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1. Introduction 

The biopharmaceutical industry has been growing incredibly in recent decades. The 

growing market and acceptance of biopharmaceuticals are accredited to their ability to treat 

previously untreatable diseases, resulting in huge market demand for biopharmaceuticals.1 

However, the development of biopharmaceutical products is very challenging due to their 

limited physical and chemical stability in liquid form. To overcome this challenge, 

biopharmaceuticals are often dried to a solid form, which usually improves their stability 

significantly besides having additional benefits like reduced transportation costs, easier 

handling, and easier storage.2 

Currently, freeze drying and spray drying are the most widely used technologies to 

obtain solid biopharmaceutical formulations despite their disadvantages. Freeze drying is a 

highly energy- and time-intensive batch process that exposes biopharmaceuticals to freezing 

stresses, which can result in degradation. In contrast, spray drying is an economic continuous 

drying technology; however, the high drying gas temperatures used in the process can induce 

the denaturation of heat-sensitive proteins. Electrospinning (ES) is new and efficient 

continuous drying technology, which has been attracting increased interest in the preparation 

of solid biopharmaceutical formulations due to its ability to provide gentle drying at room 

temperature and provide nano- or microstructured solids. ES of biopharmaceuticals is usually 

carried out from aqueous solutions due to their sensitivity to most of the organic solvents and 

because they are already in an aqueous solution at the end of production. Aqueous ES, 

however, is considered challenging due to the relatively low volatility of water resulting in 

slower evaporation, which makes the productivity of the process reduced compared to the 

volatile organic solvents. For ES to be applied in the pharmaceutical industry, the production 

capacities of the technology need to reach the commercial needs. 

Several machines with large scale fiber producing capacity exist on the market. The most 

developed is probably the Nanospider™ technology. However, the so-called ‘free surface’ 

electrospinning is feasible with this instrument, but the unwanted solvent evaporation from 

the free surface can complicate the use of this technology in the pharmaceutical industry and 

 

1 Walsh, G. Biopharmaceutical benchmarks 2018. Nature Biotechnology, 2018, 36:12, 1136-1145, 

doi:10.1038/nbt.4305 
2 Langford, A.; Bhatnagar, B.; Walters, R.; Tchessalov, S.; Ohtake, S. Drying technologies for 

biopharmaceutical applications: Recent developments and future direction. Drying Technology, 2017, 36:6, 1-8, 

doi:10.1080/07373937.2017.1355318 
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it is utilized mainly to prepare filters. Scaled-up production of drug-loaded fibers from 

aqueous solutions is still a vastly unexplored area. 

The majority of the publications related to electrospinning are focusing solely on how to 

manufacture fibers with appropriate characteristics and only a few articles present ways to 

convert the obtained fibers into applicable pharmaceutical formulations.3 It is of great interest 

to investigate if it is possible to develop biopharmaceutical-loaded grindable fibers and 

convert the ground fibers into tablets. Effects of the downstream processing steps on sensitive 

biopharmaceuticals need be assessed as well. 

Many biopharmaceutical drug products are administered parenterally and therefore it is 

important to investigate if fibers can be used as parenteral drug dosage forms as well. 

Electrospun parenteral drug delivery systems have not been studied extensively, as the 

molecular weight of most polymers applied as fiber matrices exceed the glomerular filtration 

limit (>40 kDa) making these fibers unsuitable for parenteral delivery. Cyclodextrins are 

electrospinnable water-soluble oligosaccharides with low molecular weight, which makes 

them promising matrices for parenteral drug dosage forms. However, no article could be 

found in which aqueous cyclodextrin solutions were electrospun in a scaled-up manner. 

After surveying the current ‘state of the art’ related to biopharmaceuticals and 

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

- to investigate if it is possible to produce dried fibers in a scaled-up manner from 

aqueous polymeric and polymer-free systems at room temperature by high-speed 

electrospinning; 

- to develop biopharmaceutical-containing grindable fibers and to produce solid oral 

formulations from the ground fibrous powder; in addition, to investigate if the 

downstream processing steps have a negative effect on the APIs; 

- to develop an electrospun cyclodextrin-based parenteral formulation and to evaluate 

if large amounts of cyclodextrin fibers can be produced from aqueous solutions. 

- to carry out a long-term stability study of the biopharmaceuticals in the fibers 

produced by scaled-up electrospinning; 

 

3 Démuth, B.; Farkas, A.; Szabó, B.; Balogh, A.; Nagy, B.; Vágó, E.; Vigh, T.; Tinke, A.P.; Kazsu, Z.; 

Demeter, Á.; Bertels, J.; Mensch, J.; Van Dijck, A.; Verreck, G.; Van Assche, I.; Marosi, G.; Nagy, Z.K. 

Development and tableting of directly compressible powder from electrospun nanofibrous amorphous solid 

dispersion. Advanced Powder Technology, 2017, 28:6, 1554-1563, doi:10.1016/j.apt.2017.03.026 
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2. Methods 

2.1 Sample preparation 

Culturing of Clostridium butyricum 

C. butyricum was grown at 37 °C under anaerobic conditions. The cultures were 

centrifuged, washed and resuspended before electrospinning. 

Drop electrospinning (DES) 

The small-scale preparation of fibers was performed by drop electrospinning consisting 

of a metal needle with an inner diameter of 0.5 mm attached to high voltage. Few milligrams 

of the product were collected on the collector placed above the needle.  

High-speed electrospinning (HSES) 

The large-scale manufacturing of electrospun fibers was carried out by HSES developed 

in our research group. The main difference in the setup in comparison with DES was the 

spinning part, which was a rotating, stainless steel spinneret in the case of HSES. 

Grinding/milling of the electrospun fibers 

The electrospun fibers were ground to make it suitable for blending with excipients. 

Different methods were used throughout the experimental work: a sieve, a hammer mill and 

an oscillating mill. 

Tablet preparation 

Tablets were prepared on a Dott Bonapace CPR-6 eccentric tablet press. 

Storage of the samples 

For storage stability testing the formulations were kept in locked glass vials at different 

temperatures and atmospheres. 

2.2 Analytical methods 

Viscosity measurement 

The viscosity of the solutions was determined using a TA Instruments AR 2000 

rotational rheometer. 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 

Morphology of the samples was examined by a JEOL 6380LVa type SEM machine. EDS 

was used in conjunction with SEM for the mapping of fluorine and sulfur in the samples. 

Residual water content measurement 

The residual water content of the fibers was analyzed with two methods: a Sartorius 

MA40 moisture balance and a TA Instruments Q5000 TGA apparatus. 

Modulated differential scanning calorimetry (DSC) 

Samples were analyzed on a Mettler Teledo DSC3+ DSC instrument in TOPEM® mode. 
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X-ray powder diffraction (XRPD) 

Diffraction patterns were recorded on a PANalytical X’pert Pro MDP X-ray 

diffractometer. 

Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra were collected using a Bruker Tensor 37 type spectrometer. 

Raman mapping 

The Labram-type Raman instrument of Horiba Jobin–Yvon coupled with external 532 

nm diode laser source and Olympus BX-40 optical microscope was employed for spectrum 

collection. 

Reconstitution test and concentration measurement 

A dissolution test (reconstitution) of the samples was carried out by adding purified 

water to the samples. The concentration of the API was determined by an Agilent 8453 UV-

VIS spectrophotometer. 

Characterization of powders and tablets 

Bulk and tapped densities of powder mixtures for tableting were examined. Tablet 

breaking force and friability of the prepared tablets were tested. 

Enzyme activity measurement 

β-galactosidase activity was analyzed by measuring the product of the reaction catalyzed 

by the enzyme over time using a Pharmacia Ultraspec III UV/Vis spectrophotometer. The 

activity of a stable enzyme formulation was measured parallel to each sample to serve as a 

reference. 

Microscopical analysis 

An Olympus BH-2 laboratory light microscope was used to study the bacterial cells and 

spores.  

Viability test of Clostridium butyricum 

The viability of C. butyricum was determined by the colony-forming unit (CFU) 

measurement method.  

Butyrate production measurement 

Butyric acid production of the bacteria was measured by an Agilent 1200 series reversed-

phase high-performance liquid chromatography system. 
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3. Results 

3.1 Scaled-up production of grindable electrospun fibers containing a protein-type 

drug from an aqueous polymeric matrix 

Based on the results of our previous study4 on placebo systems, an aqueous matrix 

solution composed of PVA, PEO and mannitol was selected for the experiments with a model 

protein, β-galactosidase to achieve a grindable fibrous product. The achieved feeding rate 

with HSES was 30 mL/h which is about 30x higher than what is achievable with single-

needle electrospinning of aqueous solutions. 

Processability of the formed fibers (e.g. milling, powder properties, etc.) is critical in the 

development of solid pharmaceutical products. The produced enzyme-containing fibers 

collected in the form of a fibrous mat were not suitable for conventional tablet production. 

Therefore, the collected fibers were pushed through a sieve with a pestle. The friability of the 

enzyme-containing fibers was sufficient without secondary drying, and the grinding of the 

mat resulted in a fibrous powder (Figure 1). The fibrous powder was mixed with MCC, 

mannitol, and crospovidone, and the powder mixture was subsequently tableted.  

 
Figure 1 Electrospun sample removal from the collector and grinding process 

In order to reveal the physical state of the different materials in the fibers, DSC, XRPD, 

FTIR and Raman examinations were carried out. Based on these results of the measurements, 

it was concluded that all fiber components were amorphous except mannitol, which was in its 

δ-polymorph. To evaluate the molecular interactions FTIR spectroscopy was applied on the 

samples. The characteristic bands of β-galactosidase, PVA, and PEO either disappeared or 

appeared shifted in the spectrum of the HSES fibers indicating molecular interaction 

 

4 Hirsch, E.; Vass, P.; Demuth, B.; Petho, Z.; Bitay, E.; Andersen, S.K.; Vigh, T.; Verreck, G.; Molnar, K.; 

Nagy, Z.K.; Marosi, G. Electrospinning scale-up and formulation development of PVA nanofibers aiming oral 

delivery of biopharmaceuticals. Express Polymer Letters, 2019, 13:7, 590-603, 

doi:10.3144/expresspolymlett.2019.50 
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(presumably hydrogen bonding) between the components. According to the Raman chemical 

map, β-galactosidase seemed to be uniformly distributed in the ground fibers. 

Enzyme activity was measured after HSES, grinding, tableting, and after 1 year of 

storage of the tablets to assess the effect of the processing steps and storage on β-

galactosidase (Figure 2). No significant difference was seen between the activity of the 

reference enzyme and the electrospun and processed β-galactosidase. Besides, the activity 

measurements showed that the enzyme remained stable in the tablets both at 4 °C and room 

temperature even after one year of storage. These result shows that the processable matrix 

containing PVA, PEO, and mannitol is suitable for stabilizing β-galactosidase in the long 

term as well. In conclusion, the gentle drying by HSES and the processability of the applied 

matrix enabled the production of a final dosage form for the easy oral administration of this 

model protein without decreasing its activity. 

 
Figure 2 Enzyme activity of β-galactosidase in the fibers after HSES, after grinding, after tableting 

and one-year stability result of the tablets (stored at 4 °C and room temperature) 

3.2 Scaled-up production of directly compressible electrospun fibers containing a 

polymer-free matrix and a protein-type drug from an aqueous solution 

In the previous chapter, it was demonstrated that grindable fibers can be produced from 

aqueous polymeric solutions of a model protein drug. As a continuation, our aim in this work 

was to evaluate if high-speed electrospinning can be used to produce protein-containing 

fibers from an aqueous cyclodextrin solution (as a polymer-free matrix) and to process the 

produced fibers into tablets through direct compression. 

After successfully optimizing the fiber formation from aqueous hydroxypropyl-β-

cyclodextrin (HP-β-CD) solutions using HSES, cyclodextrin fibers containing β-

galactosidase were prepared. The feeding rate applied during the experiments was 400 mL/h, 

which equals a hypothetical productivity of ~6 kg/day with the current HSES setup. Although 

fragmentation of the fibers occurred during collection, the flowability of the produced 
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enzyme-loaded fibers was not suitable for conventional tablet production by direct 

compression. Therefore, the collected fibrous sample needed to be milled to a powder by a 

hammer mill. The friability of the enzyme-containing fibers was excellent without secondary 

drying as the milling of the fibrous sample resulted in a powder. The SEM images revealed 

that the fibers were broken into many smaller fragments, but the fibrous structure remained 

intact (Figure 3). 

 

Figure 3 Photo and a scanning electron microscope image of β-galactosidase containing HP-β-CD-

based fibers after milling 

The ground fibrous powder exhibited the properties of a low-density powder with ‘poor’ 

flow properties, which was improved by blending the fibrous powder with flowability aiding 

excipients. The bulk density of this mixture was appropriate for tableting by direct 

compression. No decrease in enzyme activity was observed after either of the processing 

steps (electrospinning, grinding, and tableting). 

Ensuring long-term stability of biopharmaceutical products is one of the main challenges 

in their pharmaceutical use and therefore new formulations need to stabilize 

biopharmaceuticals to maintain their activity during storage. The tablets of electrospun β-

galactosidase were kept at 4 °C and room temperature and their activity was measured after 1 

month, 3 months and 6 months (Figure 4). The periodic activity measurements showed that 

the enzyme remained stable in the prepared tablets both at 4 °C and room temperature after 6 

months of storage. 
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Figure 4 Long-term stability results of the tablets produced from β-galactosidase-containing fibers 

(stored at 4°C and room temperature) 

3.3 Production of cyclodextrin-based reconstitution powder from an aqueous 

solution using scaled-up electrospinning 

In this part of the work, scaled-up electrospinning of sulfobutylether-β-cyclodextrin 

sodium (SBE-β-CD) was attempted with an aim to prepare a parenteral drug dosage form of a 

model antifungal drug, voriconazole (VOR), with low aqueous solubility. In the marketed, 

freeze-dried powder for reconstitution of VOR (Vfend®), molecular encapsulation with 

sulfobutylether-β-cyclodextrin sodium (SBE-β-CD) is applied to increase the VOR solubility 

in water. 

 

Figure 5 Optimization of fiber formation from aqueous SBE-β-CD solutions using DES 

After optimizing fiber formation from aqueous SBE-β-CD solutions using DES (Figure 

5), HSES was used to produce large amounts of SBE-β-CD-VOR fibers. The highest feeding 

rate applied during the experiments was 300 mL/h. A cyclone was used as a novel fiber 
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collection method with 88% yield. Based on previously published treatment data of invasive 

aspergillosis from the USA, the required amount of VOR in America could be manufactured 

in less than 4 months with the current HSES setup. Therefore, this scaled-up, continuous and 

flexible manufacturing process seems to be capable of fulfilling the capacity requirements of 

the pharmaceutical industry. 

To investigate the physical state of VOR in the fibrous sample and in Vfend®, DSC and 

XRPD examinations were carried out. Both measurements showed that VOR was amorphous 

in both solid formulations. For accurate dosing, homogeneity of the VOR in a drug 

formulation is required and therefore, distribution of the amorphous VOR in the fibrous 

samples was evaluated by EDS and Raman mapping. These examinations implied that VOR 

was molecularly dispersed both in the electrospun fibers and the Vfend® powder as well. 

In a reconstitution test (Figure 6) the fibrous sample and Vfend® dissolved completely 

within 30 s. In comparison, crystalline VOR in the physical mixture of VOR and SBE-β-CD 

persisted for a longer time.  

 

Figure 6 Images of dissolution test of electrospun VOR–SBE-β-CD complex, the physical mixture, and 

Vfend® 

The difference between the dissolution rates of the electrospun sample and the physical 

mixture was confirmed by UV measurements. This proves that the enhanced specific surface 

area of the amorphous fibrous material provides fast dissolution, which makes 

electrospinning a feasible technology for the preparation of reconstitution injection dosage 
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forms. Our experiments prove that HSES has the potential to replace freeze drying since it is 

a continuous, high-throughput process of very low energy consumption providing an 

economically viable production alternative. 

3.4 Large-scale production and tableting of electrospun HP-β-CD fibers 

incorporating anaerobic bacteria from the gut microbiome 

In this part of the work, it was investigated if scaled-up electrospinning can be used as a 

gentle drying method for a strictly anaerobic bacterium from the gut microbiome. 

Electrospinning of HP-β-CD solutions containing both sporulated and vegetative and only 

vegetative C. butyricum was performed with 300 mL/h feeding rate. Slight decrease in viable 

cell count was observed in the cyclodextrin solution (by a maximum of 0.16 log unit) and in 

the electrospun fibers (by a maximum of 0.33 log unit). Cells and spores are exposed to 

changes in the osmotic environment when introduced into the cyclodextrin solution and high 

voltage and ultrafast solvent evaporation during the electrospinning process, which could 

presumably cause the observed slightly reduced viability. Butyrate production capacity of C. 

butyricum was preserved in the fibers proving that this innovative solid form of the bacteria 

has a real therapeutic potential. 

Long term viability of bacteria in the fibers is crucial for the application in solid dosage 

forms. The effect of storage temperature and the presence of oxygen on the viability of 

bacteria was also investigated in the long-term stability study (Figure 7).  

 
Figure 7 Stability of the mixture of sporulated and vegetative and vegetative Clostridium butyricum in 

the electrospun HP-β-CD fibers after 1 year of storage anaerobically and aerobically at -20 °C, 4 °C, 

and room temperature 

Generally, it could be concluded that the samples stored anaerobically had higher 

viability compared to the samples stored in the presence of oxygen at the same storage 

temperature. The lowest survival rates belonged to the samples stored at room temperature 

aerobically – the number of viable cells in the vegetative sample was reduced to 0. However, 
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high viability of this strictly anaerobic bacterial strain could be preserved at room 

temperature in the presence of oxygen, as the viability loss of the sample containing both 

spores and vegetative cells was less than 1 log unit after 1 year. 

Milling of the bacteria-loaded fibrous material was performed by the use of an oscillating 

mill. Bacteria-containing fibers exhibited excellent friability without secondary drying as the 

milling of the fibers resulted in a powder. After the addition of flowability aiding excipients, 

the prepared blend was tableted by direct compression. CFU measurements showed that the 

viability of the bacteria in the fibers was preserved after the processing steps (milling, 

tableting). In summary, the gentle drying by HSES and the processability of the applied 

matrix enabled the production of a final dosage form for the easy oral administration of the 

anaerobic gut bacteria strain, Clostridium butyricum. 

4. Thesis findings 

1. A solid formulation of a model biopharmaceutical drug (β-galactosidase) was developed 

and produced by high-speed electrospinning for the first time. A fully aqueous polymeric 

solution was successfully electrospun with a 30 mL/h feeding rate, which is about 30x 

higher than the feeding rate usually attained with single-needle electrospinning. 

According to X-ray diffraction measurements, the mixture of polyvinyl alcohol, 

polyethylene oxide matrix, and β-galactosidase was in amorphous state in the fibers, 

whereas mannitol was crystalline (δ-polymorph). The presence of crystalline mannitol 

and the low water content enabled the grinding of the fibrous sample without secondary 

drying. The ground powder, mixed with tableting excipients, was successfully 

compressed into tablets. β-Galactosidase remained stable during each of the processing 

steps and for at least 1 year of storage at room temperature in the tablets. [I, II, IV, V, 

VIII, XVI] 

2. A water-soluble cyclodextrin, 2-hydroxypropyl-beta-cyclodextrin (HP-β-CD) was used 

as a novel polymer-free matrix for the scaled-up electrospinning of a model protein-type 

drug. High feeding rate (400 mL/h which equals ~270 g solid product per hour) could be 

achieved this way. The new solid form was found suitable for grinding and tableting by 

direct compression. The model protein-type drug (β-galactosidase) remained stable 

during each of the processing steps (electrospinning, grinding, tableting) and for at least 

6 months of storage at room temperature in the tablets. [VI, VIII, XVI] 

3. An amorphous solid dispersion of a poorly soluble drug (voriconazole (VOR)) and a 

polymer-free matrix (SBE-β-CD) was electrospun with high production rate (~240 g/h) 
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for the first time. This productivity is more than 12x higher than the highest aqueous 

electrospinning production rate reported so far. According to X-ray diffraction and 

differential scanning calorimetry, no traces of crystalline VOR were detectable in the 

fibers. Furthermore, Raman mapping and energy dispersive spectroscopy measurements 

showed a uniform distribution of amorphous VOR in the fibers. [III, VII, VIII, XX, XXI, 

XXII] 

4. An intravenously injectable reconstitution powder dosage form was produced by 

electrospinning from an aqueous solution for the first time. High-speed electrospinning 

with a novel continuous (cyclone) collection was used to manufacture the innovative 

formulation of the poorly water-soluble antifungal VOR with sulfobutylether-β-

cyclodextrin (SBE-β-CD). This dosage form was compared to the freeze-dried, marketed 

product with the same composition, Vfend®. Reconstitution tests, carried out with the 

ground fibrous powder, showed complete dissolution resulting in a clear solution within 

30 s (similarly to Vfend®). [III, VIII, XX, XXI, XXII] 

5. Anaerobic bacteria-containing electrospun fibers were prepared with high production 

rate (~150 g/h) for the first time. Butyrate (an anti-inflammatory molecule) production 

capacity of the bacteria was retained after electrospinning. The fibers were pressed into 

tablets by direct compression after milling (by an oscillating mill) and mixing with 

tableting excipients. No significant decrease in bacterial viability was observed after 

either of the processing steps (milling and tableting). [VIII, IX, XVII, XVIII, XIX] 

6. Long-term stability of a model anaerobic bacterium from the gut microbiome 

(Clostridium butyricum) incorporated into fibers of a water-soluble cyclodextrin matrix 

(HP-β-CD) was studied for the first time. Effect of the growth conditions of the bacteria 

and storage conditions of the fibers (temperature, presence of oxygen) on the viability of 

the bacteria in the fibers was investigated. High viability was preserved in the fibrous 

sample containing both spores and vegetative anaerobic bacteria after 12 months of 

storage at room temperature in the presence of oxygen. [IX, XVII, XVIII, XIX] 

5. Application of the results 

Biopharmaceutical drug products are becoming more and more prominent in the 

pharmaceutical industry due to their therapeutic advantages. High-speed electrospinning was 

applied in this work to demonstrate its potential as a promising gentle drying technology for 

biopharmaceuticals that eliminates some of the drawbacks of other drying technologies. It 
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was shown that aqueous electrospinning can be carried out with high productivity and that the 

downstream processing of the obtained fibers is feasible. These aspects of the technology 

were unexplored before this work was begun, despite being of great interest, both to industry 

and to academia. 

A significant part of this work was carried out in collaboration with Janssen scientists 

(Pharmaceutical Companies of Johnson & Johnson). Therefore, the obtained results can 

generate substantial industrial interest and the utilization of these results can certainly be 

foreseen in the future. 
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