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Abstract 

Electrospinning is a method that can be used to efficiently produce scaffolds that mimic the 

fibrous structure of natural tissue, such as muscle structures or the extracellular matrix of bone. 

The technique is often used as a way of depositing composites (organic/inorganic materials) to 

obtain bioactive nanofibers which have the requisite mechanical properties for use in tissue 

engineering. However, many factors can influence the formation and collection of fibers, 

including experimental variables such as the parameters of the solution of the electrospun 

slurry. In this study, we assessed the influence of the polymer concentration, glass content and 

glass hydrolysis level on the morphology and thickness of fibers produced by electrospinning 

for a PCL-(Si-Ca-P2) bioactive ormoglass – organically modified glass – blend. Based on 

previous assays, this combination of materials shows good angiogenic and osteogenic 

properties, which gives it great potential for use in tissue engineering. The results of our study 
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showed that blend preparation directly affected the features of the resulting fibers, and when 

the parameters of the blend are precisely controlled, fibers with a regular diameter could be 

produced fairly easily when 2,2,2-trifluoroethanol was used as a solvent instead of 

tetrahydrofuran. The diameter of the homogeneous fibers ranged from 360 nm to 620 nm 

depending on the experimental conditions used. This demonstrates that experimental 

optimization of the electrospinning process is crucial in order to obtain a deposit of hybrid 

nanofibers with a regular shape.  

 

Keywords: Si-based glasses; ormoglass; electrospinning; hybrid materials; bioactivity; 

angiogenesis 

 

Introduction 

In the last decade, the use of nanotechnology and nanomaterials in numerous material 

applications has greatly increased. Nanostructured materials are especially essential in tissue 

engineering, as cells regulate their behavior depending on the physical signals they receive at 

this scale, such as the nanotopography, nano-roughness and nanosized structure, etc 1–3. The 

physical environment, along with soluble cues, is a key variable affecting the success of a 

scaffold implantation and subsequent regeneration of the tissue. The porosity and elasticity of 

a substrate, as well as its architecture, can influence biological responses.  

Fibrous structures obtained by electrospinning are currently a very popular method to produce 

temporary nanoscale structures, either polymeric or composite, for cellular adhesion, 

proliferation and differentiation 4–6. An advantage of the electrospinning method is that is 

allows the design of biomimetic matrices that are organized in a similar way to the collagenous 
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fibrils of the natural bone extracellular matrix 6–8. The technique has a low cost-effective ratio, 

is very versatile, and enables the fabrication of fibers with diameters ranging from the nano- to 

the microscale 8,9. Moreover, this process does not involve sophisticated equipment.  

The setup consists of a syringe pump, a voltage source and a metallic collector. The principles 

behind the formation of fibers rely on the competition between the electrostatic forces formed 

on the surface of a polymeric solution when it is subjected to a high voltage, and its surface 

tension. When the voltage is applied to the liquid drop (gradually appearing at the syringe tip 

due to the dispensing of the polymeric solution), the fluid charges, and as a result, repulsive 

electrostatic forces appear. The liquid, however, maintains its confinement (drop shape) thanks 

to its surface tension, but only up to a certain voltage. If the intensity of the voltage is 

sufficiently increased up to a critical point, repulsive forces overcome the surface tension and 

a liquid jet rises from the drop. At this moment, a Taylor cone forms 10. The further the jet 

travels from the drop, the more elongated and thinner it becomes, because of its instability. In 

fact, it starts to whip, then bend and stretch 11. During this whipping process, the solvent 

evaporates and the jet solidifies. The resulting fibers are collected on a grounded metallic 

support either as non-woven or woven mats, using a fixed or a rotary collector respectively 

12,13.  

To determine the final features of electrospun fibers, several variables can be manipulated: the 

intrinsic properties of the solution (viscosity, solvent dielectric constant), ambient factors 

(humidity, room temperature), and setup conditions (liquid dispensing rate, voltage applied, 

tip-to-collector distance) 14,15. 

Polycaprolactone (PCL) is already a well-known synthetic polymer in bone tissue engineering 

due to its biodegradable and biocompatible properties 16,17. It is easy to electrospin 18,19, but 

like other synthetic polymers, PCL does not possess intrinsic bioactivity. In a recent study 

performed by our group, a bioactive phase (Si-Ca-P2 organically modified glass, abbreviated 
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to ormoglass) was added to the polymeric solution to provide bioactivity to the resulting 

electrospun scaffold 20. The ormoglass was specially selected for its ability to promote 

osteogenesis and angiogenesis, as well as its integration capability with the host tissue after 

implantation 21–23. Our previous study demonstrated that the hybrid organic-inorganic fibers 

induced the formation of blood vessels, as well as osteoblastic differentiation. It was suggested 

that vascularization was achieved by promoting the secretion of the VEGF growth factor by 

modulating the release of calcium ions from the material. Regarding bone formation, it was 

shown that osteogenesis was promoted by enhancing the activity of the alkaline phosphatase 

enzyme and the expression of bone proteins, i.e. osteocalcin, osteopontin, collagen I (bone 

markers indicating differentiation). It also showed that the composition of the ormoglass 

influenced cellular responses: fibers with the lower silicon content (i.e. the higher calcium 

content) exhibited the best osteo- and angiogenic properties in comparison to the other two 

fiber compositions, which had more silicon and less calcium. The calcium release ability (rate 

and concentration) was suggested to be one of the crucial factors that regulated these processes. 

This implies that ion release from artificial biomaterials is essential for triggering specific 

cellular behaviors, and that this PCL/ormoglass combination appears to be a good option for 

the design of such materials20,24.  

Despite the remarkable biological performance achieved, it has been noted that depositing the 

fibers was difficult when using this composite mix with tetrahydrofuran as the solvent. 

Heterogeneous fibers with beads were obtained in some cases, and only micro-scaled fibers 

were produced. Given the promising potential of these hybrid templates, being able to produce 

a clean deposit of fibers has become essential, as has the production of fibers with smaller 

diameters, in order to better mimic the ECM  (nano-sized fibrils) 7. As such, the aim of this 

study was to optimize the efficiency of the electrospinning process, enhance the homogeneity 
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of the fibers, and to reduce their size by changing different experimental variables such as the 

solvent, polymer concentration, ormoglass content and ormoglass hydrolysis ratio.  

 

Experimental Section 

Materials 

Polycaprolactone (PCL, Sigma-Aldrich, MW=70-90 kDa) pellets, tetrahydrofuran (THF, 

Sigma-Aldrich, 99%), 2,2,2-trifluoroethanol (TFE, Panreac, 99.8%) were used. In the first part 

of a preliminary study, PCL solution was prepared by dissolving PCL pellets in THF. In the 

other parts, PCL was dissolved in TFE.  

The ormoglass was prepared by mixing single silicon, calcium and phosphate solutions in the 

desired molar ratio defined for the study, as previously reported 20. The silicon precursor was 

commercially obtained (TEOS, Sigma-Aldrich, 98%) while the calcium and phosphate 

precursors were prepared in our laboratory. For this purpose, calcium metallic (Sigma-Aldrich 

98%), 2-methoxyethanol (Sigma-Aldrich, anhydrous, 99.8%), phosphorus pentoxide (Sigma-

Aldrich, 99.99%) and absolute ethanol (Panreac, 99.8%) were used.  

 

Polymer solution and glass precursor mix  

16% w:w PCL solutions were prepared by dissolving PCL in THF at 60°C for the preliminary 

study.   For the second part, PCL solutions were prepared with different polymer percentage 

(8%, 10%, 12%, 14%, 15% and 16%) but using TFE.  

TEOS was used as received from the supplier. Calcium and phosphate precursors were 

prepared by refluxing calcium metallic in 2-methoxyethanol to produce a calcium-2-

methoxyethoxide solution (CaO) and phosphorous pentoxide in absolute ethanol to obtain a 

mono and di-ethylphosphate solution (P2O5)25. TEOS, CaO and P2O5 precursors were finally 
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mixed under nitrogen atmosphere according to the molar ratios targeted for the study (table 1). 

Thus, an ormoglass precursor mix was obtained. 

 

Polymer/glass blend preparation   

Before being introduced into the polymeric solution, the ormoglass precursor mix was 

hydrolyzed for 10 seconds. A suspension of ormoglass nanoparticles (Si-Ca-P network) was 

created by applying the sol-gel method. After hydrolysis, the ormoglass suspension was 

immediately stirred with the polymer solution for few seconds and then loaded into a syringe 

for electrospinning. The polymer and ormoglass suspensions were blended according to the 

experimental conditions summarized in the table 2.  Fibers with THF as solvent were produced 

as a control in order to be compared with the fibers fabricated with the new parameters of blend 

preparation. 

 

Electrospinning  

Electrospinning setup parameters were constant for the fabrication of all fibers: 12 cm distance 

tip-collector, 0.5 ml/h blend dispensing rate and 7.5 kV voltage applied. Non-woven fibers 

were collected on a flat metallic support covered with aluminum. 

 

Morphology of fibers 

Scanning electron microscopy (SEM, Quanta Q200, FEI Company) was used to assess the 

morphology of the fibers. A piece of the fibrous layer deposited on the aluminum was cut and 

fixed on a conventional metallic support used for SEM observations. The fibers were then 

sputtered with a thin layer of carbon to improve the conductivity of the samples and ensure 

good quality observations.  
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Diameter measurements of the fibers 

SEM micrographs were opened in ImageJ software and the diameters of fibers were measured 

using this application 26. At least 10 measurements were performed to obtain an averaged 

diameter value for each type of fibers produced.  

 

Results and discussion 

 

Fibers prepared with THF and different ormoglass compositions: preliminary study (fibers 

used as control) 

Figure 1 shows the morphology of the fibers obtained using THF as solvent and three different 

ormoglass compositions. Micrographs reveal that the fibers were deposited with imperfections. 

Fibers with many beads are seen in all three cases, and even fibers with different diameter sizes 

are observed. This indicates that the electrospinning parameters used were not optimal for the 

fabrication of homogeneous scaffolds in terms of geometry and thermodynamics of bead 

formation27. The differences in the diameter of the fibers are particularly well represented by 

the high standard deviation of their diameter average (table 3). The production of fibers with 

different thicknesses can be explained by the splaying of the primary jet into smaller jets that 

led to the drying of thinner fibers 28. Torres-Giner et al., for example, already reported this 

behavior with a mix of synthetic (PLA) and natural (collagen) polymers 29. Patlolla et al. also 

published a study in which bimodal fibers were obtained from a PCL/HA/TCP composite 

solution 30.  The deposition of multimodal fibers is thus a common problem for electrospun 

polymer blends.  

The use of different ormoglass compositions did not seem to significantly affect the 

morphology of the fibers, or their average diameter. This suggests that a change in the 

ormoglass composition is not a critical parameter with regard to the fabrication of the fibers. 
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For the other parts of the study, the composition S52 (intermediate) was arbitrarily selected as 

a fixed parameter, and all fibers produced afterwards to assess the influence of other solution 

parameters were obtained using this composition.  

During the electrospinning process it has been also noted that, even if Si-Ca-P2 fibers were 

properly obtained, fabrication of the fibers using THF as solvent was extremely difficult 

because the liquid drop at the tip of the syringe solidified rapidly. This prevented the continuous 

formation of fibers, and regular cleaning steps were necessary to unclog the dispenser (tip). It 

was hypothesized that this problem may be due to the solvent being used, so THF was replaced 

by TFE, which was expected to be more suitable for the electrospinning process due to its 

higher dielectric constant and polarizability (TFE: dielectric constant ε = 26,14 at 25°C 31, 

THF: ε = 7,58 at 25°C 32). TFE also possesses a lower vapor pressure (Pv= 9,3 kPa at 25°C 33) 

and slightly higher boiling temperature (Tb=74°C at 1 atm 31) than THF (Pv= 26.0 kPa at 25°C 

32, Tb= 66°C at 1 atm 32); in other words, it is less volatile. In the electrospinning process, the 

charges in the jet carry the liquid polymer to the collector thanks to the applied high voltage. 

The evaporation of the solvent has a direct impact on the mechanism of forces transfer through 

the jet because it affects its viscoelasticity 34,35. For this reason, a solvent with a lower vapor 

pressure and higher boiling temperature will exhibit a better mass flow velocity, as it will 

evaporate slower. Consequently, TFE was selected to improve the processability of the blends 

due to its intrinsic electrical and thermodynamic properties.  

 

Influence of polymer concentration 

Hybrid fibers with different polymer percentages (w/w) were produced: 8, 10, 12, 14 and 15% 

concentration solutions. Submicron scaled fibers were obtained but, in the case of the 12% 

solution, they appeared to be slightly less homogenous in diameter than the two other lower 

concentrations (figure 2). For the higher polymer contents (14 and 15%), the fiber shape was 
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excessively irregular because the viscosity of these blends was too high to produce a well-

defined cylindrical shape. In fact, with even higher polymer concentration (16%), the high 

viscosity of the solution did not allow the formation of fibers at all. For the 14% and 15% 

solutions, only a few areas on the micrographs were taken into account to measure the diameter 

of the fibers, because the fibers were not very conspicuous. Measurements revealed that, as for 

pure PCL fibers (considered here as a control; figure 3), the diameter of the hybrid fibers 

increased with the concentration of the polymer. This was in agreement with other published 

studies 36–38. In particular, results suggest that the electrospinning process is an efficient method 

for the production of nanofibers only if the polymer concentrations are within 8 and 10% w/w. 

In addition, fibers produced following these conditions showed more homogeneous fiber size 

distribution than the rest, as well as being more regular than the hybrid fibers prepared with 

other polymer concentrations and those prepared with pure PCL solution with the same 

concentrations. This can be observed in the SEM micrographs and is confirmed by the small 

standard deviation of the associated diameter measurements.  

Finally, it can be noticed that the incorporation of the ormoglass suspension led to fibers with 

smaller diameters than pure PCL ones. As described, the lower the viscosity (i.e. the lower the 

polymer concentration) of the electrospun solution, the thinner the diameter of the fibers. The 

viscosity of the polymeric solution decreased when the less viscous glass suspensions were 

added, and thus thinner fibers were produced when the blends were electrospun. 

 

Influence of ormoglass content 

According to SEM micrographs, regular fibers were obtained for all ormoglass contents, except 

for 50% v/v blends (figure 4). Up to the 40% ratios, fibers with thicknesses around 400 nm 

were produced, and no imperfections were observed. In this range of ormoglass:polymer ratio, 

the electrospinning setup and blend conditions were suitable for the fabrication of an 
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appropriate scaffold. However, for the 50% blends, fibers with larger diameters and more 

heterogeneous geometries were obtained. In fact, in this case, the content of the ormoglass was 

too high to achieve a proper PCL-ormoglass blend, because the ormoglass was segregated from 

the polymer. As a result, the ormoglass dropped from the tip during the electrospinning process 

as it was not properly or only partially incorporated to the PCL solution, meaning that instead 

of a synergic PCL-ormoglass blend, only the polymeric phase was electrospun. Therefore it is 

assumed that the size of the fibers obtained for this ratio is principally determined by the 

viscosity of the polymeric solution itself. As viscous solutions (i.e polymeric ones) lead to 

thicker diameter than ones with lower viscosity (in our case, the blends), this would explain 

why there is a significant difference between the diameter of the fibers with a 40% of ormoglass 

content and fibers with a 50% content. 

 

Influence of hydrolysis level 

In this part of the work, results showed that changes in the hydrolysis ratio led to fibers with 

different diameters (figure 5). With a hydrolysis ratio higher than 1:5, it was more difficult to 

obtain thin, homogeneous fibers. In contrast, with a lower hydrolysis ratio, the fibers had 

diameters below 600 nm and their morphology was regular. These results suggest that lower 

hydrolysis ratios enable the production of thinner fibers, though it can be seen that from a ratio 

of 1:3 to a ratio of 1:10, the diameters increased. In the sol-gel method, the water introduced to 

perform the hydrolysis of a glass has a direct influence on the prepared glass precursor 

suspension, the quantity of water being, in fact, the most important parameter that determines 

the degree of condensation of the sol 39,40. As a consequence, ormoglass colloidal suspensions 

could be obtained as well as gels if the quantity of water added was sufficient  41. The higher 

the degree of hydrolysis, the more viscous the glass suspension (or gel). As described 

previously, the addition of the ormoglass into the PCL solution lowered the viscosity of the 
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polymer solution. Thus, by adding more water in the ormoglass precursor mix, the 

condensation process was more advanced. This implied that a more viscous ormoglass was 

obtained and, consequently, a more viscous final blend. As a consequence of the increase of 

the water content, a thickening of the fibers was observed. 

 

Conclusions 

PCL-(Si-Ca-P2) bioactive ormoglass blends were prepared under different conditions in order 

to assess the effect of solution preparation (ormoglass hydrolysis, polymer concentration, 

ormoglass content) on the optimization of the morphology of electrospun fibers and the control 

of their diameters. Results showed that TFE was a more suitable solvent than THF in term of 

depositing the fibers efficiently and regularly. Several hybrid blends were appropriate for the 

production of fibers with homogeneous thicknesses. However, we suggest that to obtain 

nanosized fibers, polymer solutions with low concentration, blends with ormoglass contents 

inferior to 40% (volume), and ormoglass hydrolysis performed with Si:H2O ratios up to 1:5 

should be used.   

In summary, it has been demonstrated overall that the parameters of the electrospun solution 

directly influence the features of the fibers. This study therefore provides valuable experimental 

information for the fabrication of hybrid scaffolds for bone tissue engineering based on 

polymer-ormoglass fibers. 
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Figure legends: 

 

Figure 1 Morphology of the hybrid fibers prepared with different ormoglass compositions 

and THF as solvent (SEM images)  
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Figure 2 Influence of polymer concentration on hybrid PCL-S52 fibers. a) Morphology 

(SEM images) and b) thickness of the hybrid fibers (S52 ormoglass composition) obtained 

with different polymer concentrations and TFE as solvent. 
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Figure 3 Influence of polymer concentration on pure PCL fibers. a) Morphology (SEM 

images) and b) thickness of pure PCL fibers obtained with different polymer concentrations 

and TFE as solvent. 
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Figure 4 Influence of ormoglass content on hybrid S52 fibers. a) Morphology (SEM images) 

and b) thickness of hybrid fibers (S52) obtained with different ormoglass contents and with 

TFE as solvent. 
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Figure 5 Influence of ormoglass hydrolysis level on hybrid S52 fibers. a) Morphology (SEM 

images) and b) thickness of hybrid fibers (S52) obtained with different ormoglass hydrolysis 

ratios and TFE as solvent.  
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Table captions: 

Table 1 Label and molar composition of the precursor mix used to prepare the hybrid fibers. 

Table 2 Summary of the different solutions parameters considered to produce the hybrid 
fibers. 

Table 3 Thickness of the hybrid fibers prepared with different ormoglass compositions and 
THF as solvent. 

 

 

Table 1 

Label of precursor mix Si:Ca:P2 molar ratio 

S40 40:50:10 

S52 52:40:8 

S70 70:25:5 
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Table 2 
 

 Ormoglass  

Composition 

Solvent Polymer 

concentration 

(% w/w 

ratio) 

 

Ormoglass 

Content 

(% v/v 

ratio) 

Si:H2O 

molar 

ratio 

Fibers 

(control) 

S70  

S52  

S40 

THF 16 20 1:3 

Influence of 

polymer 

concentration 

S52 TFE 8, 10, 12, 14, 

15, 16 

20 1:3 

Influence of 

ormoglass 

content 

S52 TFE 10 5, 10, 20, 

30, 40, 50 

1:3 

Influence of 

hydrolysis 

molar ratio 

S52 TFE 10 20 1:1, 1:2, 

1:3, 1:4, 

1:5, 1:6, 

1:10 
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Table 3 

Label of the hybrid 

fibers 

Composition 

(Si:Ca:P2 molar 

ratio) 

Diameter 

(µm) 

PCL-S40 40:50:10 1.409 ± 0.417 

PCL-S52 52:40:8 1.418 ± 0.555 

PCL-S70 70:25:5 1.505 ± 0.326 

 

 

 


