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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.1 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.2 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. For instance, the 

most common large scale electrospinning methods, the so-called ‘free surface’ electrospinning 

technologies, can be disadvantageous from pharmaceutical point of view since the quick 

evaporation of the flammable, volatile solvents is risky and makes harder the preparation of 

constant quality products.3 Therefore, the development and application of more suitable 

equipment are needed for preparing a sufficient quantity of fibers safely. In addition, 

investigation of the possible formulation strategies and downstream processing steps relating 

                                                 

1 Williams, H.D., Trevaskis, N.L., Charman, S.A., Shanker, R.M., Charman, W.N., Pouton, C.W., Porter, 

C.J., 2013. Strategies to address low drug solubility in discovery and development. Pharmacological reviews 65, 

315-499. 
2 Van den Mooter, G., The use of amorphous solid dispersions: A formulation strategy to overcome poor 

solubility and dissolution rate. Drug Discovery Today: Technologies, 2012. 9(2): p. e79-e85. 
3 Miloh, T., B. Spivak, and A. Yarin, Needleless electrospinning: Electrically driven instability and multiple 

jetting from the free surface of a spherical liquid layer. Journal of Applied Physics, 2009. 106(11): p. 114910. 
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to ES fibers is also important since only a few publications deal with the applicability of fibers 

in final dosage forms.4 

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.5 Although electrospinning is a continuous technology, no example could be 

found for continuous downstream processing of ES fibers to tablets. Besides, the preparation 

of other fiber-loaded dosage forms in a continuous manner is also a rarely researched area. The 

main advantages of continuous technologies are that these methods can lead to more cost and 

energy effective, greener, and faster manufacturing while coupling process analytical 

technology (PAT) tools to the processes can ensure constant product quality.6 However, joint 

application of electrospinning, CM and PAT has not been realized yet. 

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. 

                                                 

4 Démuth, B., et al., Development and tableting of directly compressible powder from electrospun 

nanofibrous amorphous solid dispersion. Advanced Powder Technology, 2017. 28(6): p. 1554-1563. 
5 Lee, S.L., et al., Modernizing pharmaceutical manufacturing: from batch to continuous production. Journal 

of Pharmaceutical Innovation, 2015. 10(3): p. 191-199. 
6 Fonteyne, M., et al., Process analytical technology for continuous manufacturing of solid-dosage forms. 

TrAC Trends in Analytical Chemistry, 2015. 67: p. 159-166. 
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2. Methods 

2.1 Sample preparation 

Single-needle electrospinning (SNES) 

The small-scale preparation of API-loaded fibers was performed by SNES. The applied 

setup consisting of a metal needle with an inner diameter of 0.5 mm, a high voltage direct 

current supply, a syringe pump, and a grounded collector. 

High-speed electrospinning (HSES) 

The large-scale production of API containing ES fibers was carried out by HSES 

developed in our research group. The main difference in the setup in comparison with SNES 

was that a rotating, round-shaped stainless steel spinneret was applied instead of the metal 

needle in the case of HSES. 

Spray drying and electrospraying 

The above-mentioned HSES apparatus with the rotating spinneret was utilized for spray 

drying and electrospraying experiments. The main difference was that less viscous solutions 

were used as in the case of the electrospinning experiments. In addition, no high voltage was 

applied during spray drying. 

Film casting 

The API containing solution was cast into a square-shaped silicon mold (3 × 50 × 50 mm) 

and dried for 3 days at room temperature. 

Continuous collection of fibrous samples 

To collect the ES fibers, two methods were applied. In the first case, a moving 

polypropylene fleece was placed before the grounded collector. In the other case, a cyclone 

was used for collection. 

Milling 

Milling of the ES fibers was needed to reduce the fiber length and thus obtain a powder 

form with better flow properties. During this research, the following milling methods were 

tested: a sieve, a hammer mill, a conical mill, and an oscillating mill. 

Feeding 

For feeding the powders and blends, a Brabender DDW-MD0-MT type twin-screw loss-

in-weight feeder and a LABORETTE 24 vibratory feeder was used. 

Continuous blending 

The continuous blending was performed with a TS16 QuickExtruder® equipment.  

Tableting 

Tablets were compressed on a Dott Bonapace CPR-6 eccentric tablet machine. 
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2.2 Analytical methods 

Scanning electron microscopy (SEM) 

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

6380LA type scanning electron microscope. 

Polarized light optical microscopy 

A Carl Zeiss Jena Amplival polarized microscope with an OLYMPUS C4040 Z type 

camera was applied to investigate crystalline traces. 

Differential scanning calorimetry (DSC) 

The prepared samples were examined by a Setaram DSC 92 type DSC apparatus. 

Thermogravimetric analysis (TGA) 

TGA of the samples was performed by a Q5000 TGA instrument. 

X-ray powder diffraction (XRPD) 

Diffractograms were determined by a PANalytical X’pert Pro MDP X-ray diffractometer. 

In-vitro dissolution test 

In-vitro dissolution studies were carried out on a Pharmatest PTWS 600 dissolution tester, 

which was coupled with an Agilent 8453 UV–Vis spectrophotometer. 

Borescope 

The precipitation in the dissolution media was investigated by an Olympus A50372A 

borescope with an outer diameter of the probe of 5 mm. 

Raman spectroscopy and mapping 

A Horiba Jobin-Yvon LabRAM system coupled with an external 785 nm diode laser 

source and an Olympus BX-40 optical microscope was used for the investigation of the ASDs. 

Characterization of the powders and blends 

The following commonly used powder characterization techniques were applied during 

this work: bulk and tapped density test, angle of repose measurement, and laser diffraction. 

Characterization of the tablets 

Commonly measured attributes were determined to characterize tablets such as hardness, 

friability, moisture content and thickness.  

Near-infrared spectroscopy (applied as PAT tool) 

A Bruker MPA Multi Purpose Fourier-transformed Near Infrared (NIR) Analyzer was 

applied as one of the PAT tools. 

Raman spectroscopy (applied as PAT tool) 

A Kaiser RamanRxn2® Hybrid in situ analyzer connected with a pharmaceutical area 

testing (PhAT) probe was the other applied PAT tool. 
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3. Results 

3.1 Preparation of spironolactone-loaded ES fibers and investigation of their 

continuous downstream processing possibilities to generate tablet formulations 

Comparison of different polymers and polymer-drug ratios was accomplished based on the 

dissolution properties of the prepared ES fibers. The highest dissolution was achieved with the 

40% spironolactone (SPIR) and 60% poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA64) 

composition thus the HSES experiment was performed with this drug-polymer ratio. The 

results of the basic characterization methods (DSC, XRD, SEM, dissolution test) showed 

similarities between the fibrous samples prepared by SNES and HSES, which confirmed the 

success of the scale-up. In this way, circa 35-fold higher productivity was achieved and the 

quantity of the prepared fibers enabled the investigation of further downstream processing steps 

to make tablets. Continuous collection, milling, feeding and tableting were examined during 

this research to see the possibilities of continuous downstream processing of ES fibers (Figure 

1). Each investigated processing step proved to be feasible and tablets with good dissolution 

properties were prepared. 

 
Figure 1 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. 
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To avoid the recrystallization of the API from the ASDs is the most important part of the 

formulation development since the stability of the ASDs needs to satisfy the regulatory 

requirements. Unstable ASDs might have lower dissolution and thus lower bioavailability; 

therefore the dissolution and bioavailability from these formulations cannot reach the expected 

values from the authorization point of view. Taking these facts into account, the investigation 

of the effect of crystalline content on the dissolution was the next part of the work. A clear 

correlation was observed between the crystalline content and the dissolution percentages thus 

non-destructive, in-line applicable NIR and Raman spectroscopy-based analytical methods, 

were developed to measure the crystalline traces (Figure 2). The results of the dissolution tests 

and the spectroscopic calibrations enable us to predict the dissolution of new blends and tablets. 

In this way, crystalline traces can be detected during continuous manufacturing and the wrong 

products can be filtered easily in real-time. 

 
Figure 2 Possible way to predict the dissolution profile. 

3.2 Continuous downstream processing of milled, itraconazole-loaded ES 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 (Figure 3). 
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Figure 3 Photo of the continuous blending experimental setup. 

The itraconazole (ITR) and PVPVA64 containing fibers were successfully fed by a 

vibratory feeder into a twin-screw blender, in which the ES material was fully homogenized 

with the other excipients. The results of continuous monitoring showed that the continuous 

blending line is suitable for preparing ES fiber containing tableting blends while the quality is 

trackable in real-time by the applied PAT tools (Figure 4). The prepared tablets fulfilled the 

USP <905> content uniformity test, which also proved the success of continuous blending. 

Moreover, the UV-Vis measurements of the continuously prepared tablets 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 application of the tested PAT tools reduce the quality control from more 

than a day to 10 s per tablet and it allows the insertion of feedback controls to the continuous 

manufacturing line. 

 

Figure 4 Monitoring of continuous blending by NIR and Raman spectra-based chemometric models. 

(Grey background indicates that period when the feeding set up and the system reached a steady 

state.) 
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3.3 Comparison of amorphous solid dispersions of SPIR prepared by electrospinning 

and spray drying 

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. Spray-dried (SD) and ES samples containing 40% SPIR and 60 % 

PVPVA64 were successfully prepared using the same apparatus. Both SD and ES samples 

proved to be amorphous based on the results of DSC and XRPD but the dissolution of the two 

materials was different (Figure 5). The dissolution percentage of the SD particles was similar 

to the crystalline SPIR, which assumed that the API recrystallized from the ASD during the 

dissolution. The precipitation in the dissolution media was observed with a borescope while 

Raman spectroscopy confirmed the appearance of crystalline SPIR induced by the dissolution 

media in the SD sample. 

 

Figure 5 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. 

The SD and ES samples were examined by Raman mapping and polarized light 

microscopy to explore the origin of the recrystallization (Figure 6). Both analytical methods 

indicated crystalline traces in the SD samples, which did not appear in the ES material. The 

results suggested that the molecular dispersity in the SD particles was unequal, which led to 

the formation of crystalline traces. 

Further investigations revealed that the drying rate has a huge influence on the quality of 

the ASDs. Film casting characterized with slow solvent evaporation resulted in a product with 

low dissolution while electrosprayed particles reached almost similar dissolution than the ES 

samples. The latter confirmed that electrostatic forces can facilitate solvent evaporation since 

the amount of the solvents was the same as in the case of spray drying but the dissolution of 

the product was higher, which suggested that better molecular dispersity was achieved in this 

way. 
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Figure 6 Raman mapping of the ES fibers (a) and the SD particles (b). 

3.4 Continuous powder filling of ES material in vials: Impact of the milling processes 

on powder filling properties 

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. 

A larger amount, voriconazole and sulfobutylether-β-cyclodextrin containing ES fibers 

was successfully prepared from an aqueous solution with HSES. Then the fibrous material was 

divided into six parts and milled with different methods (hammer mill, conical mill and 

oscillating mill) and using different sizes of sieves. All milled sample was investigated with 

three basic powder characterization methods thus, the comparison of the milled ES materials 

was feasible. In addition, feeding experiments with a vibratory feeder made it possible to 

examine the impact of the milling processes on powder filling properties. The partial least 

squares (PLS) model built from the material property descriptors and the relative standard 

deviation (RSD) values of the feeding experiments showed that the main material properties 

anti-correlate with the RSD (Figure 7). It means that powders for instance with low bulk (ρbulk) 

and tapped densities (ρtapped) and low volume and surface weighted mean (D[4,3], D[3,2]) have 

higher RSD during the feeding thus the reproducibility of the vial filling will be worse. 

Besides powder filling of ES material in vials was accomplished first time during this 

research, multivariate data analysis was successfully applied to examine the impact of the 

milling methods on the feeding. In this way, the selection of the appropriate milling method 

can be easier in the future thus the time and material consumption of the developments could 

be decreased. 
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Figure 7 Scores and loadings 'biplot" of the built PLS model. 

4. 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-
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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 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] 
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5. 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 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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