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1 Introduction 

The widespread use of high throughput screening in drug discovery has led to the 

increase of the number of new chemical entities with poor water-solubility and, thus, limited 

oral bioavailability. An appropriate formulation of the drug can resolve this difficulty, and 

one of the most promising ways to improve efficiency of the widely accepted oral dosage 

forms is preparing solid dispersions. 

In the pharmaceutical industry there is an increasing need for continuous technologies 

due to its benefits over batch processes and the favorable regulatory environment. Continuous 

methods producing solid dispersions consisting of the drug and a hydrophilic polymer can 

meet the expectations of the pharmaceutical formulations. As a continuous method, solvent-

based electrospinning is capable to produce fibers with high specific surface area. However, 

the use of organic solvent has several drawbacks including residual solvent content in the 

product, expensive solvent recovery and explosion proof devices. Melt extrusion produces 

solid dispersions without the use of solvents and it has been used for marketed pharmaceutical 

products as well, nevertheless, the achievable surface area of the extrudate is limited. 

Thus, the question arose whether it was possible to produce fibers without the use of 

solvents in order to improve the dissolution of poorly water-soluble drugs by combining the 

aforementioned techniques capable also to reach industrial throughput levels.    

 

2 Scientific background, aims 

C. Lipinski and his coworkers have pointed out that the spread of high throughput 

screening in the drug discovery process to test large numbers of compounds in vitro resulted 

in new chemical entities with reduced water-solubility
1
 at occurrence rates above 70%

2
. As a 

result of insufficient solubility and, thus, small drug concentrations in the gastrointestinal tract 

the oral bioavailability will be also limited increasing the failure rate of new drug 

development.    Considering that the annual R&D cost in the USA has reached the 50 billion 

US$ level while the number of the yearly approved new pharmaceutical products did not 

                                                 
1
 C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney, Experimental and computational approaches to 

estimate solubility and permeability in drug discovery and development settings, Adv. Drug Deliv. Rev. 23 

(1997) 3–25. 
2
 M.S. Ku, W. Dulin, A biopharmaceutical classification-based Right-First-Time formulation approach to reduce 

human pharmacokinetic variability and project cycle time from First-In-Human to clinical Proof-Of-Concept. 

Pharm. Dev. Tech. 17 (2012) 285-302. 
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change significantly in the past 40 years
3
, the high failure rates of new chemical entities have 

a serious financial consequence as well. 

An appropriate formulation technique can improve the dissolution behavior of the 

poorly water-soluble drug avoiding the necessity of chemical modifications. Besides reducing 

the particle size (micronisation, nanosuspensions) and solubilization (microemulsions, 

cyclodextrins), solid dispersions offer a unique way for drug formulation. The increased 

solubility of the amorphous form of the drug embedded into the well soluble polymeric carrier 

as well as the achievable high specific surface area can enhance the dissolution significantly. 

The efficient control of the bioavailability has been proven by several marketed 

pharmaceutical products based on solid dispersions
4
. 

Continuous manufacturing is attracting increasing attention within the pharmaceutical 

industry because of the simple scale-up and more consistent product quality over time at 

lower investment costs compared to the batch manufacturing lines
5
. The Food and Drug 

Administration in the USA is also facilitating continuous processing mainly for the same 

reasons. Melt extrusion can produce solid dispersions in a continuous way at high throughput 

rates, however, the end product has relatively small specific surface area even after excessive 

grinding. Another promising method to improve dissolution is solvent-based electrospinning 

capable to produce nanofibers with high specific surface area and also an amorphous drug 

content due to the very fast drying of the fibers. The technological problems related to the use 

of organic solvents and the limited productivity of solvent-based electrospinning point out the 

importance of development of new solvent-free formulation methods.  

Melt electrospinning, similarly to solvent-based electrospinning, uses the drawing force 

of the electrostatic field to produce a fibrous fabric but from polymer melts, the larger 

micronic melt electrospun fibers possess also an increased specific surface area. An important 

technological advantage of melt electrospinning is that it can be coupled with melt extrusion. 

In spite of the obvious advantages, the solvent-free melt electrospinning has not been used for 

preparing drug-loaded fibers and not a single water-soluble polymer has been processed using 

melt electrospinning earlier. 

Besides electrospinning, other fiber formation methods are also available by changing 

the fiber formation force to produce micro- and nanofibers with high specific surface area. 

                                                 
3
 Pharmaceutical Research and Manufacturers of America, 2014 Biopharmaceutical Research Industry Profile, 

Washington, DC: PhRMA, 2014. 
4
 Y. Kawabata, K. Wada, M. Nakatani, S. Yamada, S. Onoue, Formulation design for poorly water-soluble drugs 

based on biopharmaceutics classification system: basic approaches and practical applications., Int. J. Pharm. 420 

(2011) 1–10. 
5
 K. Plumb, Continuous processing in the pharmaceutical industry: changing the mind set. Chemical Engineering 

Research and Design, 83 (2005) 730-738. 
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Fibers from polymer melts can be prepared by using a high speed blowing air stream, called 

melt blowing, moreover at excellent productivities. Fibers can be produced from polymer 

solutions in the same way - or coupling the blowing air with the electrosptatic force. Despite 

the attainable industrial productivities of the blowing techniques, these have not been used 

earlier for preparing fibrous drug delivery systems as well.   

Thus, our primary aim was to investigate continuous fiber formation techniques to 

enhance the dissolution of different poorly water-soluble drugs. Accordingly, among the 

solvent-free methods we intended to explore the capabilities of melt electrospinning and melt 

blowing. In the case of the solvent-based methods, we investigated the combination of the 

electrostatic force with other fibers formation forces.  

 

3 Methods 

3.1 Experimental methods 

- Melt extrusion 

MiniLab HAAKE Rheomex CTW5 extruder 

- Solvent-based electrospinning 

NT-35 apparatus and SEP 10S Plus pump 

- Melt electrospinning 

Self-developed device and NT-35 apparatus 

- Melt blowing 

Self-developed device and Atlas Copco SF 1 FF compressor 

- Electroblowing 

Self-developed device, NT-35 apparatus and Atlas Copco SF 1 FF compressor 

- High speed electrospinning 

High speed electrospinning unit and NT-65 apparatus 

- Spray drying 

ProCept 4M8-TriX spray dryer 

- Freeze-drying 

Christ Alpha 1-4 freeze-dryer 

- Film casting 

 4x100x100 mm silicone casting form and drying oven 
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3.2 Analytical methods 

- Scanning electronmicroscopy and fiber diameter analysis 

JEOL JSM-6380LA SEM equipment and self-developed fiber diameter measurement 

algorithm  

- Rheology 

AR 2000 rheometer 

- Phase-solubility 

KS 15 A shaker and Agilent 1100 HPLC system 

- Differential scanning calorimetry (DSC) 

TA Instruments Q2000 DSC  

- X-ray powder diffraction (XRPD) 

X’Pert Pro MDP PANanlytical X-ray diffractometer  

- Raman microspectrometry 

Horiba Jobin Yvon Labram Raman spectrometer 

- Fourier transform infrared spectrometry (FTIR) 

Bruker Tensor 37 (DTGS detector) 

- Purity measurements - RP-HPLC 

Agilent 1200 HPLC system 

- In vitro dissolution tests 

Erweka DT6 dissolution tester and Hewlett Packard 8452A UV-VIS spectrophotometer 
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4 Results and discussion 

- Melt extrusion and solvent-based electrospinning were used to enhance the dissolution of 

the poorly water-soluble antihypertensive spironolactone with the new Soluplus® polymer. 

The results of the dissolution tests showed faster drug release from the nanofibrous fabrics 

compared to the ground extrudates. However, the advantages of melt extrusion (solvent-free 

operation and high productivity) pointed out the need for the development of new solvent-free 

fiber formation techniques for drug delivery purposes.  

- Accordingly, we prepared drug-loaded melt electrospun fibers for the first time using the 

solid dispersion of a cationic terpolymer (Eudragit® E) soluble at acidic pH and the poorly 

water-soluble antihypertensive model drug carvedilol. We have developed a laboratory scale 

device for melt electrospinning to conduct the fiber formation from melt under controlled 

conditions (Fig. 1.).  The new solvent-free technique produced microfibers with amorphous 

and chemically intact drug content (according to XRPD, DSC and FTIR). The melt 

electrospun fibers exhibited the fastest dissolution (less than 1 minute). 

 
Figure 1. Melt electrosinning experimental setup: the developed new device (on the left), collector plate (in 

the middle) and the high voltage generator (on the right).  

  

- In order to decrease the process temperatures and, thus, the degradation of the drug we 

investigated the effect of plasticizers during melt extrusion and melt electrospinning in the 

dispersion of Eudragit® E and carvedilol. The results of the purity tests confirmed that melt 

electrospun fibers with acceptable drug degradation (below the regulatory limit) could be 

produced in all cases. The amount of the impurity content decreased by the addition of 

plasticizers due to the lowered process temperatures. Despite the lower temperatures, the drug 

turned into an amorphous form and the morphology of the fibers did not change significantly. 

Oscillatory rheology measurements confirmed the plasticizing effect of the additives and the 

API itself providing a good way to predict the minimal fiber forming temperature. The 

physical as well as the chemical stability of the drug in the Eudragit® E matrix (measured 
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with Raman mapping and HPLC, respectively) was found to be acceptable especially in the 

case of the fibers with polyethylene-glycol plasticizer content. 

- Besides the use of melting methods, we investigated the feasibility of high speed 

electrospinning to improve the dissolution of the antifungal poorly water-soluble itraconazole 

accompanied with PVPVA64 (vinylpyrrolidone-vinyl acetate) copolymer and compared that 

new technique with laboratory scale solvent-based electrospinning, spray drying and film 

casting. In spite of the difference in productivity of almost two orders of magnitude, high 

speed electrospinning yielded nanofibers with similar morphology to that of laboratory scale 

electrospinning. These fibers exhibited fast and practically identical drug release of 

itraconazole (total dissolution within 10 minutes). The spray dried spherical particles of the 

same composition dissolved for 2 hours, while the cast film had a minimal improving effect 

on the dissolution compared to the crystalline drug (film casting produced a solid dispersion 

containing undesired crystalline itraconazole content). 

   

 

Figure 2. Scanning electron microscopic images of PVPVA64-based (a) melt electrospun fibers, (b) 

solvent-based electrospun fibers, (c) melt-blown fibers, and (d) ground extrudate containing similarly 

10% carvedilol. 

 

- After modifying our fiber formation device (Fig. 1.) we were able to investigate the 

industrially available melt blowing and comparing it to electrospinning (from solution and 

melt) to enhance the dissolution of the poorly water-soluble carvedilol independently from the 

pH. We demonstrated the preparation of drug-loaded melt-blown fibers for the first time 

based on the formerly used PVPVA64. The SEM images coupled with fiber diameter analysis 

revealed well-separated diameter distributions (Fig. 2.), the average diameters increased 

toward solvent-based electrospun<melt-blown<melt electrospun fibers. DSC and XRPD did 

not show any crystallinity belonging to carvedilol in the extruded and fibrous samples. Fast 

drug release could be measured at neutral pH in the case of the fibers, significant 

improvement could be achieved compared with the crystalline drug (Fig. 3.). Purity 

measurements showed an acceptable impurity content in the samples prepared by melting 

methods, the HPLC chromatogram of the melt-blown sample did not reveal any newly eluted 

peak in spite of the intense biphasic exposure (hot air and molten polymer). Considering that 
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carvedilol is mildly prone to degradation in a peroxidic medium the polymer seems to have a 

protecting effect against the hot blowing air.  

 

 
Figure 3. Dissolution profiles of CAR [12.5 mg dosage, 900 mL pH 6.8, USP Dissolution Apparatus 2 

(paddle), 100 rpm, 37°C]. PVPVA64-based extruded (EX), melt electrospun (MES), melt-blown (MB), and 

solvent-based electrospun (SES) samples containing similarly 10% carvedilol; unprocessed crystalline 

carvedilol (CAR). The error bars indicate the standard deviations (n = 3). 

 

- Based on our experience with melt blowing, we intended to develop a cyclodextrin - 

diclofenac sodium reconstitution injection using polymer-free solvent-based electrospinning 

and electroblowing. The major initiative of our work was the ominous incident of a 

diclofenac-sodium injection product. That liquid-based injection contains 2-hydroxypropyl-β 

cyclodextrin (HPβCD) solubilizer to increase the solubility of the anti-inflammatory drug 

diclofenac sodium, however, in 2010 “white particulate matter in some vials” was detected 

during manufacturing and all batches were withdrawn from the market of the United 

Kingdom. Thus, we investigated the feasibility of preparing cyclodextrin-based nanofibers 

without addition of polymeric fiber formation excipient for a fast dissolving diclofenac 

sodium reconstitution injection. Despite the good quality electrospun fibers, electrospinning 

could be maintained only for 1-2 seconds due to the solvent evaporation at the spinneret. 

Therefore a blow of gas was introduced in the presence of electrostatic field (electroblowing), 

for the first time to prepare drug-loaded fibers. Freeze-drying is used to prepare reconstitution 

injection formulations in the pharmaceutical industry, therefore it was also involved as 

reference method. As opposed to the HPβCD - diclofenac sodium fibers, crystalline drug 

content could be detected in the case of the freeze-dried sample presumably due to the 

decreased solubility of the drug during the freezing step. The reconstitution tests of the fibers 

confirmed the predicted fast dissolution characteristics, clear solutions were obtainable within 

two-three minutes exceeding the dissolution rate of the sample prepared by freeze-drying and 

the physical mixture.   
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5 Theses 

1. Melt extrusion and solvent-based electrospinning were compared for the first time using a 

new terpolymer. The solid dispersions prepared by these continuous processes enhanced the 

dissolution of the poorly water-soluble spironolactone from several hours to less than 15 

minutes owing to the solubilization effect of the amphiphilic polymer and the amorphous 

form of the drug. The fibers prepared by solvent-based electrospinning exhibited the fastest 

dissolutions speeds due to the high surface area as opposed to that of the ground extrudate. [I]    

 

2. Drug-loaded melt electrospun fibers were prepared for the first time in a solvent-free way, 

and the microfibers were compared to solvent-based electropun nanofibers and ground 

exrudate. The poorly soluble carvedilol incorporated into the cationic acrylate polymer 

(Eudragit® E, soluble below pH 5) turned into an amorphous form regardless the preparation 

method. Melt electrospun microfibers exhibited the fastest dissolution rates, only 1 minute 

was required for total drug release. The new melt electrospinning can be easily coupled with 

continuous melt extrusion. [II] 

 

3. Melt electrospun fibers were prepared with improved thermal stability of the drug during 

processing in the solid dispersion of an acrylate polymer (Eudragit® E) and carvedilol. In 

spite of the decreased process temperatures and the presence of the well soluble plasticizers, 

the amorphity of the drug, the morphology and the dissolution behavior of the fibers were 

practically unchanged. The physical and chemical stability of the drug in the fibers over time 

was found to be acceptable - especially in the case of polyethylene glycol plasticizer content. 

[III] 

 

4. New scaled-up high speed electrospinning was compared to laboratory scale solvent-based 

electrospinning and spray drying to improve the dissolution of the poorly water-soluble 

itraconazole. The fiber formation techniques produced PVPVA64-based nanofibers with 

amorphous drug content and also with very similar morphology and fast dissolution speeds. 

The micronic spray dried particles dissolved significantly slower.  We demonstrated that 

scaled-up high speed electrospinning can produce fibers satisfying the productivity and 

quality levels of pharmaceutical production. [IV]  
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5. Drug-loaded melt-blown fibers were produced for the first time in a solvent-free way. The 

diameters of the compared fibers increased toward solvent-based electrospinning < melt 

blowing < melt electrospinning. The dissolution of the PVPVA64-based carvedilol-loaded 

solid dispersions was total and very fast due to the amorphous form of the drug and the high 

specific surface area of the fibers even at neutral pH conditions. The impurity content of the 

solid dispersions was below the regulatory limit in all cases. The throughput rate of melt 

blowing coupled with melt extrusion can far exceed that of solvent-based electrospinning. [V] 

 

6. New, polymer-free reconstitution injection formulation was developed containing the 

complex of diclofenac sodium and 2-hydroxypropyl-β-cyclodextrin prepared using solvent-

based electrospinning and the new solvent-based electroblowing techniques. The fibrous 

complexes could be dissolved within a few minutes ready for injection. The reference 

material - a complex prepared by industrial freeze-drying - dissolved somewhat slower due to 

crystalline drug content detected. The drug substance was found to be chemically stable even 

after 6 months, the solid phase ensured an improved stability compared to the liquid form as it 

could be seen in the case of the marketed diclofenac sodium-based injection product. [VI, 

VII] 

 

6 Application possibilities 

The prepared melt extruded solid dispersions of different poorly water-soluble drugs 

presented might serve as basis of marketed pharmaceutical products. Pharmaceutical 

companies (including Richter Gedeon Nyrt, Hungary) have invested in melt extrusion 

technology having been applied for commercialized formulation purposes. 

Solvent-based electrospinning has been also found to be a promising formulation 

technique to produce drug-loaded fabrics. The new high speed electrospinning and 

electroblowing methods have been developed to tap the growing industrial interest.  

Solvent-free fiber formation techniques are also capable to manufacture fibrous drug 

delivery systems as a base for different dosage forms.  Similarly to melt extrusion and in fact 

based on it, melt blowing can reach several orders of magnitude higher throughput rates than 

scaled-up solvent-based electrospinning due to the industrial devices available. The 

commercialization of the laboratory scale melt electrospinning and melt blowing device could 

satisfy the needs of researchers of other fields as well. 
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