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1. LITERATURE REVIEW 

Nowadays, the demand for biopharmaceutical products is growing rapidly, 

particularly for the treatment of diabetes, chronic inflammatory diseases, cancer, Crohn-

disease, and sclerosis multiplex. The biopharmaceuticals have several advantages 

compared to small molecules, however, the manufacturing of these therapeutics requires 

expensive and complex processes. The analytical characterization of the biomolecules is 

cost and time demanding due to their complex structure. Furthermore, the 

biopharmaceuticals are quite sensitive and there could be stability issues over production, 

transportation, and storage. Therefore, there is a need to develop the manufacturing of 

these therapeutics. 

Raman spectroscopy as a PAT tool in biotechnology 

Generally, the cell cultivation processes used for the production of biomolecules 

are characterized as a complex system, exhibiting nonlinear and dynamical changing, 

furthermore, it is affected by several critical process parameters such as temperature, pH, 

dissolved oxygen, cell density and the concentration of medium components and 

products. However, receiving information about these key cultivation parameters, 

conventionally manual sampling and traditional offline analysis is used. In addition, the 

feedback to the process is hard to perform, which makes difficult to meet the demand for 

automation and continuous process control. The principle of Process Analytical 

Technology (PAT) outlined by the FDA is that identifying, monitoring, and controlling 

critical process parameters can reduce the variability and improve cultivation 

environment to ensure consistent and high‐quality products.1 Therefore, there is a 

growing need to find suitable sensors to monitor and control critical process parameters 

in real-time. Over the last years, many techniques have been studied and developed for 

real-time bioprocess monitoring.2,3 Among these spectroscopic technologies especially 

Raman spectroscopy is very promising for applications in bioprocess monitoring. Main 

advantages are weak interference of water, non-destructive, simultaneous determination 

of various components and no sample pretreatment requirements.  

Yeast fermentations are widely used in the pharmaceutical industry and also for 

the production of bioethanol as an alternative source of energy. Although bioethanol 

                                                 
1 Rathore AS. QbD/PAT for bioprocessing: Moving from theory to implementation. Curr Opin 

Chem Eng. 2014;6:1-8. doi:10.1016/j.coche.2014.05.006 

2 Beutel S, Henkel S. In situ sensor techniques in modern bioprocess monitoring. Appl Microbiol 

Biotechnol. 2011;91(6):1493-1505. doi:10.1007/s00253-011-3470-5 

3 Claßen J, Aupert F, Reardon KF, Solle D, Scheper T. Spectroscopic sensors for in-line 

bioprocess monitoring in research and pharmaceutical industrial application. Anal Bioanal Chem. 

2017;409(3):651-666. doi:10.1007/s00216-016-0068-x 
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production has been greatly improved over the past decades, yeast fermentation 

technology still has challenges. The most important factor is to focus on the optimization 

of the technology to increase product yield and to ensure high-quality products. There is 

a high risk of contamination during sampling of the cultivation to monitor the critical 

parameters. With the use of Raman spectroscopy for the inline monitoring of the 

cultivation parameters, the risk of contamination can be reduced. Demand has emerged 

for noninvasive monitoring of yeast fermentation to avoid possible sterilization problems 

and biofilm formation on the probe tip. Besides the real-time monitoring of ethanol 

production4, the growing demand for ethanol leads to the need for the development of 

advanced control strategies. However, there is no example found in the literature for the 

control of carbon source (sugar, e.g. glucose) concentration, which is a critical parameter 

during yeast fermentation. High glucose concentrations may inhibit glucose utilization 

and decrease ethanol fermentation efficiency. Nevertheless, with the control of glucose 

concentration, there is a possibility to minimize substrate inhibition and improve the 

production of ethanol.  

Glucose is an essential carbon and energy source of mammalian cells, which 

affects the cell growth, viability and productivity of the cells but also the protein product 

quality (e.g. glycosylation pattern) and yield. Raman spectroscopy can be used for the 

inline monitoring of glucose and other medium component concentration during 

mammalian cell cultivation. Abu Absi et al.5 was the first to demonstrate the inline 

monitoring of several parameters (glucose, glutamine, glutamate, lactate, ammonium, 

live cell density, total cell density) during Chinese Hamster Ovary (CHO) cell cultivation 

using Raman spectroscopy. For the development of calibration models, several 

experiments are required due to the complexity and high variability of the fermentation 

processes. To obtain an accurate calibration model up to eight fed-batch bioreactor 

cultivation is required which is a work and time-consuming task.6 During fed-batch 

cultivation, glucose is generally supplemented in bolus additions, which is non-optimal 

for cells due to the chance of under- or over-feeding. Moreover, by-product accumulation 

caused by unbalanced nutrient supply leads to cell growth inhibition. According to this, 

controlling glucose concentration through optimized feeding strategies is highly 

important to obtain good-quality products with high yield. Raman spectroscopy is an 

                                                 
4 Iversen JA, Berg RW, Ahring BK. Quantitative monitoring of yeast fermentation using Raman 

spectroscopy. Anal Bioanal Chem. 2014;406(20):4911-4919. doi:10.1007/s00216-014-7897-2 

5 Abu-Absi NR, Kenty BM, Cuellar ME, et al. Real time monitoring of multiple parameters in 

mammalian cell culture bioreactors using an in-line Raman spectroscopy probe. Biotechnol Bioeng. 

2011;108(5):1215-1221. doi:10.1002/bit.23023 

6 Berry BN, Dobrowsky TM, Timson RC, Kshirsagar R, Ryll T. Quick generation of Raman 

spectroscopy based in-process glucose control to influence biopharmaceutical protein product quality 

during mammalian cell culture. Biotechnol Prog. 2016;32(1):224-234. doi:10.1002/btpr.2205 
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ideal PAT tool for real-time monitoring of CHO cell cultivation. However, it is necessary 

for the widespread use of Raman spectroscopy to develop cost-effective, fast and robust 

calibration methods. 

Electrospinning in pharmaceutical biotechnology 

Electrospinning (ES), is originally a continuous fiber drawing technology, which 

can be applied for the production of micro- and nano-sized fibers. Electrospinning is 

widely used for the fabrication of three-dimensional structures.7 The nanofibrous 

scaffolds have the ability to be seeded with cells and obtain a three-dimensional tissue 

which can be used in regenerative medicine or prepare tissue culture models to 

understand the mechanism of several diseases. Furthermore, ES has a great potential for 

the formulation of active pharmaceutical agents (API). The technology can be used to 

produce the amorphous solid dispersion of polymers and active compounds, furthermore, 

formulations with controlled drug release can be obtained. Also, ES can be a promising 

alternative for drying technologies, providing a rapid and gentle drying at ambient 

temperature. 

The biopharmaceuticals are usually manufactured in liquid form (e.g. injection), 

however, stability issues such as aggregation can take place due to the molecules 

sensitivity. To increase the stability, the molecular movement should be slowed down, 

for this purpose, solid formulation can be applied. Biopharmaceutical formulations are 

more stable in the solid state than in liquid form; in addition, it has many advantages like 

storage at ambient temperature, longer shelf-life, easier product shipping and the 

possibility of controlled drug delivery.8 Currently, the pharmaceutical industry is 

typically applying freeze drying and spray drying processes in order to obtain solid 

biopharmaceuticals, however, both technologies have disadvantages.9 Freeze drying is a 

time-consuming batch technology, has high energy consumption, and the freezing can 

cause degradation of the biomolecules. On the contrary, spray drying can be operated 

continuously, is more economical, but can induce inactivation of heat-sensitive 

molecules, due to the high drying temperature. Therefore, there is a need to develop new 

technologies which are cost-effective and can be a real alternative to the currently applied 

drying technologies. 

ES is providing a rapid and gentle drying at ambient temperature, thus, it can be 

                                                 
7 Sill TJ, von Recum HA. Electrospinning: Applications in drug delivery and tissue engineering. 

Biomaterials. 2008;29(13):1989-2006. doi:10.1016/J.BIOMATERIALS.2008.01.011 

8 Maa Y-F, Prestrelski S. Biopharmaceutical Powders Particle Formation and Formulation 

Considerations. Curr Pharm Biotechnol. 2005;1(3):283-302. doi:10.2174/1389201003378898 

9 Langford A, Bhatnagar B, Walters R, Tchessalov S, Ohtake S. Drying of Biopharmaceuticals: 

Recent Developments, New Technologies and Future Direction. Japan J Food Eng. 2018;19(1):15-24. 

doi:10.11301/jsfe.18514 
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applied for the solid formulation of various biopharmaceuticals such as enzymes, 

peptides, proteins, monoclonal antibodies, oligonucleotides and live cells.10,11 

Considering the sensitivity of biopharmaceuticals the use of aqueous solutions during 

electrospinning is strongly preferred. Owing to the high boiling point of aqueous 

solutions compared to the volatile organic solvents, the productivity of the method is 

reduced. In order to satisfy the industrial requirements, the scale-up of ES is necessary. 

High-speed electrospinning (HSES) technique was developed by our group and seems to 

be a promising way to meet the pharmaceutical requirements of the scale-up.12 The fiber 

formation process, accelerated by electrostatic and centrifugal forces, allows mass 

production of nanofibers. Using organic solvents, up to 1500 mL/h feeding rate could be 

achieved, however, HSES was not used for the drying of aqueous solutions. 

Another great challenge besides increasing the productivity is to achieve 

appropriate downstream processability. The product morphology and physicochemical 

properties can affect the downstream processes such as milling, homogenization, and 

tableting. In the case of water-based ES, the residual water content of the dried samples 

has great importance, because it has a high impact on the friability due to the water 

plasticizing effect. The glass transition temperature of the samples depends on the 

residual moisture content, which could affect also the stability during storage. There is 

great importance to study the effect of residual moisture content on the downstream 

process, however, there is no example found in the literature using water-based 

electrospinning, due to the low productivity achieved before. 

  

                                                 
10 Nagy ZK, Wagner I, Suhajda Á, et al. Nanofibrous solid dosage form of living bacteria prepared 

by electrospinning. Express Polym Lett. 2014;8(5):352-361. doi:10.3144/expresspolymlett.2014.39 

11 Wagner I, Nagy ZK, Vass P, et al. Stable formulation of protein-type drug in electrospun 

polymeric fiber followed by tableting and scaling-up experiments. Polym Adv Technol. 2015;26(12):1461-

1467. doi:10.1002/pat.3569 

12 Nagy ZK, Balogh A, Démuth B, et al. High speed electrospinning for scaled-up production of 

amorphous solid dispersion of itraconazole. Int J Pharm. 2015;480(1-2):137-142. 

doi:10.1016/j.ijpharm.2015.01.025 
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Aims 

The aim of this work was to develop new, innovative technologies in the field of 

pharmaceutical biotechnology to make the manufacturing processes more economical, 

safer, and to ensure good product quality. The application of Raman spectroscopy as a 

PAT tool was investigated to monitor and control different bioprocesses with the aim to 

achieve better process optimization. PAT technologies can ensure good product quality 

and stability during production, however it is also important to maintain the stability 

during formulation and storage. For this purpose, electrospinning was chosen as a gentle 

drying technology. Furthermore, the advantages of electrospinning were tested during 

the preparation of three-dimensional scaffolds, which can be used for tissue engineering.  

2. METHODS 

Lactose hydrolysis 

-galactosidase from Aspergillus oryzae was used (Opti-lactase A50) 

Yeast fermentation 

The species of Saccharomyces cerevisiae (Lesaffre) was used 

Monitoring and control system 

Program developed in MATLAB for Raman spectra analysis 

TCP/IP communication and Yokogawa Fast/Tools data collection system 

Stardom FCN programmable logic controller 

Harvard 33 syringe pump 

Mammalian cell cultivation 

Adalimumab production using Chinese Hamster Ovary DG-44 cell line 

Raman spectra analysis 

Matlab (MathWorks) PLS Toolbox (Eigenvector Research Inc.) and LabSpec 

5.41 (Horiba) 

Electrospinning 

SEP-10S Plus syringe pump 

NT-35 power supply 

High-speed motor: 10000-40000 rpm 

Post-drying 

Vaciotem-T vacuum oven, 25°C, 0.05 bar 

Grinding 

Grinding of the fibers using IKA MF10 hammer mill, grid 1 mm, 3000 rpm 

Surface treatment of scaffolds 

Femto V1 (Diener Electronic) plasma equipment 

Raman spectrometry 
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Horiba Labram Raman spectrometer was used during lactose hydrolysis and yeast 

fermentation 

Kaiser Raman Rxn2® Hybrid spectrometer with MR probe was used during 

mammalian cell cultivation 

Kaiser Raman Rxn2® Hybrid spectrometer with PhAT probe was used for fibrous 

sample analysis 

HPLC analysis 

Shimadzu LV-VP HPLC was used with Shimadzu RID-10A detector; BIO-RAD 

Aminex HPX-87H cation exchange column; eluent was 5 mM sulfuric acid with 

0.5 mL/min flow rate 

Scanning electron microscope (SEM) 

JEOL JSM-6380LA type 

Characterization of surface hydrophilicity 

The contact angle of 20 µl dist. water was measured 

X-ray photelectron spectroscopy (XPS) 

Kratos XSAM 800 equipment 

Viscosity of polymer solutions 

TA Instruments AR 2000 type reometer 

Particle size distribution 

Malvern Mastersizer 2000 

Residual water content measurement 

Water content was determined based on weight loss using Sartorius MA40 

equipment 

Differental scanning calorimetry, modulated (DSC) 

METTLER TOLEDO 3+ DSC 

X-ray diffraction (XRD) 

X’Pert Pro MDP type PANanlytical X-ray diffractometer 

3. RESULTS 

Raman-based feedback control of the enzymatic hydrolysis of lactose  

Inline Raman spectroscopy provides real-time information about the critical 

parameters during bioprocesses, which makes it possible to develop advanced control 

strategies. A control system was developed and a new in-house Matlab program was 

applied for the real-time evaluation of Raman spectra using a model system, namely the 

enzymatic hydrolysis of lactose.  

Classical least squares (CLS) and partial least squares (PLS) chemometric 

methods were used for the multivariate mathematical analysis of spectra to determine the 

glucose, galactose and lactose concentration in the reactor. The monitoring of the three 
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monosaccharides and the control of lactose concentration were performed using both 

chemometric methods. Reference spectra of galactose, glucose, and lactose were needed 

when using CLS method. The lactose concentration was controlled by applying CLS 

method with good results, considering the simplicity and short timeframe of preparation. 

In the control experiment, the concentration of galactose calculated from Raman spectra 

started to differ from the offline HPLC values. Oligosaccharides produced 

simultaneously with transglycosylation were disturbing the evaluation of Raman spectra 

using CLS method. 

Real-time evaluation of Raman spectra could be improved by using PLS method. 

PLS calibration model was made by using 74 data points from one monitoring and three 

controlled experiments with CLS method. The evaluation of spectra using the PLS model 

provided real-time information about the components concentration during the 

monitoring and controlled experiments. In the control experiment, the control of lactose 

concentration at 20 g/L was successful meanwhile, the concentrations of galactose, 

glucose, and lactose calculated from Raman spectra followed the values of offline 

measurements and there was no separation between the offline and the real-time 

galactose concentration values (Figure 1).  

The control of the enzymatic hydrolysis of lactose, based on Raman spectrometry, 

shows the potential opportunities of Raman spectrometry in other bioprocesses where the 

control of the sugar concentration is necessary. 

 

Figure 1 Control of lactose hydrolysis based on inline Raman spectrometry using PLS 

chemometric method. Control set point was 20 g/L using 216 g/L of lactose as a feeding solution. 

Concentrations of galactose, glucose, and lactose calculated from Raman spectra and validated with 

offline HPLC are shown. 

Raman-based monitoring and control of yeast fermentation  

This work demonstrates the use of noninvasive Raman spectroscopy as a useful 
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tool for the inline monitoring and control of ethanol fermentation using Saccharomyces 

cerevisiae. Inline Raman measurement using a noninvasive probe was used to decrease 

the risk of contamination, furthermore, there was no need to autoclave or disinfect the 

probe.  

For the calibration of Raman spectroscopy, reference data were obtained from 5 

batch and 2 fed-batch fermentations. The designed setting of glucose concentration 

during fed-batch experiments resulted in a good calibration data set with high variability 

for acquiring a robust model. The role of appropriate pretreatment of spectra proved to 

be essential in case of noninvasive measurements. The normalization using standard 

normal variate and an internal standard decreased the effect of intensity changes due to 

noninvasive measurements (through inspection window) and light scattering on cells. 

PLS regression was successfully applied for the monitoring of glucose and ethanol 

concentration. The real-time determination of glucose concentration with good accuracy 

made it possible to implement a control strategy to improve production yield.  

Thus, Raman spectroscopy-based closed-loop feedback control of glucose 

concentration was accomplished and the control of glucose concentration at 100 g/L was 

successful dosing a 300 g/L feed solution into the reactor with a control system. The 

control of glucose concentration at 100 g/L resulted in higher ethanol yield (86%) 

compared to batch fermentation (75%). The implementation of Raman spectroscopy for 

the monitoring and control of ethanol fermentation could improve ethanol production by 

understanding the process and maintaining optimal parameters. 

 
Figure 2 Feedback control of glucose concentration based on real-time Raman analysis. 

Glucose and ethanol concentrations were calculated from Raman spectra in real-time and reference data 

was obtained from HPLC measurements. Dosing of the feed solution started at 24.4 h to maintain the 

glucose concentration at 100 g/L. 
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Monitoring of mammalian cell cultivation using Raman spectroscopy 

Mammalian cell cultivations are widely used in biotechnology for the production 

of monoclonal antibodies. An adalimumab-producing CHO cell line was used in our 

experiments to monitor the critical parameters during bioreactor cultivation. The critical 

parameters could affect cell growth and antibody-producing capability. One of these 

critical parameters is the glucose concentration, which was monitored using a Kaiser 

RNX2 Raman spectrometer. 

For the calibration of Raman spectroscopy, reference data was obtained from 

shake flask cell cultures instead of bioreactor cultivations to reduce the time and cost of 

the calibration process. The parameters of the shake flask cell cultures could be easily 

designed to obtain reference points with good variability. The final PLS model was 

developed using three fed-batch fermentation besides shake flask cultures to increase the 

robustness and reliability.  

For the real-time monitoring of CHO cultivation, there was a need for a fast 

evaluation program. The monitoring of glucose concentration using inline Raman 

spectroscopy during bioreactor cultivation of CHO cells was successful using a system 

shown in Figure 3. 

 
Figure 3 Monitoring of CHO cell cultivation using Raman spectra and a real-time evaluation 

software 
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Figure 4 Inline monitoring of CHO cell cultivation in a bioreactor. Glucose concentration 

calculated from Raman spectra is indicated with a blue line and offline reference data measured with 

Cedex analizator is indicated with red circles. 

The glucose concentration was monitored in real-time with good accuracy 

(Figure 4). However, the model predictive performance needs to be enhanced at low 

glucose concentrations (<20 mM). For this purpose, new reference points need to be 

added to the calibration model in the 0 – 20 mM concentration range. 

Raman spectroscopy is a potential tool for the monitoring of glucose 

concentration during mammalian cell cultivation. The calibration model and the design 

of reference data have great importance during the development of a new monitoring 

system. 

Electrospinning for the preparation of three-dimensional scaffolds 

Electrospinning is a promising technology in the pharmaceutical industry, which 

can be used for the preparation of nanofibrous scaffolds for the cultivation of three-

dimensional tissues. For this purpose, nanofibrous scaffolds were prepared from 

biodegradable polymers and copolymers by applying the electrospinning technique. The 

solution composition (polymer concentration, solvent), and the electrospinning 

parameters (applied voltage, feeding rate, collector distance) were optimized to achieve 

adequate fibers in a submicron range.  

Figure 5 Nanofibers collected on PP foil and scaffolds in a plate 

system 
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The electrospun fibers of polycaprolactone (PCL), poly(lactic acid) (PLA), 

poly(lactide-co-glycolide) (PLGA), poly(lactide-co-caprolactone) (PLAC) and 

poly(hydroxybutyrate-co-hydroxy valerate) (PHBHV) polymer solutions were deposited 

on an inert PP carrier and was placed in a cell cultivation plate to obtain an easy to use 

system for the comparison of the applicability of scaffolds (Figure 5).  

The surface of the PCL, PLA, PLGA, PLAC, and PHBHV scaffolds was 

hydrophobic and had low wettability. The permeability of the medium is necessary to 

maintain nutrient concentration during cell growth, thus plasma treatment was used to 

increase the hydrophilicity of the surface. The drying induced orientation of the polar 

groups on the polymer chain, which was presumably the reason for the low 

hydrophilicity. The PCL scaffolds comprised more hydrocarbon-related carbon atoms 

than the theoretical ratio and the samples were quite hydrophobic. The use of plasma 

treatment was successful to increase the hydrophilicity because of the removal of the 

oriented surface molecules and the newly generated oxygen-containing groups on the 

surface. The macromolecules on the surface became more polarized and as a 

consequence, the scaffold provided good wettability.  

Water-based electrospinning for the formulation development of biopharmaceuticals 

ES is usually carried out at room temperature, which - combined with the large 

solution surface area - result in gentle and instant solvent evaporation (t < 0.1 s), which 

makes it possible to use for the solid formulation of sensitive biopharmaceuticals. The 

scale-up of the technology was studied using water-based solutions with high-speed 

electrospinning (HSES). Polyvinyl alcohol (PVA) was chosen as a basic polymer matrix 

for the aqueous electrospinning experiments as it shows good compatibility with 

biomolecules.13 For the fast evaluation of fiber formation, single-droplet electrospinning 

(SDES) technology was used, requiring only a small amount (approximately 200 µL) of 

polymer solution. With increasing polymer concentration the viscosity of the solutions 

increased as well, which has a large effect on product morphology. Solutions containing 

9.1%, 13.0%, 14.9% PVA were found to be feasible for fiber formation and were 

transferred to single-needle electrospinning (SNES) and HSES equipment.  

When HSES was used for the formulation of PVA aqueous solution droplets were 

also detected on the collector besides fiber formation, owing to the high breakage ratio 

of the jet to droplets at the nozzle. In the PVA aqueous solution the entanglement of the 

polymer chains is low due to the hydrogen bonds between the polymer chains and the 

                                                 
13 Zeng J, Aigner A, Czubayko F, Kissel T, Wendorff JH, Greiner A. Poly(vinyl alcohol) 

Nanofibers by Electrospinning as a Protein Delivery System and the Retardation of Enzyme Release by 

Additional Polymer Coatings. Biomacromolecules. 2005;6:1484-1488. doi:10.1021/bm0492576 
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water molecules14; however, if the entanglement is sufficiently high, then fiber formation 

takes place. The composition of the solution was modified to improve fiber formation 

using high molecular weight polyethylene oxide (PEO) in low concentration as a 

secondary polymer. The PEO increased the molecular interaction between the polymer 

molecules.  

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

aspect for the development of solid pharmaceutical products.15 The produced fibers are 

collected in a form of a fibrous mat, which cannot be directly used for the production of 

a tablet, hence the fiber mat needs to be grounded to a powder before further processing. 

While PVA-PEO formulations resulted in adequate fiber formation and productivity 

(40mL/h), it was not possible to process them further as the friability of the fibers was 

too low i.e. too sticky. The grindability of the fibers was enhanced by adding glucose, 

mannitol, lactose, saccharose, or trehalose to the polymer solution. 

The solutions prepared for electrospinning contained 7.7% PVA, 0.6% PEO, and 

15.3% sugar. Using each grindability aid the fiber formation was adequate and there was 

no droplet formation, the fibers are shown in Figure 6. The average diameter of the fibers 

using mannitol, glucose, lactose, saccharose, and trehalose was increased (856 nm, 

908 nm, 895 nm, 912 nm, and 969 nm respectively) compared to formulations without 

sugars. The increased total concentration of the polymer solution (10.5% to 23.6%) can 

be the reason for the increased fiber diameter compared to the formulations without 

sugars. The viscosity of the solutions containing different sugar-type excipients was 

between 644 and 713 mPas, which was lower compared to the solution containing only 

PVA and PEO (viscosity 1420 mPas). The sugar molecules make secondary interaction 

with the water molecules removing them from the PVA hydrogen bonds and creating an 

emulsion-like structure. The disruption of the hydration layer of the PVA resulted in 

increased interaction between PVA and PEO molecules. Thus, the fiber formation was 

possible at lower viscosity. The minimal PEO concentration needed to prevent droplet 

formation also decreased in the presence of sugars.  

  

                                                 
14 Briscoe B, Luckham P, Zhu S. The effects of hydrogen bonding upon the viscosity of aqueous 

poly(vinyl alcohol) solutions. Polymer (Guildf). 2000;41(10):3851-3860. doi:10.1016/S0032-

3861(99)00550-9 

15 Démuth B, Nagy ZK, Balogh A, et al. Downstream processing of polymer-based amorphous 

solid dispersions to generate tablet formulations. Int J Pharm. 2015;486(1-2):268-286. 

doi:10.1016/j.ijpharm.2015.03.053 
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Figure 6 SEM imgaes of PVA-PEO-sugar containing fibers A, glucose; B, lactose; C, mannitol; D, 

saccharose; E, trehalose. Fibers were prepared using HSES 

Scale-up experiments were carried out using a pilot scale HSES device shown in 

Figure 7. The feeding rate was 450 mL/h which corresponds to 106 g/h using a rotational 

speed of 40000 rpm. Fibers were collected by a cyclone, which can be a GMP compatible 

way for sample collection. 

PVA and PEO polymers, as well as glucose, lactose, saccharose, and trehalose 

were amorphous and these fibrous samples were grindable only after a post-drying step 

due to the high moisture content and low friability of these samples. The water content 

influenced the grindability of the formulations significantly, due to its plasticizing effect, 

and by lowering the water content the fibers were friable which enhanced the 

grindability. The use of mannitol was the most applicable as there was no need for post 

drying to achieve a grindable product after the electrospinning process. The low water 

content and the crystalline structure of mannitol in the fibrous sample is possibly the 

reason for the better grindability. It can be concluded that the influencing factors of the 

grindability of fibers were not only the fiber formation and drying conditions but also the 

formulation composition, final water content and the physical state of the excipients. 

 
Figure 7 Pilot-scale HSES equipment 
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Amorphous solids are in non-equilibrium state, in some cases crystalline 

transition takes place over a longer period of time. The crystallization of the electrospun 

formulation is in correlation with the Tg values. The mannitol containing formulation had 

the lowest Tg and resulted in immediate crystallization. The glucose-containing sample 

had a low Tg as well, thus the time-dependent crystallization was fast. On the other hand 

saccharose, lactose and trehalose containing formulations had a higher Tg and were stable 

(in amorphous form) during storage at 25°C.  

In this work, potential matrixes for the formulation of biopharmaceuticals were 

developed and characterized. The scale-up of the water-based electrospinning was 

accomplished using HSES technique, which shows a possible way for the solid 

formulation of highly sensitive biopharmaceuticals. 

4. THESIS 

1. An evaluation and communication software was developed for the real-time 

monitoring and control of bioprocesses. Raman spectroscopy was used for the first 

time to monitor glucose, galactose and lactose concentration during the enzymatic 

hydrolysis of lactose. The Raman spectroscopy-based feedback control of lactose 

concentration was accomplished using an automated lactose feeding system. (I) 

2. Inline noninvasive Raman spectroscopy was used for the first time for the 

monitoring and control of yeast fermentation. Using noninvasive inline 

measurements the risk of contamination could be lower compared to sampling. The 

closed-loop feedback control of the glucose concentration was accomplished 

resulting in increased ethanol production compared to batch fermentation. (VIII) 

3. Inline Raman spectroscopy was used for the real-time monitoring of glucose 

concentration during Chinese Hamster Ovary cell cultivation. A new shake-flask 

model system was developed to decrease the time- and cost- demand for 

calibration. (II, III) 

4. The comparison of electrospun PCL, PLA, PHBHV, PLAC, and PLGA scaffolds 

was performed, furthermore a plate-system was developed for the testing of the 

scaffolds with cells. The use of plasma treatment was successful to increase the 

hydrophilicity of the scaffolds because of the increased oxygen ratio on the surface. 

(IV) 

5. PEO as a secondary polymer was used for the first time to enhance the fiber 

formation of aqueous PVA solution. In the presence of small molecules the 

electrospinnability of the polymer solution is not directly proportional to viscosity 

but also affected by the secondary interaction between the molecules. (V) 

6. Grindable fibers in the submicron range were electrospun for the first time 

using water-based solutions, which were suitable for the solid formulation of 
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biopharmaceuticals. The grindability of the PVA-PEO fibers were enhanced by 

mannitol, glucose, lactose, saccharose, and trehalose. The residual moisture 

content and the physical state of the excipients had a great effect on the friability of 

the fibers. (V, VI, IX) 

7. High-speed electrospinning was first investigated for the scale-up of water-based 

electrospinning and was compared to laboratory scale single-needle electrospinning 

equipment. The productivity of the technology using pilot-scale equipment was increased 

thousand-fold compared to single-needle electrospinning. (V, VII) 

4. APPLICATION OF THE RESULTS 

The importance of research and development in the pharmaceutical industry is 

steadily growing due to the increasing regulatory requirements. New innovative 

technologies developed during my Ph.D. work can be used in the pharmaceutical industry 

to improve manufacturing. 

With real-time monitoring and advanced control strategies, the fermentation 

processes can be improved to lower cost and increase safety. Collaboration with Gedeon 

Richter Plc. shows the great potential of Raman spectroscopy in this field for industrial 

use. Monoclonal antibody production using mammalian cells is a major segment in the 

pharmaceutical industry, which was examined in this Ph.D. work. 

Electrospinning for the solid formulation of biopharmaceuticals has several 

advantages compared to the currently used drying technologies. The scale-up of water-

based electrospinning and the evaluation of downstream processability of the obtained 

fibers was not studied before. A significant part of this work was carried out in 

collaboration with Janssen Pharmaceutica, therefore, industrial utilization of the obtained 

results can certainly be foreseen in the future. 
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