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Abstract: High-throughput emulsion electrospinning is a technology that can enable practical nan-
ofiber application for drug delivery. Core-shell structure of the electrospun fibers allows the encap-
sulation of the active pharmaceutical ingredients (APIs), protects their activity, and controls their 
release rate. However, electrospinning using high flow rates usually requires high electric fields that 
may negatively affect the activity of the biomolecules. Moreover, charged APIs tend to migrate to 
the surface of the fibers during the electrospinning process leading to the high burst release. That is 
disadvantageous when long-term sustained release is needed. We have investigated the influence 
of the electrospinning parameters such as distances between the electrode and collector and the 
applied voltages to both activity of the encapsulated proteins and their burst release. We have also 
tested the influence of number of the stabilizers, e.g., trehalose, pluronic, and polyvinylpyrrolidone, 
on their ability to preserve the protein activity, and the influence of the different molecular weights 
of polyvinyl alcohol on the ability to sustain the release. Our results demonstrate the importance of 
the water phase composition to both activity and release and are critical for further understanding 
of the processes taking place during the emulsion electrospinning. 

Keywords: high-throughput electrospinning; emulsion electrospinning; biopharmaceuticals; pro-
tein activity; drug release 
 

1. Introduction 
Peptides and proteins are used as therapeutics for various diseases such as diabetes, 

cancer, infections, and autoimmune disorders among others. To protect and effectively 
deliver sensitive protein based active pharmaceutical ingredients (APIs) to their target, 
various design, formulation, and administration strategies are considered. The core/shell 
structures are promising tools for increasing the stability of biomolecule-based APIs. With 
suitable shell polymer, drugs encapsulated in the core can be protected from humidity, 
light, heat, and oxygen [1]. Core-shell electrospinning is one of the methods to safely in-
corporate therapeutic proteins to the nanofibrous scaffolds that can then be used for API’s 
sustained release at the diseased site [2]. However, practical applications of the most com-
mon method for core-shell fiber preparation-coaxial electrospining are limited by the ex-
tremely low production throughput (<0.5 mL h−1). Emulsion electrospinning is an alterna-
tive technique which can be easily up-scaled using the needle-less electrodes [3]. How-
ever, high-throughput electrospinning often requires high electric fields that may cause 
loss of activity of protein-based therapeutics. 
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During the electrospinning of the water-in-oil emulsions, the organic solvent evapo-
rates faster than water causing the water phase droplets to travel inwards and to be 
stretched to form fibers with a continuous hydrophilic core [4,5]. Many factors may influ-
ence proteins’ activity during electrospinning [6–8]. First of all, protein activity may be 
affected by the composition of the water phase. It was previously reported that certain 
surfactant may cause protein denaturation [9]. A protein’s structure may also be affected 
by the interface with the organic solvent [10,11]. Moreover, while emulsification by high 
speed homogenizers is needed to create smaller droplets and stabilize the emulsion, the 
process may as well affect protein activity [12–14]. Finally, high-throughput electrospin-
ning often requires higher electric fields (up to 90 kV) and exposure of proteins to high 
electric field may also lead to their denaturation [3]. 

In this work, we investigated multiple factors that may influence protein during the 
high-throughput emulsion electrospinning process. More specifically, we have tested the 
impact of stabilizers (i.e., trehalose, pluronic, polyvinylpyrrolidone), different molecular 
weights of polyvinyl alcohol (PVA), and the influence of the applied voltage on activity 
of the encapsulated proteins. In order to provide a balanced overview of the optimum 
electrospinning parameters, fiber morphology and the protein burst release were also 
characterized. 

2. Experiments 
2.1. Materials 

Polymers and surfactants: 45 kDa polycaprolactone (PCL) from Sigma-Aldrich; 
poly(vinyl alcohol) (PVA) 5-88 and 40-88 from Emprove Merck and PVA 26-88, 28-99, 56-
98 and 4-99 from Sigma-Aldrich; 8400 Da Pluronic F-68 (PF68) from PanReac AppliChem; 
3300 Da Pluronic 31R1 (P31R1) and polyvinylpyrrolidone K-30 (PVP) from Sigma-Al-
drich; D-(+)-trehalose dihydrate 99% from Alfa Aesar. Solvents: chloroform stabilized 
with 0.6% ethanol, ethanol absolute 99.7% and technical water were purchased from VWR 
International. Horseradish peroxidase (HRP) was purchased from PanReac AppliChem. 
Protein release and activity testing: Micro BCATM Protein Assay Kit and 1-StepTM Turbo 
TMB-ELISA Substrate Solution were purchased from Thermo Fisher Scientific; sulfuric 
acid 95–98% was purchased from Emprove Merck. 

2.2. Methods 
2.2.1. Emulsion Preparation for Electrospinning Process 

For electrospinning experiments, all solutions were prepared by magnetic stirring. 
The following stocks were made: 36% PCL in chloroform:ethanol in ratio 9:1, 5% (w/v) 
PF68/PVP/trehalose, 15% (w/v) PVAs and 10 mg mL−1 HRP in distilled water (DW). The 
concentrated stock solutions were diluted to the needed final concentration just before the 
electrospinning process. Further on, all concentrations are provided per volume of the 
respective emulsion phase and not as a total concentration in the solution. For all experi-
ments, water-in-oil (w/o) emulsions were used with 32% of PCL and 0.02% of P31R1 in 
chloroform:ethanol (9:1) as an oil phase (OP). P31R1 was added to an OP as a low HLB 
index surfactant. The water phase (WP) contained PF-68/PVP/trehalose, PVA, and HRP 
dissolved in DW and mixed in concentrations listed in Table 1. In the first two experiments 
(1 and 2), the mixtures of organic and water phases were homogenized for 2 min with the 
speed 6600 rpm using IKA T-18 Digital ULTRA TURRAX. In experiment 3, emulsions 
were mixed by shaking by hand. In all formulations, the OP:WP ratio was 9:1. 
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Table 1. Variable parameters in individual experiments: the composition of the emulsion used in the electrospinning pro-
cess, applied voltage and the method of mixing the emulsion. 

Exp. Sample Composition of Water Phase 
Voltage 
(−/+) kV 

Emulsion  
Mixing 

1 
1A 

3% 5–88 kDa polyvinyl alcohol (PVA) + 6% PF68 + 0.2% 
Horseradish peroxidase (HRP) + distilled water (DW) 

30/40 by homoge-nizer 1B 3% 5–88 kDa PVA + 6% PVP + 0.2% HRP + DW 
1C 3% 5–88 kDa PVA + 6% trehalose + 0.2% HRP + DW 

2 

2A 3% 4–99 PVA + 6% trehalose + 0.2% HRP + DW 

30/40 by homoge-nizer 

2B 3% 28–99 PVA + 6% trehalose + 0.2% HRP + DW 
2C 3% 56–98 PVA + 6% trehalose + 0.2% HRP + DW 
2D 3% 5–88 PVA + 6% trehalose + 0.2% HRP + DW 
2E 3% 26–88 PVA + 6% trehalose + 0.2% HRP + DW 
2F 3% 40–88 PVA + 6% trehalose + 0.2% HRP + DW 

3 

3A 

3% 56–98 kDa PVA + 6% trehalose + 0.2% HRP + DW 

20/30 

by hand 
3B 30/30 
3C 30/35 
3D 30/40 
3E 30/50 

2.2.2. Electrospinning Process 
Emulsion electrospinning was done using lab-scale electrospinning unit InoSpin 

from InoCure s.r.o. The humidity and temperature was controlled using the integrated 
temperature control unit InoCool from InoCure s.r.o. For all experiments, a cylinder 
(needle with the diameter G10) was used as an electrode. The fibers were collected using 
the rotary drum collector rotating at 500 rpm on a baking paper used to cover the 
aluminum surface. The distance between the needle and collector was 180 mm. Other 
settings used were flow rate (20 mL h−1) and temperature and humidity inside the chamber 
(~22 °C and ~41%, respectively). The voltage used in each experiment is listed in Table 1. 

2.2.3. Fiber Characterization—Scanning Electron Microscopy 
Scanning electron microscopy (SEM) images were acquired by desktop scanning 

electron microscope from Phenom-World BV, using backscatter electron detectors (BSDs). 
Before analysis, samples were placed on pin holders with carbon tape and sputter coated 
using the SC7620 Mini Sputter Coater/Glow Discharge System from Quorum 
Technologies. 

2.2.4. Protein Release Characterization 
For burst release testing, samples from each electrospun scaffold (containing HRP) 

weighing 30–32 mg were placed in the 1.5 mL Eppendorf tubes and 1 mL of distilled water 
was added. The samples were placed in the refrigerator for 24 h. Then, the water solution 
was collected for the burst release characterization. The remaining fibers were dissolved 
in 0.5 mL of chloroform by mixing on Phoenix Instrument device RS-VF10 and protein 
was extracted with additional 0.8 mL of distilled water. After the separation of two phases, 
0.4 mL of water was taken for characterization of protein in fibers. Less than 10% of the 
protein solution was lost in the process (measured by extraction from protein standard). 
Protein concentration characterization was performed using the Micro BCATM assay kit 
according to the manufacturer’s instructions. The quantitative data is presented as mean 
± standard deviation (SD) of five independent replicates in each experiment. 
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2.2.5. Activity of the Encapsulated Proteins 
Activity of the HRP was measured using the TMB substrate solution. After Micro 

BCATM assay, samples collected after 24 h release were diluted to 5000 pg mL−1; 100 µL of 
each sample where added to 100 µL of TMB substrate solution and mixed for 10 s. The 
absorbance of each sample was measured after 5, 10, and 15 min at λ = 650 nm. Then, 100 
µL of 2 M sulfuric acid was added to each well to stop the reaction and the absorbance 
was measured again at λ = 450 nm. To determine protein activity in each sample, a stand-
ard curve with known active protein concentrations was used. The quantitative data is 
presented as mean ± standard deviation (SD) of five independent replicates in each exper-
iment. Note, the activity of HRP was measured 48 h after scaffold production (experi-
ments 1 and 2) or after 24 h (experiment 3). The activity loss of enzyme in the solution was 
examined experimentally and amounted to approximately 8% per 24 h (the measurement 
was done with three protein concentrations that include the minimum and maximum ob-
tained during the release studies). 

3. Results 
Three factors that may influence protein activity during the emulsion electrospinning 

were investigated: (1) influence of various protein stabilizers, (2) influence of PVA degree 
of hydrolysis and molecular weight, and (3) influence of voltage. In all cases, fiber mor-
phology, protein burst release, and activity were characterized. The summary of the sam-
ples were prepared and the experimental conditions involved are summarized in the Table 1. 

3.1. Influence of the Protein Stabilizers in the Water Phase 
First, the influence of three selected stabilizers on the morphology of fibers, protein 

burst release from scaffolds, and protein activity was investigated. For this purpose, non-
ionic and hydrophilic surfactants or small molecules were used: PF68, PVP (polymer sur-
factants), and trehalose (sugar). The fibers were electrospun in conditions summarized in 
Table 1. The SEM images of the obtained fibers are shown in Figure 1(a). In all cases, it 
was possible to obtain a micro/nanofibrous mesh. However, more defects were observed 
when polymers surfactants were used, and, when trehalose was used, a scaffold without 
defects was made. The percentages of the proteins released from the fibers after 24 h in 
three cases are summarized in Figure 1(b). As shown, more than 60% burst release after 
24 h was observed for samples with PF68 and PVP (samples 1A and 1B). Only the formu-
lation with trehalose showed lower HRP release (45.5 ± 5%). However, as shown in Figure 
1(c), very low activity (<15%) was measured in all cases. The lowest was for fibers con-
taining PF68 (2.9 ± 0.5%) and the best result was obtained for the sample containing tre-
halose-12.6 ± 1.5%. Trehalose showed overall the best results and was used for all consec-
utive experiments. 
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Figure 1. The influence of three stabilizers: 1A-PF68, 1B-PVP, 1C-trehalose on (a) the morphology of fibers; (b) HRP burst 
release from scaffolds; (c) HRP activity. 

3.2. Influence of the PVA in the Water Phase 
The second experiment investigated the influence of different PVA molecular 

weights and the degree of hydrolysis on activity and burst release of proteins. Three PVA 
varieties with more than 98% hydrolysis, i.e., PVA 4–99 kDa, PVA 28–99 kDa, PVA 56–98 
kDa, and three with 88% hydrolysis, i.e., PVA 5–88 kDa, PVA 26–88 kDa, PVA 40–88 kDa, 
were used. PVAs with a higher degree of hydrolysis are in general more hydrophilic and 
crystalline, while a low degree of hydrolysis indicate more hydrophobic and amorphous 
polymers. At the same time, the influence of three different molecular weights, low (4–99, 
5–88), medium (26–88, 28–99), and high (40–88, 56–98) were also compared. In these ex-
periments, the concentration of the PVA was kept the same, thus increasing molecular 
weight lead to the increase in the viscosity of the water phase and emulsion. 

SEM images of obtained fibers are shown in Figure 2(a). Mixed (nanometer and mi-
crometer) fibers were obtained in all cases. However, when higher molecular weight 
PVAs with lower degree of hydrolysis were used (PVA 26–88 and 40–88), there were large 
defects observed on the fibers. Emulsions with more hydrophilic PVAs led to a better 
quality micro/nanofiber scaffolds. Even with high molecular weight, PVA 56–98 kDa, and 
hence the high viscosity of the emulsion, the scaffold had a minimal number of defects. 
As shown in Figure 2(b), the PVA’s degree of hydrolysis was also the major factor influ-
encing the burst release of HRP. With more hydrophobic (samples 2D, 2E, 2F) less than 
50% of the protein were released from fibers after 24 h. The lowest value was obtained for 
the sample containing PVA 26–88 kDA and it was 36 ± 1%. In samples where more hydro-
philic varieties of PVA were present, the HRP release values were much higher and ex-
ceeded 70%. Finally, the activity of the released proteins was characterized and is summa-
rized in Figure 2(c). In comparison to the sample 1C that contained the same amount of 
5–88, only the samples with PVA 26–88 and 40–88 showed a higher activity of the encap-
sulated protein-13.2 ± 0.6% and 24.6 ± 0.4%, respectively. Interestingly, the samples with 
the highest activity, also showed the highest number of defects. For the further experiment 
formulation that did not produce, large defects were used, i.e., PVA 56–98. 



Proceedings 2021, 78, 39 6 of 9 
 

 

 
Figure 2. The influence of three more hydrophilic PVA varieties (2A-4–99, 2B-28–99, 2C-56–98) and three more hydropho-
bic PVA varieties (2D-5–88, 2E-26–88, 2F-40–88) on (a) the morphology of fibers; (b) HRP burst release from scaffolds; (c) 
HRP activity. 

3.3. Influence of the Electrospinning Parameters on the Activity of the Proteins 
The third experiment analyzed the influence of electrospinning voltage on the activ-

ity of the protein. Moreover, to evaluate the potential loss of activity due to the shear ho-
mogenization, in this set of experiments, emulsions were prepared without the TURRAX 
homogenizer. The formulation was robust to the voltage changes from −20/+30 kV to 
−30/+50 kV, and, as shown in Figure 3(a), mixed nano-/micro fibrous scaffolds with only 
minor defects were obtained in all cases. The smoothest homogeneous fibers were ob-
tained with −30/+40 kV that was used in previous experiments. As shown in Figure 3(b), 
electrospinning voltage does not seem to have a notable influence to the burst release. 
Comparable to the results discussed in the previous section, more then 70% of proteins 
were released after 24 h. There was also no correlation between the voltage used and the 
activity of the HRP (see Figure 3(c)). Importantly, compared to the samples in experiments 
1 and 2, there was a significant three-fold improvement in the activity of all samples. The 
best result obtained for samples with medium voltages (30/30 and 30/35) were 40.6 ± 0.9% 
and 40.4 ± 0.8%, respectively. We attribute the significant loss of activity observed in pre-
vious samples to shear homogenization used in emulsion preparations. 
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Figure 3. The influence of different voltages (3A-20/30, 3B-30/30, 3C-30/35, 3D-30/40, 3E-30/50) on (a) the morphology of 
fibers; (b) HRP burst release from scaffolds; (c) HRP activity. 

4. Discussion 
Electrospinning of scaffolds without defects is influenced by many different param-

eters, including the emulsion formulation and the settings of the electrospinning process 
[15]. The same parameters determine the subsequent properties of the proteins encapsu-
lated in fibers, e.g., their bioactivity and release [16,17]. Our experiments demonstrated 
the importance of the formulation on both activity of encapsulated protein and its burst 
release. By changing the stabilizer used (see PF68 vs. trehalose), a four-fold increase in 
activity was observed. Further selection of the optimum excipient (PVA) allowed to in-
crease the activity seven more times (from 3.4 ± 0.3% to 24.6 ± 0.4% for PVA 4–99 and 40–
88, respectively). Finally, our results suggest that the most harmful step to proteins is the 
high shear homogenization that is often used to create the emulsion [12]. Preparing the 
emulsion by shaking, an increase in activity from 21% to 40% was observed. Multiple fac-
tors may lead to activity loss during the homogenization, e.g., protein exposure to high 
shear stress, exposure to the organic solvent, generation of smaller droplets. On the other 
hand, the burst release of proteins was mostly influenced by the use of PVAs with differ-
ent degrees of hydrolysis. The burst could be reduced to below 40% when medium mo-
lecular weight PVA 26-88 was used. However, this formulation also leads to the large 
defects on the fiber mesh. To reduce the premature protein release from fibers, further 
research and optimization is needed. Better understanding of the influence of electrospin-
ning parameters is also a subject of our further experiments. 

5. Conclusions 
We have investigated various emulsion formulations in order to increase the activity 

of the biomolecules (HRP) and decrease their burst release from the electrospun core-shell 
fibers. We have studied the influence of various stabilizers, PVAs, and electrospinning 
conditions (voltage used). Our results demonstrated the importance of appropriate stabi-
lizers and emulsion preparation conditions on the activity of the encapsulated enzymes, 
and the role of the water phase excipients used on controlling the premature release of the 
protein. There was no obvious influence observed on neither activity nor release when the 
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electrospinning voltage was varied. However, this will require further experiments to ver-
ify. Better understanding of the factors influencing the emulsion electrospinning will cer-
tainly advance the applications of the method in drug delivery and tissue engineering. 
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