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Abstract: The aims of this work were to develop a processable, electrospun formulation of a
model biopharmaceutical drug, β-galactosidase, and to demonstrate that higher production rates of
biopharmaceutical-containing fibers can be achieved by using high-speed electrospinning compared
to traditional electrospinning techniques. An aqueous solution of 7.6 w/w% polyvinyl alcohol,
0.6 w/w% polyethylene oxide, 9.9 w/w% mannitol, and 5.4 w/w% β-galactosidase was successfully
electrospun with a 30 mL/h feeding rate, which is about 30 times higher than the feeding rate usually
attained with single-needle electrospinning. According to X-ray diffraction measurements, polyvinyl
alcohol, polyethylene oxide, and β-galactosidase were in an amorphous state in the fibers, whereas
mannitol was crystalline (δ-polymorph). The presence of crystalline mannitol and the low water
content enabled appropriate grinding of the fibrous sample without secondary drying. The ground
powder was mixed with excipients commonly used during the preparation of pharmaceutical tablets
and was successfully compressed into tablets. β-galactosidase remained stable during each of the
processing steps (electrospinning, grinding, and tableting) and after one year of storage at room
temperature in the tablets. The obtained results demonstrate that high-speed electrospinning is
a viable alternative to traditional biopharmaceutical drying methods, especially for heat sensitive
molecules, and tablet formulation is achievable from the electrospun material prepared this way.
Keywords: electrospinning; scale-up; processability; biopharmaceuticals; oral dosage form; grinding

1. Introduction
Biotechnology-based medicinal products have exhibited spectacular growth over the past decade
and are presently one of the most rapidly expanding segments of the pharmaceutical industry [1]. A
significant challenge is maintaining the activity of biopharmaceuticals, like proteins and other biologics,
during storage, shipping, and upon administration. In liquid dosage forms, biopharmaceuticals
often show instability due to being prone to physical and chemical degradation [2]. Therefore,
retaining the initial activity of biopharmaceuticals during product development is a cornerstone in their
commercialization. The elimination of water from the formulations not only improves the stability
of the biopharmaceuticals, but has additional benefits, like reduced transportation costs and easier
handling and storage [3]. However, biopharmaceuticals are usually very sensitive to water removal
due to their structural complexity. This poses a great challenge to finding a cost-effective drying
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delivery to the colon is needed. The advantages include a high local concentration of the therapeutic
agent, smaller dose, and reduced risk of drug interactions, besides limited or no systemic exposure to
the biopharmaceutical, which is usually associated with toxicity and serious adverse effects, including
immunogenetic responses and hypersensitivity reactions [11].
The model biopharmaceutical in the present work was a protein-type drug, β-galactosidase
(lactase), which is an enzyme widely used as a drug for the treatment of lactose intolerance. It is estimated
that about 70% of adults worldwide are not able to digest lactose due to the insufficient production
of β-galactosidase in the colon, which brings on gastrointestinal symptoms when dairy products are
consumed [22]. Structurally, β-galactosidase is a multidomain monomeric glycoprotein, which has
been shown to inactivate during spray drying without excipients, due to surface denaturation [23].
Aggregation of the enzyme has also been observed during the storage of a freeze-dried formulation
of β-galactosidase [24]. An earlier study demonstrated that the enzyme remained stable during
electrospinning and storage [15].
2. Materials and Methods
2.1. Materials
Polyvinyl alcohol (PVA, Mw : 130,000, 86.7–88.7 mol% hydrolysis) purchased from Sigma-Aldrich
(Merck, Darmstadt, Germany) and polyethylene oxide (PEO, Mw : 2 M) supplied by Colorcon (Dartford,
UK) were used as polymer matrices. Mannitol (Mannogem EZ, SPI Pharma, Wilmington, DE, USA)
was used as a grindable additive during electrospinning. Powder of β-galactosidase (opti-lactase
A-100) from Aspergillus oryzae was kindly provided by Optiferm GmbH (Oy-Mittelberg, Germany; min.
100,000 FCC Unit/g). O-nitrophenyl-β-D-galactopyranoside (ONPG) was obtained from Carbosynth
(Compton, UK). Microcrystalline cellulose (MCC) (Vivapur 200) was purchased from JRS Pharma
(Rosenberg, Germany). Crospovidone was obtained from BASF (Ludwigshafen, Germany). Mannitol
(Pearlitol 400DC) used as a tableting excipient was a kind gift from Roquette Pharma (Lestrem, France).
The water used was from a Millipore Milli-Q ultrapure water system.
2.2. Scaled-Up Electrospinning of β-Galactosidase
The scaled-up electrospinning experiments were performed using a lab-scale high-speed
electrostatic spinning (HSES) setup (Figure 1) consisting of a circular-shaped, stainless steel spinneret
connected to a high-speed motor [16]. The rotational speed of the spinneret equipped with orifices
(number of orifices: 8, diameter of the orifices: 330 µm, diameter of the spinneret 34 mm), combined with
the effect of the electrical field, allowed increased productivity. PVA and PEO were added to purified
water and the mixture was dissolved under heating (40 ◦ C) and stirring (600 rpm). After complete
dissolution, the solution was cooled down to room temperature and mannitol and β-galactosidase
were added to the mixture, which was stirred (600 rpm) without heating until complete dissolution.
The enzyme-containing polymer solution was fed with an SEP-10 S Plus syringe pump (Viltechmeda
Ltd., Vilnius, Lithuania) with a 30 mL/h feeding rate. The rotational speed of the spinneret was fixed at
8000 rpm. The applied voltage was 37 kV during the experiments using a high-voltage power supply
(Unitronik Ltd., Nagykanizsa, Hungary). A vertical drying air flow (2 bar) and the electrostatic forces
directed the fibers to the grounded metal collector covered with aluminum foil, which was placed at
a fixed distance (35 cm) from the spinneret. The experiments were performed at room temperature
(25 ◦ C).
2.3. Scanning Electron Microscopy
The morphology of the electrospun samples was studied by a JEOL 6380LVa-(JEOL, Tokyo, Japan)
type scanning electron microscope in a high vacuum. Conductive double-sided carbon adhesive tape
was used to fix the samples, which were subsequently sputtered by gold using ion sputtering (JEOL
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1200, JEOL, Tokyo, Japan). A 15 kV accelerating voltage and 10 mm working distance were used
during the measurements.
2.4. Determination of Residual Water Content
The residual water content of the samples was measured right after the electrospinning process
using a Sartorius MA40 moisture balance (Göttingen, Germany). The residual water content was
determined based on the moisture loss of approximately 0.1 g sample after 10 min at 105 ◦ C.
2.5. Grinding/Milling of the Electrospun Material
To assess the friability of the produced fibers, the electrospun enzyme-containing material was
pushed through a sieve with a 0.8 mm hole size to make it suitable for blending with excipients. This
kind of milling is conceptually similar to oscillatory or conical milling (both methods produce powder
by pushing the material through a sieve) with respect to the achieved powder properties.
2.6. Modulated Differential Scanning Calorimetry (DSC)
Modulated differential scanning calorimetry (DSC) measurements were carried out using a DSC3+
(Mettler Toledo AG, Switzerland) DSC machine in TOPEM® mode (sample weight was 5–15 mg,
pierced pan, nitrogen flush, 50 mL/min). The instrument applies stochastic temperature modulation
superimposed on the underlying heating rate. A 1 ◦ C/min overall heating rate and 1 ◦ C pulse height
(which means that the temperature was modulated by ±0.5 ◦ C) were used during the measurements.
The pulse width (the frequency of the modulation) was fluctuating randomly between 15 and 30 s. The
temperature was increased from 0 ◦ C to 200 ◦ C.
2.7. X-ray Powder Diffraction (XRPD)
A PANalytical X’pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using Cu-Kα
radiation (1.506 Å) and an Ni filter was used to study the X-ray powder diffraction patterns of the
samples. The applied voltage and the current were 40 kV and 30 mA, respectively. The reference and
the fibrous samples were analyzed between 2 θ angles of 4◦ and 42◦ , in reflection mode with a step size
of 0.0167◦ .
2.8. FTIR Measurement
Fourier-transform infrared (FTIR) spectra were collected using a Bruker Tensor 37-type FTIR
spectrometer equipped with a DTGS detector (Bruker Corporation, Billerica, MA, USA). The samples
were ground with KBr and cold-pressed (200 bars) into discs. The measurement was carried out in
transmission mode, at a scanning range of 400–4000 cm−1 with a resolution of 4 cm−1 .
2.9. Raman Mapping
For Raman mapping, the ground fibrous sample was compressed slightly to gain a flat surface of
the material. Spectrum collection was carried out using a Labram-type Raman instrument (Horiba
Jobin–Yvon, Kyoto, Japan) coupled with an external 532 nm Nd:YAG laser source and Olympus BX-40
optical microscope. A 100× objective (laser spot size: ~2 µm) was employed in the high-resolution
measurements. Raman photons were dispersed with a 950 groove/mm grating monochromator,
directing them to the CCD detector. The spectral range of 390–1500 cm−1 with a 1 cm−1 resolution was
measured. A 1 µm step size in both directions was used and the collected map consisted of 31 × 31
points. The spectrum acquisition length was 30 s and it was accumulated two times in each mapping
point. The classical least squares (CLS) method using the spectra of the reference substances was
applied to evaluate the data.
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2.10. Tablet Preparation
Standard convex-shaped tablets were prepared from powder composed of the ground
enzyme-loaded electrospun material mixed with different excipients (MCC, mannitol, crospovidone)
on a CPR-6 eccentric tablet press (Dott Bonapace, Limbiate, Italy) equipped with 14 mm concave
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Table 1. Composition of the PVA-based electrospinning solutions of β-galactosidase.
Material
PVA 130,000
PEO 2M
Mannitol
β-galactosidase
Water

Amount (g)
Original
1.000
0.075
2.000
0.770
10.00

Optimized
1.000
0.075
1.300
0.700
10.00

Concentration (w/w%)
Original
7.2
0.5
14.4
5.6
72.2

Optimized
7.6
0.6
9.9
5.4
76.5

Ratio of Components in the Solid
Product (%)
Original
Optimized
26.0
32.5
2.0
2.4
52.0
42.3
20.0
22.8
-
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Table 1. Composition of the PVA-based electrospinning solutions of β-galactosidase.
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[21]. Further examinations were only carried out on the fibers with an optimized composition.
The morphology of the enzyme-loaded fibrous powder was studied with SEM (Figure 3B). It can
be seen that the fibrous structure of the electrospun material was preserved during the grinding
process and the diameter of the fibers was unchanged. However, grinding reduced the length of the
fibers, resulting in a powder with improved flowability compared to the original unground material.
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The morphology of the enzyme-loaded fibrous powder was studied with SEM (Figure 3B). It
can be seen that the fibrous structure of the electrospun material was preserved during the grinding
process and the diameter of the fibers was unchanged. However, grinding reduced the length of the
fibers, resulting in a powder with improved flowability compared to the original unground material.
3.3. Characterization of the Fibers
In order to reveal the physical state of the different materials in the fibers, DSC, XRPD, and
Raman examinations were carried out. The reference PEO and PVA are semi-crystalline polymers
(glass transition temperature of PVA could be detected at 46.1 ◦ C), which was confirmed by the DSC
(Figure 4) measurement. The reference β-galactosidase powder did not show any significant peak
(except for water loss). The reference δ-mannitol had a sharp melting peak at 165.9 ◦ C, even though
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stable at ambient conditions [28] and it can transform into the α- or β-polymorph [26], which can be
found in the physical mixture of the electrospinning matrix and β-galactosidase (Figure 5). During
drying (e.g., spray drying), the formation of α- and β-mannitol is expected [29]. However, in the
fibers, δ-mannitol can be found, which might be ascribed to the even faster drying with ES (and
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The local distribution of the components in the ground fibers was analyzed by Raman mapping.
For accurate dosing, homogeneity of the enzyme in the formulation is required. According to the
Raman chemical map (Figure 7A), β-galactosidase seems to be uniformly distributed in the ground
fibers as very small differences in color are seen.

Figure 6. Fourier-transform infrared (FTIR) spectra of β-galactosidase, polyvinyl alcohol (PVA),
polyethylene
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reanalyzed by DSC, XRPD, and Raman after one year of storage at 4 °C. Even though the δleast stable among the mannitol polymorphs, no recrystallization was observed in the fibers after this
extended storage.
It has been previously shown that sugars and sugar alcohols can interact with water vapor
and they have different water sorption capacities based on their physical state [35,36]. Amorphous
sugars tend to absorb large amounts of water into their bulk structure, whereas crystalline sugars
interact with water based on surface adsorption only. Water can act as a plasticizer in electrospun
fibers and consequently, the water content of the electrospun materials influences their grindability
significantly. It has been shown that a water content below 8% ensures acceptable grindability of
sugar-containing fibers [21]. It was also shown that the physical state of excipients could impact the
grindability, with crystalline mannitol eliminating the need for post-drying. The water content of the
β-galactosidase-containing fibrous sample measured by the loss on drying (LOD) method was 6.0%.
Presumably, this relatively low water content is due to the crystalline nature of mannitol in the fibers.
3.4. Tableting and Long-Term Stability Study of the Tablets
As the marketable final form of a lactase enzyme is preferably a tablet, the purpose of this study
was not only to investigate the processability of enzyme-containing electrospun fibers, but also to
produce tablets without losing the achieved advantages (i.e., activity preserved after processing). The
fibrous powder was mixed with MCC, mannitol, and crospovidone, and the powder mixture was
subsequently tableted (Figure S2). The main compression force was ~8 kN in this experiment. The
composition of the produced tablets can be found in Table 2.
Table 2. Composition of the produced tablets.
Ingredients

Amount (mg)/Tablet

Amount (%)/Tablet

MCC 200
Mannitol
Crospovidone
Fibrous powder
P

150
150
50
150
500

30
30
10
30
100

Ingredients
MCC 200
Mannitol
Crospovidone
Pharmaceutics 2019, 11, 329 Fibrous powder
∑

Amount (mg)/Tablet
150
150
50
150
500

Amount (%)/Tablet
30
30
10
30
100
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and room temperature).

Ensuring long-term stability of biopharmaceutical products is one of the main challenges in their
pharmaceutical use and new formulations thus need to stabilize biopharmaceuticals to maintain their
activity during storage. The storage stability of the electrospun and tableted β-galactosidase was
compared with a reference enzyme formulation. The tablets of electrospun β-galactosidase were kept
at 4 ◦ C and room temperature and their activity were measured after 1 month, 3 months, 6 months,
and 1 year. The periodic activity measurements showed that the enzyme remained stable in the tablets
at both 4 ◦ C and 25 ◦ C, even after one year of storage (Figure 8). This result shows that the processable
matrix containing PVA, PEO, and mannitol is suitable for stabilizing β-galactosidase in the long term.
4. Conclusions
The present work demonstrated that HSES is a feasible technology for producing
biopharmaceutical-containing, processable fibers. A PVA-PEO-mannitol matrix was used to incorporate
a model protein-type drug, β-galactosidase. A feeding rate of 30 mL/h was achieved in the experiments,
which is 30 times higher than what is achievable for aqueous systems using single-needle ES. The
produced fibrous mat was easily removed from the collector and it was found to be grindable
without the need for a post-drying step, which simplifies downstream processing. All excipients
were in an amorphous state in the fibers, except mannitol. The low water content and the crystalline
mannitol in the fibrous sample could be the reason for the adequate grindability. The ground fibrous
powder was mixed with tableting excipients and was successfully tableted. No decrease in enzyme
activity was observed after either of the processing steps (electrospinning, grinding, and tableting).
Besides, β-galactosidase remained stable in the tablets after one year of storage both at 4 ◦ C and room
temperature. 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.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/7/329/s1,
Figure S1. Electrospun sample removal from the collector and grinding process. Figure S2. Tablets prepared from
ground fibrous enzyme-containing powder, MCC, mannitol, and crospovidone.
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