice in the case of the pure 

milled ES materials since the screw elements may cause further milling of the powder, which 

will behave during the feeding as a micronized API [215, 216]. During this work, the ES 

material was intended to be feed without any excipients thus a vibratory feeder, widely used for 

feeding poorly flowable materials, was attempted to use [217, 218].  

The applied vibratory feeder could be operated only in volumetric mode therefore the 

relationship between the adjustable intensity of the vibratory amplitude and the feed rate was 

investigated at first (Figure 47). For this purpose, a catch scale was placed under the end of the 

V-shaped channel and a computer connected to the scale recorded continuously the current 

weights. To find the correlation between the intensity and the feed rate, three repeated feeding 

experiments were fulfilled by 20, 40, 60, 80 and 100 % intensity with each milled sample for a 

specified period. The feed rates were calculated as the quotient of the total weight of the fed ES 

samples and the experiment time. Since the productivity rate of the electrospinning was ~ 240 

g/h the feed rate fitting to this value was searched during the preliminary feeding experiments. 
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Based on the results, intensities between 60% and 80% can be appropriate for vial filling in the 

case of a CM line is planned to contain the electrospinning, milling and feeding (Figure 47b). 

 

Figure 47. Correlation between the feed rate and the intensity of vibratory amplitude at all tested 

settings (a) and the promising intensity values (b). 

The RSD values were also calculated from the results of the three repeated measurements 

(Figure 48). The RSDs were higher at lower vibratory intensities since too low vibratory 

amplitude proved to be not enough to start the movement of the powders (Figure 48a). In this 

way, the different size agglomerates did not properly distribute in the V-shaped channel thus in 

some cases bigger particles fall in the sample holder while in other cases the powders did not 

start to move and no particles fall down. It is also well visible that the larger RSD values at 60% 

and 80% intensities were observed in the case of C2.0, O2.0 and H1.0 samples, which indicates 

that less reproducible feeding can be achieved with the powders after the application of these 

milling settings. In contrast, the C1.5 sample seemed to be very promising according to the 

preliminary experiments since the RSD values were under 5%. This result assumes that the 

C1.5 samples could be well fit into a CM line because reproducible feeding can be performed 

with the applied vibratory feeder. 

 

Figure 48. RSD values at all tested vibratory intensities (a) and at the promising intensity values. 
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4.4.3. Correlation between the material property descriptors and the feeding 

The next step of the work was to determine the correlation between the material property 

descriptors and the feeding in the selected vibration intensity regions, which was examined by 

PLS regression included the RSD values from the 60% and 80% intensity feeding. Among 

several tested models, a four-component PLS method was selected, which explained 91% and 

57% of the variation in the X and Y dataset, respectively. The high percentage in the case of 

the X dataset refers that the powder characteristic of the investigated samples was quite similar. 

In contrast, the percentage corresponding to the Y dataset was lower, which suggests the greater 

differences between the RSD values. 

Scores and loadings ‘biplot’ was utilized for better understanding the correlations and the 

reasons for the explained percentage values (Figure 49). The RSD can be found in the right 

corner of the plot while the defining material property descriptors were observed on the opposite 

side. According to these locations, it can be concluded that the main material properties anti-

correlated with the RSD. It means that powders for instance with low bulk and tapped densities 

and low volume and surface weighted mean have higher RSD during the feeding thus the 

reproducibility of the vial filling will be worse. Based on the powder characterization, C2.0 and 

O2.0 samples were described with lower density values, and lower volume and surface 

weighted means, while the characteristic of C1.5, O0.8 and O1.5 samples were closed to each 

other. The preliminary results well correlate with the scores and loadings ‘biplot’ since C2.0 

and O2.0 samples were located on the same side as the RSD, which indicate that higher RSD 

values were observed during the feeding experiments of these powders. Besides, the vibration 

intensity was located close to the origin referring that there is no significant correlation with the 

RSD. Consequently, the reliability and the performance of feeding is more predictable based 

on the material property descriptors. The results of the PCA and PLS modelling made it 

illustrative that the milling methods influence the powder characteristic, which influences the 

efficiency of the reliable feeding and thus it could have a high impact on the appropriate and 

precise vial filling. 
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Figure 49. Scores and loadings 'biplot" of the built PLS model. 

4.4.4. Vial filling with the selected powders and feeding adjustments 

The targeted weight during vial filling was 3400 mg since the dosage of the VOR and 

SBE-β-CD-loaded marketed product intended to be achieved. For vial filling, two different 

methods were tested (Figure 50), which both could be operated in continuous mode. 

 

Figure 50. Vial filling based on time-control (a) and weight-control (b). 

First, tared sample holders were put on a moving conveyor belt, while the filling was 

accomplished by the vibratory feeder (Figure 50a). To fit the productivity of the vial filling to 

the electrospinning experiments, 240 g/h rate tried to be adjusted. It meant that filling a vial 

with 3.4 g ES samples required a time of 51 s. Therefore, the computer software stopped the 

feeder after 51 s feeding and restart it when the next sample holder was under the feeder. The 

time between the filling of two vials was aligned with the moving rate of the conveyor belt. The 

vibratory feeder was calibrated with each investigated milled sample before the continuous 

experiments to adjust the required feed rate with the setting of the vibration intensity. The vial 

filling tests were performed only with the O0.8, O1.5 and C1.5 samples because these materials 

seemed to be suitable for accurate feeding based on the preliminary experiments. During the 

continuous experiments, three vials were filled and the fed weights were subsequently measured 
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to check the reproducibility and accuracy of the continuous vial filling (Table 17). The low 

RSD values revealed that the continuous vial filling of milled ES materials is possible with a 

vibratory feeder. Moreover, the preliminary calibration can be omitted if a gravimetric vibratory 

feeder is used. In that way, the needs of the pharmaceutical industry can be met even better and 

the vial filling with ES materials might become more accurate. 

Table 17. Data of vial filling after time-control. 

Sample code Adjusted intensity 

(%) 

Average weight 

(g) 

Standard deviation 

(g) 

RSD 

(%) 

O0.8 68 3.43 0.18 5.1 

O1.5 64 3.36 0.10 2.9 

C1.5 64 3.31 0.16 5.0 

 

As for the other option, the application of a catch scale enables the determination of the 

current weight precisely (Figure 50b). During these experiments, the computer software 

stopped the feeder based on the weight measured by the catch scale thus the feedback control 

of the feeder was performed. Only the O1.5 sample was used for the weight-controlled tests, 

where a 3.40 g limit of weight was set in the software to stop the feeder. The results of three 

repeated measurements are summarized in Table 18. The measured weights showed that there 

is a short idle time during the feedback-control of the feeder since the vials contained more than 

3.40 g ES sample in all cases. However, the RSD value was less than during the time-controlled 

experiments, which suggests that the weight-controlled strategy is more reliable and 

reproducible. Although the continuous operation of the time-controlled version can be 

accomplished in an easier way, application of automatic sample robots might allow the 

continuous vial filling based on weight control as well. Besides, calculation of the idle time and 

adjusting the limit of weight according to that can lead to more accurate feeding results. 

Table 18. Results of vial filling besides weight-control. 

Repetition Measured weight (g) 

1 3.60 

2 3.52 

3 3.47 

Average (g) 3.53 

Standard deviation (g) 0.07 

RSD (%) 1.87 
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4.4.5. Conclusions regarding continuous dosing of milled, voriconazole-loaded 

electrospun materials 

 

Different milling methods were tested to make suitable VOR and SBE-β-CD-loaded ES 

materials for vial filling. The SEM images showed that the fibrous structure remained after all 

types of milling. However, the powder characteristic of the milled samples was different 

according to the results of three basic characterization methods and the PCA model building. 

The reason for the variations could be the formation of different size agglomerates after the 

milling, which were confirmed with the SEM images and with the results of the laser diffraction 

measurements. 

After the milling, the flow properties of the ES material became better and each sample 

proved to be appropriate for vial filling with a vibratory feeder. The feed rate was controlled by 

adjusting the vibration intensity, which influenced the distribution of the powders in the channel 

too. The tested intensity values resulted in different feed rates in the case of the examined milled 

samples while the standard deviations were also differed based on three repeated measurements 

at each setting. The powder characterization and the preliminary feeding experiments assumed 

that the flow properties of the samples milled by different methods affect the accuracy and 

efficiency of the feeding. The correlation between the material property descriptors and the 

feeding was investigated by PLS regression, which presented that the RSD values was the 

lowest in the case of the samples with higher bulk and tapped densities, and higher volume and 

surface weighted means. The results of the built PLS model showed that the samples milled by 

oscillating milling with 0.8 and 1.5 mm of sieve diameter and by conical milling with 1.5 mm 

of sieve diameter are the most promising from the accurate vial filling point of view. 

Two methods were tested for vial filling of milled ES materials, which both could be 

operated in the continuous mode. The presented work revealed that milling is essential during 

the formulation of ES sample-loaded drug products since the flow properties of the fibrous 

materials can be increased in this way. Furthermore, vibratory feeding proved to be suitable for 

feeding the ES products without any further excipients, which can make easier the 

developments of the final dosage forms. Besides, the applied multivariate data analysis methods 

enabled us to get a clear overview of the effect of the milling methods and the material property 

descriptors on the feeding. Increasing the dataset and further development of the models may 

lead to improving predictive performance of the models; therefore the time and material 

consumption of the developments could be decreased. 
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5. Summary 

In this work, the application of high-speed electrospinning (HSES) and continuous 

downstream opportunities of electrospun (ES) fibers was discussed. In addition, a comparison 

of electrospinning with the most common solvent-based method (spray drying) was performed. 

Three model drugs, spironolactone (SPIR), itraconazole (ITR) and voriconazole (VOR) were 

formulated into amorphous solid dispersions (ASDs) by HSES and the prepared samples were 

investigated in the possible downstream processing steps. 

The selection of a suitable polymer for SPIR was accomplished based on the in-vitro 

dissolution tests of the fibrous samples prepared by single-needle electrospinning (SNES). 

Poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA64) proved to be the best choice for the 

further, scaled-up electrospinning experiment. Application of HSES resulted in ~ 30 times 

higher feed rate of the solution. According to the results of differential scanning calorimetry 

(DSC), X-ray powder diffraction (XRPD), scanning electron microscopy (SEM) and the 

dissolution tests, the scaling up was successfully achieved, since the characterization of the 

sample prepared by HSES showed similarities to the sample with the same composition 

prepared by SNES. The production of a higher amount of the fibrous product enabled the 

investigation of the processing step of a possible continuous line from ES to directly 

compressed tablets with real-time detection of crystallinity. In the first step, a piece of 

equipment designed by us performed the continuous collection of the fibers. Then, the fibrous 

sample proved to be well grindable using a sieve with a hole size of 0.8 mm. To the feeding of 

the fibers, pre-blending with large particle size microcrystalline cellulose was needed. In 

addition, the study revealed that the crystalline traces highly influence the dissolution. 

However, detection of the crystallinity proved to be possible with near-infrared (NIR) and 

Raman spectroscopy, which could be used for the prediction of the dissolution. 

The continuous blending and tableting of milled ITR-loaded ES fibers were performed, 

while NIR and Raman spectroscopy and the developed chemometric methods were successfully 

applied for real-time monitoring of the ASD content of the blend. UV-Vis measurements were 

used as a reference method for validating the results of the two non-destructive spectroscopic 

methods. Based on the results, the continuously prepared tablets fulfilled the USP<905> content 

uniformity tests, which confirmed the applicability of the utilized process analytical technology 

(PAT) tools in the continuous tablet production containing ES fibers. In this way, the current 

used off-line analytical methods can be replaced by NIR and Raman spectroscopy to determine 

the drug content of the blend and tablets. 
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Comparison of spray drying and electrospinning revealed that there could be a difference 

in the dissolution of ASDs, even if the DSC and XRPD measurements show amorphous 

characteristics and no crystallinity. Polarized light microscopy and Raman spectroscopy proved 

to be suitable to detect local crystalline traces in the spray-dried (SD) samples, which was not 

observable in the case of the ES samples. The results suggested that SD sample was not fully 

amorphous after the preparation method, while total amorphization was taken place during 

electrospinning.  This assumed that the drying was more effective during the electrospinning 

process. Using film-casting and electrospraying confirmed that the drying process could have 

an impact on the formation of crystalline traces, which could induce precipitation during the 

dissolution. The presented comparison study highlighted that electrospinning can be an 

effective alternative to spray drying to enhance the dissolution of poorly water-soluble drugs. 

Finally, the applicability of electrospinning for the preparation of VOR-loaded 

reconstitution dosage form was examined, where vial filling with ES material was 

accomplished. Investigation of the effect of the milling method on the flow properties and 

feeding showed that oscillating milling with a sieve of a hole of 1.5 mm is the most suitable for 

accurate, reproducible feeding of the ES material. This study demonstrated not only the 

advantages of electrospinning but the importance and potential of multivariate data analysis in 

the pharmaceutical industry. 
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6. Application of the results 

The increasing number of poorly water-soluble drug candidates emphasizes the 

pharmaceutical companies to reform the current research and developments and pharmaceutical 

manufacturing and encourages them to deal with novel formulation strategies such as the 

preparation of ASDs. In addition, the appearance of continuous technologies in the 

pharmaceutical field also requires the transition in the traditional pharmaceutical practices. 

However, the implementation of changes is a slow and costly process, as smaller companies do 

not have experience with innovative formulation strategies, PAT tools and CM. 

In this work, the advantages of the combination of two innovative pharmaceutical trends, 

namely the ASDs and CM, were demonstrated. This unprecedented approach towards the 

development of continuous downstream processing of ES fibers can facilitate the industrial 

application of this novel technology and the related PAT tools. Furthermore, it can contribute 

to the spread of electrospinning in the pharmaceutical industry. 

A significant part of this PhD work was accomplished in the frame of FIEK project of the 

National Research, Development and Innovation Office in Hungary, which aims are to conduct 

research of increased industrial interest and produce results, which can be directly applied by 

the industrial partners. 
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