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Abstract 

The main electrospinning parameters, i.e., polymer concentration in the injectable 

solution, solvents used and their proportion, flow rate, voltage and distance to collector 

were herein systematically modified to analyse their particular influence in fibres 

diameter of electrospun membranes of poly(lactic acid), polycaprolactone and their 

mixture. As a result of this analysis, the procedures to obtain membranes of these 

polymers and blend with under- and above-micron-sized fibres were established, in 

which the solvents ratio (chloroform/methanol and 

dichloromethane/dimethylformamide) and voltage were found to play the major role. 

Moreover, the plausible differential effect of these fibres diameters (0.8 and 1.8 µm) in 

the controlled release of a molecule of interest was explored, using bovine serum 

albumin (BSA), proving that the most effective configuration for BSA release among 

those studied was the PLA-PCL combination in membranes of above-micron fibres 

diameter. 

 

Keywords: polylactic acid, polycaprolactone, electrospinning, drug delivery, membrane 
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1. INTRODUCTION 

 

Polylactic acid (PLA) is a highly versatile, aliphatic polyester, 1 biocompatible and 

biodegradable at a slow rate. It is present in three isomeric forms (D), (L), and racemic 

(D, L). P(L)LA and P(D)LA are semi-crystalline solids, easy to process and have been 

approved for biomedical applications by the U.S. Food and Drug Administration 

(FDA). 2 These properties have made PLA-based materials worthy for biomedical 

applications, including sutures, bone fixation implants, stents, scaffolds for tissue 

engineering and carriers for drug delivery. 1,3,4,5 For most applications, the (L) isomer 

(hereafter named PLLA) is chosen because it is preferentially metabolised in the body. 6 

Besides, polycaprolactone (PCL) is a synthetic biodegradable and bioresorbable 

polymer belonging also to the aliphatic polyesters family. 7 It is a hydrophobic, semi-

crystalline polymer and its crystallinity tends to decrease as its molecular weight 

increases. 8 Because of its high crystallinity and high hydrophobicity, it degrades at a 

much slower rate than PLA. 6 PCL has also been approved by the FDA for clinical 

applications, and is extensively used in lots of biomedical applications due to the proper 

tensile property and biocompatibility, 9,10,11,12 pure or in combination with other 

polyesters in order to modulate its degradation kinetics. 

In particular, scaffolds based on PLA or PCL and copolymers or blends thereof have 

been proposed in a wide variety of tissue engineering strategies because these polymers 

show ductile properties, can be easily processed to achieve different microarchitectures, 

and are safely reabsorbed. 13 Porous structures are obtained, for example by 3D printing, 

electrospinning, 14 selective laser sintering or fused deposition modelling. 15 

Among the techniques to fabricate scaffolds for tissue engineering applications, 

electrospinning stands out because the diameters of electrospun fibres can be of a 

similar magnitude to fibrils in the extracellular matrix (ECM) and consequently mimic 
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European Polymer Journal 99 (2018) 445–455  
https://doi.org/10.1016/j.eurpolymj.2017.12.045  

4 
 

quite faithfully the natural cells environment. Thus, these scaffolds have shown to 

positively promote cell-matrix and cell-cell interactions with the cells having a normal 

phenotypic shape and gene expression. 16,17 As an example, Shakhssalim et al. explored 

the application of electrospun PLA/PCL scaffolds for bladder regeneration by culturing 

smooth muscle and urothelial cells. 18  

Moreover, electrospinning as a means of generating porous structures has many 

advantages: 

1. It is a relatively robust and simple technique to produce nanofibres from a wide 

variety of polymers. 19  

2. Electrospun nanofibres present an extremely high surface-to-volume ratio and 

tuneable porosity, can be conformed to a wide variety of sizes and shapes and 

their composition can be tailored to achieve the desired properties and 

functionality. 20 

3. Nanofibres with high surface area and porosity have enormous scope for 

applications in engineering mechanically stable and biologically functional 

tissue scaffolds. The high surface-to-volume of the nanofibre provides more 

room for the cell attachment than the regular fibres. 21,16 

4. The parameters of electrospinning, such as polymer concentration, solvent, 

solvent ratio, flow rate, distance to collector and voltage have significant effect 

on the fibres morphology obtained, so by proper manipulation of these 

parameters nanofibres of desired morphology and diameters can be obtained. 22 

Although there are many works dealing with electrospinning of PLA/PCL blends, 

23,24,25,26 up to now there are no thorough studies addressing the influence of the main 

electrospinning parameters (polymer concentration, solvent, solvent ratio, flow rate, 

voltage and collector distance) on fibre diameter. Thus, herein the aims were i) to assess 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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the influence of the parameters involved in the microarchitecture of electrospun 

membranes of PCL, PLA and PCL/PLA blends, namely the polymer concentration in 

the solvent mixture, solvents ratio in the mixture to electrospin, the flow rate, voltage 

and collector distance, and ii) to explore whether the fibres diameter may yield drug 

release variations. To this end, electrospun membranes of the three compositions were 

obtained, having two fixed average fibres diameter. These membranes were then 

manufactured with bovine serum albumin (BSA) added to the polymer mixture in order 

to follow its release over time and relate it with the morphology and chemical nature of 

the fibres. 

 

2. MATERIALS AND METHODS 

 

2.1. Preparation of solutions 

The polymer solutions were obtained by stirring the polymers in appropriate solvents 

during 24 h. PLA (NatureWorks, INGEO 4042 D, pellet shape, Mw 2.8 x 105 Da), PCL 

(Sigma-Aldrich, pellet shape, Mw 70000-90000 g/mol), and a 50% w/w PLA/PCL 

mixture were mixed separately with chloroform (Scharlab, extrapure, stabilized with 

ethanol) and methanol (Scharlab, multisolvent) in the case of homopolymers, and 

dichloromethane (DCM; Scharlab, synthesis grade, stabilized with approximately 50 

ppm of amylene) and dimethylformamide (DMF; Scharlab, synthesis grade) in the case 

of their blend, at different solvents ratios (66-33 to 80-20 %v/v) and polymer/solvent 

mixture ratios (5 to 23 %wt/v). 
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2.2. Manufacture of electrospun membranes 

The polymer mixtures were electrospun using a home-made equipment for 30 min, to 

obtain membranes thick enough to be detached from the metal holder and be 

manipulated (around 300 µm). The equipment consists of a pump (RS-232, model NE 

1000. New Era Pump Systems, Inc.) to which the syringe with the polymer solution was 

connected, a voltage source (OL400W-503. HiTek Power) and a metal collector 

covered by aluminium foil to improve the deposition of fibres. The voltage source is 

connected to the collector and the needle creating a differential of potential, which 

provokes the ejection of the polymer solution towards the collector. 27,28,29,30 

The main electrospinning parameters, concerning the polymer solution (polymer 

concentration in the solvents mixture, chloroform-methanol or DCM-DMF binary 

mixture, and solvents ratio in it) and the electrospinning process itself (flow rate, 

distance to collector and voltage applied) were systematically changed to avoid defects 

in the membranes, study their influence on the membranes’ morphology, and tailor the 

fibre diameters to yield membranes of similar morphology but different chemistry, and 

two different enough fibre morphologies to likely lead to different drug release profiles. 

The membranes, electrospun on flat collectors covered with aluminium foil, were stored 

refrigerated in zip bags until use, and then demolded. 

 

2.3. Preparation of films 

Films were prepared by solvent-casting. Depending on the polymer concentration in the 

polymer solution, different volumes (4 to 10 ml) of these were poured in Petri dishes 

having 8 cm in diameter to obtain films with 100 µm thickness. The Petri dishes were 

covered with mesh fabrics to allow the solvent evaporation overnight. The films were 

demolded, with the help of water, and stored in the fridge until use. 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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2.4. Determination of the viscosity of the polymer solutions 

The polymer solutions are non-newtonian fluids because their relation between shear 

stress and their strain rate is non-lineal. For that reason, they were characterised by their 

corresponding rheograms, which represent the rheological behaviour of the solutions. A 

parallel plate’s rheometer (Discovery HR-2 hybrid rheometer, TA Instruments) was 

used for this purpose. 550 µl of polymer solution was measured each time, 3 replicates 

per composition. The rheograms were obtained at 25ºC by applying a shear ramp from 1 

to 1500 s-1 during 1 min. 

 

2.5. Determination of the solution’s surface tension 

Due to the high viscosity of the polymeric solutions and the volatility of their solvents, 

their surface tension could not be determined by the pendant drop method and contour 

analysis, and a technique based on Tate’s law was followed instead. 

Briefly, Tate's law is based on the balance between the weight of a pendant drop and the 

opposite force exerted by its surface tension. The weight makes the drop fall along the 

capillary but the surface tension provokes a force equilibrium that keeps the drop 

suspended from the tip of the capillary. 31  

As surface tension is proportional to the wet perimeter of the capillary border (it being 

the inner or outer perimeter, depending on the mixture) the following equation 

represents the equilibrium explained above: 

𝑚𝑚 · 𝑔𝑔 = 𝛾𝛾 · 2 · 𝜋𝜋 · 𝑟𝑟 

where m is the mass of the falling drop, g is the gravitational acceleration, γ is the 

surface tension at the drop-air interface, and 2πr is the wet perimeter. According to the 

characteristics of the liquid, r is the outer or inner radius of the capillary, depending on 

whether the drop pends or not, respectively. 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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Jordi Riba-Roger and Bernat Esteban added a correction factor F previously introduced 

by Earnshaw et al., which relates the volume of the real drop  with that of the ideal one 

by considering the dimensionless radius of the capillary: 31,32 

𝑚𝑚 · 𝑔𝑔 = 𝐹𝐹 · 𝛾𝛾 · 2 · 𝜋𝜋 · 𝑟𝑟 

The mathematical approach for factor F was developed by Lee-Chan-Pogaku 33 as: 

𝐹𝐹 = 1 − 0.9121 · �
𝑟𝑟
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where r is the radius of the capillary and V is the volume of the drops weighed. This 

volume was obtained from their weight and the previously measured density, making 

use of a picnometer. 

Taking this law into account, the assay was carried out with a Petri dish inside a balance 

chamber (Mettler Toledo AX205). The Petri dish was covered with parafilm to reduce 

the solvent evaporation and perforated to allow the pass of a glass micropipette. Five 

drops were slowly left on the Petri dish by using a micropipette and weighed. A calliper 

was used to measure the outer diameter of the micropipette used (1.6 mm) since the 

wetted surface includes the entire tip of the capillary. 

 

2.6. BSA loading and release 

The release of bovine serum albumin (BSA; cold ethanol fraction, pH 5.2, ≥96%, 

Sigma-Aldrich) was followed in aqueous medium using phosphate-buffered saline 

(PBS, Sigma Aldrich). For that purpose, analogous series of membranes and films 

loaded with BSA were prepared as previously described from polymer solutions to 

which BSA diluted in PBS was added. So, firstly a 500 mg/mL BSA solution in PBS 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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was prepared and left in the fridge to facilitate the dilution, avoiding the denaturation of 

the protein that stirring would cause. In parallel, the pair of solvents (DCM-DMF or 

chloroform-methanol) were mixed using Span80 surfactant (Sigma-Aldrich), at a final 

concentration of 40% wt with respect to BSA, because some of the solvents to 

electrospin are non-polar. The BSA/PBS solution was added dropwise to the 

solvents/surfactant mixture to finally obtain polymer solutions containing 12% wt of 

BSA with respect to the polymer, stirred for 30 min at 240 rpm, followed by the 

incorporation of the polymer and stirring overnight prior to electrospinning. 

Once the membranes were obtained and detached from the aluminium foil and films 

were demolded from the Petri dishes, 20 mg of each were introduced in vials containing 

2 ml of PBS. At pre-selected time intervals (up to 21 days), 0.5 ml of supernatant were 

withdrawn, replaced by 0.5 ml of new PBS, and stored in the freezer until its analysis. 

In parallel, the assay was followed with membranes and films non-loaded with BSA 

(henceforth blank). 

Ultraviolet radiation spectroscopy was used for the BSA quantification analysis, which 

involves the previous reaction of the supernatant with the BCA reactant according to the 

manufacturer’s (Micro BCA™ Protein Assay Kit. ThermoFisher Scientific) 

instructions. The protocol followed consisted in pouring 10 µL of each supernatant in a 

microtube, to which 200 µL of BCA reactant was added. To improve the reaction the 

microtubes were incubated at 37ºC for 1 h after their stirring during 30 s. Next, the 

microtubes were cooled at room temperature and stirred again for 30 s. Finally, samples 

were poured in a 96 multiwell plate to measure the absorbance at 570 nm in a VICTOR 

1420 ultraviolet radiation spectrophotometer (PerkinElmer). This absorbance is 

proportional to the BSA concentration, being necessary to obtain previously a standard 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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calibration curve using different BSA solutions with known concentrations in PBS (0 to 

1000 µg/mL). 

The real absorbance of samples was obtained by subtracting the absorbance of blanks to 

those of loaded materials. Next, using the standard calibration curve, and making use of 

the supernatant volume and the volume withdrawn each time, the mass of BSA released 

at each time could be obtained and related to the initial mass in the materials, 

considering that the electrospun solution is homogeneous. 

 

2.7. Morphology of the membranes 

The morphology and the presence of defects in the nanostructure of the electrospun 

membranes were assessed in a JSM-5410 scanning electron microscope (SEM; JEOL. 

Ltd., Tokyo, Japan), at 15 kW of acceleration voltage and 9 mm of working distance. 

The samples were sputter-coated with gold under vacuum before observation. 

Analysing the images with the help of the ImageJ software (National Institute of Health, 

Bethesda, Maryland, USA) it was possible to determine the mean diameter of the fibres; 

30 different fibres were measured and measurements were repeated 3 times per fibre, at 

different points. The membranes with fibres diameter below 1 µm are hereafter named 

as U (under-micron fibres) and those with fibres above 1 µm in diameter are named as 

A (above-micron fibres). 

 

2.4. Differential Scanning Calorimetry (DSC) 

Thermal properties of the electrospun membranes and films were characterised using a 

Perkin Elmer DSC800 device. Approximately 4 mg of sample were sealed in aluminium 

pans with hole to permit the release of any gas formed, and their thermal behaviour was 

analysed in a temperature range from -60ºC to 200ºC at a heating rate of 20ºC/min. 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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The crystallinity of PCL and PLA in the samples, 𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃 and 𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃, was calculated from 

the following equations 34: 

𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃(%)= 
∆𝐻𝐻𝑚𝑚

∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∞ ·𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃
·100 

𝑋𝑋𝑃𝑃𝑃𝑃𝑃𝑃(%)=
∆𝐻𝐻𝑚𝑚 − ∆𝐻𝐻𝑐𝑐
∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∞ ·𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃

·100 

where 𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃 and 𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃 are the weight fractions of PCL and PLA (0.5 in the blend, and 1 

for the pure materials), ∆𝐻𝐻𝑚𝑚 is the melting enthalpy of PCL or PLA, ∆𝐻𝐻𝑐𝑐 is the cold 

crystallization enthalpy of PLA, and ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∞  and ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∞  are the melting enthalpies of 

a 100% crystalline material, taken to be 93 J/g for PLA 35 and 139.5 J/g for PCL36. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Analysis of the influence of the main electrospinning parameters and selection of 

the ones leading to U and A membranes of similar fibres diameter  

To firstly analyse the influence of the different parameters on the fibres morphology, a 

set of electrospun membranes were obtained in which all parameters were kept constant, 

except the one under study, which was changed monotonously. The manufactured 

membranes were observed under SEM and the mean diameter and standard deviation 

were calculated as stated before.  

For the three polymers used, the influence of the main electrospinning parameters on the 

morphology of membranes thereof is represented in Figures 1, 2 and 3, and their effect 

on the fibres diameter is shown in Figure 4. 
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Figure 1. Effect of the main solution parameters on the morphology of electrospun PLA membranes: polymer 
concentration (%wt/v), solvents and ratio of solvents (%v/v). 
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Figure 2. Effect of the main solution parameters on the morphology of electrospun PLA-PCL membranes: polymer 
concentration (%wt/v), solvents and ratio of solvents (%v/v). 
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Figure 3. Effect of the main solution parameters on the morphology of electrospun PCL membranes: polymer 
concentration (%wt/v), solvents and ratio of solvents (%v/v). 
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Figure 4. Effect of the main electrospinning parameters on fibres diameter: polymer concentration in the solvents 
mixture (%wt/v), chloroform-methanol solvents ratio (%v/v), flow rate (ml/h), voltage (kW) and distance to collector 

(cm). 

Figures 1, 2 and 3 show that the solvent plays an important role in order to determine 

the rest of electrospinning parameters, mainly the polymer concentration. The DCM-

DMF mixture demands a higher polymer concentration than chloroform-methanol. 

Moreover, the range of polymer concentrations varies depending on the polymer, being 

it higher for PCL because this polymer is less polar than PLA. The viscosity of the 

solution is related with the polarity of polymer, and the higher the viscosity the lower 

the number of defects in the electrospun membrane. Thus, PCL has a lower viscosity 

due to its lower polarity resulting in a better solubility in the solvents used when the 

non-polar solvent (be it DCM or chloroform) is predominant.  

For a polymer concentration of 8%wt/v it is possible to obtain electrospun membranes 

without defects using PLA and PLA/PCL in chloroform-methanol, but when using PCL 

a greater concentration, of 10% wt/v, is needed. In DCM-DMF, PCL and PLA/PCL 

concentrations are to be higher than 15% wt/v and 10% wt/v, respectively.  

For all polymers, the fibres diameter slightly increases with the increase of the polymer 

concentration in the solvent mixture. This is in agreement with the observations by  

Huang et al. 37 According to these authors, since nanofibres result from evaporation of 

polymer fluid jets, the fibres diameters depend primarily on the jet size as well as on the 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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polymer content in the jet. During the travelling of a solution jet from the syringe to the 

metal collector, the primary jet may or may not split into multiple jets, resulting in 

different fibres diameters. As long as no splitting is involved, one of the most 

significant parameters influencing the fibres diameter is the solution viscosity. A higher 

viscosity results in a larger fibre diameter. When a solid polymer is dissolved in a 

solvent, the solution viscosity is directly proportional to its concentration. According to 

this, the higher the polymer concentration, the larger the resulting nanofibres diameters 

will be.  

Attending to the solvent ratio, the fibre diameter increases when the content of non-

polar solvent (be it chloroform or DCM) increases in the solvent mixture. The effect of 

the solvent ratio on the diameter can be explained in terms of their dielectric constants 

38. Those of chloroform and DCM are 4.8 and 9.1, respectively, whereas those of 

methanol and DMF are 32.6 and 36.7, respectively, 39 and the thicker fibres appear 

when the solvent binary mixture is rich in a solvent with low dielectric constant. Indeed, 

solutions richer in solvents with low dielectric constant are expected to have lower 

conductivity, resulting in a lesser stretching of the jet. Additionally, the enrichment of 

the mixture in a non-polar solvent implies an increment of viscosity due to the lower 

solubility of the polymer. 

The effect of these electrospinning parameters on the fibres diameter is clearly shown in 

Figure 4. For PCL, using chloroform-methanol as solvents, it is possible to obtain fibres 

with under-micron diameter until 15% wt/v of polymer concentration with a low 

content in chloroform (66:33 %v/v). However, to obtain fibres with above-micron 

diameter with 15% wt/v of PCL the content of chloroform should be increased, indeed 

the 75:25 %v/v ratio results in fibres diameters above two microns. That is, these 

parameters have to be changed in order to tailor the solution to the required fibres 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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diameter. Figure 4 also shows the influence of the main electrospinning process 

parameters (flow rate, voltage and distance to collector) on fibres diameter. Only 

increasing the flow rate, the diameter increases, although with a weak effect. For this 

reason, the modification of this parameter is the final step to adjust the fibre diameter to 

the targeted specifications. Flow rates of 2 – 3 ml/h yield above-micron diameters, so to 

reduce the diameter below the micron other parameters have rather to be modified. A 

low flow rate is in general more recommended as the polymer solution gets enough time 

for polarization. 40 Conversely, if the flow rate is too high, beads and thicker fibres form 

owing to the short drying time before reaching the collector and subsequent low 

stretching forces. 

Another key parameter is voltage, which allows reducing significantly the fibres 

diameter by increasing it. The formation of smaller-diameter nanofibres in response to 

an increase in the applied voltage is attributed to the stretching of the polymer solution 

in correlation with the charge repulsion within the polymer jet. 41 For 15%wt/v PLA (in 

66:33 %v/v chloroform-methanol) electrospun membranes the lowest diameter obtained 

is 1.3 µm for 25 kV, growing up to 1.8 µm for 20 kV, so electrospun membranes with 

under-micron fibres can be rather achieved by varying other parameters. 

The distance to collector is indirectly correlated with the fibres diameter, since it 

influences both the shape and intensity of the electric field and the total flight time 

available to the electrospinning jet. A reduction of the electrode distance can result in 

the suppression of the later stages of fibre elongation and solvent evaporation. Generally 

this leads to increased fibre diameter and adhesion both to other fibres and the collector, 

due to incomplete solvent evaporation. 42 The influence of this parameter is almost 

negligible herein: increasing 7 cm de distance to the collector the diameter is reduced 

only about 0.1 µm. For this reason, it is possible to work in a range of 13 to 20 cm to 

https://doi.org/10.1016/j.eurpolymj.2017.12.045
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collector obtaining electrospun membranes with above-micron diameters in all cases. It 

would be necessary to change other parameters to fabricate membranes with under-

micron diameters. 

Due to the fact that the solvent ratio and voltage do significantly modify the diameters, 

they were varied in a first approach. When the diameter of electrospun membranes were 

near to the established fibre diameter, the polymer concentration, flow rate and distance 

to the collector were finely tailored. The selected parameters of electrospinning to get 

above- and under-micron fibres without defects are included in Table 1. 

 

Table 1. Optimal electrospinning parameters (polymer concentration (%wt/v), solvents and their ratio (%v), flow 
rate, distance to collector and voltage) to obtain membranes having 0.8 and 1.8 µm fibres diameters. 

Membranes U (ϕ = 0.8 µm) Membranes A (ϕ = 1.8 µm) 

PLA 8% chloroform-methanol (66:33) 

2 ml/h 

13 cm 

25 kV 

PLA 15% chloroform-methanol (66:33) 

2 ml/h 

13 cm 

20 kV 

PLAPCL 12% DCM-DMF (75:25) 

2 ml/h 

15 cm 

25 kV 

PLAPCL 20% DCM-DMF (75:25) 

2 ml/h 

15 cm 

20 kV 

PCL 10% chloroform-methanol (70:30) 

2 ml/h 

13 cm 

25 kV 

PCL 15% chloroform-methanol (66:33) 

2 ml/h 

13 cm 

25 kV 
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Figure 5 shows SEM images of these electrospun membranes and the histograms of 

fibres diameters after their analyses using the ImageJ software. Membranes having two 

different fibre diameters (0.8 and 1.8 µm) were successfully fabricated by modifying the 

main electrospinning parameters. Moreover, no defects in membranes, such as drops, 

are observed. 

 
Figure 5. Histograms of fibres diameters (number of fibres vs. fibre diameter in µm) and SEM images of the non-

loaded electrospun membranes U (under-micron fibres), on the left, and A (above-micron), on the right. Scale bar: 60 
µm in all images. 

 

3.2. Characterisation of the polymer solutions 

The rheograms of the polymer solutions leading to membranes with 0.8 µm and 1.8 µm 

in diameter (those of Table 1) were obtained (curves not shown). They showed that 

polymer solutions are no-newtonian fluids because the viscosity decreases with the 

shear rate. 43 From these data, the viscosity of each mixture was determined at a shear 

rate of 710 s-1, and the results are shown in Table 2. 
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Table 2. Viscosity (Pa·s) of the polymer solutions in Table 1 at a shear rate of 710 s-1. 

 U membranes  A membranes 
PLA 0.373 ± 0.012 1.175 ± 0.024 

PLA/PCL 0.227 ± 0.034 1.037 ± 0.069 
PCL 0.410 ± 0.013 1.045 ± 0.025 

 

A high viscosity (around 1 Pa·s) of the polymer solutions implies thicker diameters (1.8 

µm) of the fibres in their electrospun membranes. The increased viscosity of the more 

concentrated solutions creates higher viscoelastic forces that resist the axial stretching 

during whipping, resulting in larger fibre diameters, as described in. 44 

To assess the influence of the chemical nature of the polymer, solutions of PLA and 

PCL leading to membranes A were considered, since the polymer concentration, the 

solvents and the ratio between solvents are the same in both. In this way, we can say 

that PLA increases slightly the viscosity of the mixture with respect to PCL. This can be 

attributed to the fact that PLA, having a lower CHx/COOH ratio than PCL, has a worse 

affinity for a solvents mixture concentrated in an apolar solvent (chloroform) with a 

polar one (methanol). Besides, the polymer concentration plays a main role in the 

viscosity of the polymeric solution, as expected. In fact, an increment of PLA 

concentration in 87.5% entailed an increment of 215% in the viscosity of its solution. 

Finally, the use of DCM-DMF as solvents allows increasing the polymer concentration 

without any influence in the viscosity of polymeric solution, probably for the polar but 

aprotic nature of DMF. 

Figure 6 displays the surface tension of the polymer solutions chosen to get the U and A 

membranes, previously listed in Table 1. As expected, a higher surface tension of 

polymer solutions yields membranes with greater fibres diameters. This is caused by the 
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difficulty to eject the polymeric solution since the applied voltage must exceed the 

surface tension. 45 

 

Figure 6. Surface tension (mN/m) obtained by applying Tate’s Law, of polymer solutions prepared to electrospin U 
and A membranes. 

 

The polymer concentration is decisive in the value of the surface tension, so that to 

obtain membranes with high fibre diameters (high surface tension), the polymer 

concentration must be increased. However, the significance of the polymer 

concentration on the surface tension of the solution depends on the polymer used. As an 

example, an increment of 87.5% in PLA concentration involves an increment of 51.3% 

on the surface tension, whereas when modifying the solvent ratio, an increment of 47% 

on the surface tension was achieved by increasing by 50% the polymer concentration (in 

case of PCL). Hence, varying the solvent ratio it is possible to reduce the polymer 

concentration required to obtain certain fibre diameters. 

Finally, when DCM-DMF are used as solvents, solutions with higher surface tension are 

needed to get fibres with the same diameter. 
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3.3. BSA release from membranes with tailored fibres diameter 

To explore whether differences in fibres diameter around one micron could raise 

different strategies in terms of drug release, firstly the chosen electrospinning 

parameters were redefined in order to allow the incorporation of BSA whilst keeping 

the mean fibres diameter. However, the loading of BSA was not a trivial matter, since it 

is not soluble in the organic solvents used to dissolve the polymers. Thus, a surfactant 

was required and its concentration, as well as the procedure to obtain the solution, had 

to be set. It was found that i) Span80 worked well as surfactant in these mixtures 

whereas Tween80 did not, ii) a minimum concentration of 40% wt with respect to BSA 

was required, and iii) it had to be incorporated to the polymer solution before adding the 

BSA aqueous solution and not afterwards. Indeed, compared to Tween80, Span80 has a 

more lipophilic character: according to 46, the hydrophile-lipophile balance (HLB 

number) of Span80 is 4.3, whereas that of Tween80 is 15 and thus does not emulsify 

these mixtures. In 47, the authors investigated the release behavior of BSA encapsulated 

in emulsion electrospun poly(L-lactide-co-caprolactone) fibers, using chloroform, and 

did successfully use Span80 as well.  

The membranes loaded with BSA (Figure 7) show and identical appearance to those of 

non-loaded membranes. However, it was necessary to modify the flow rate of the BSA-

loaded PCL solution to obtain its U membranes, from 2 to 4 ml/h; otherwise the fibre 

diameter dropped to 0.42±0.08 µm. 
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Figure 7. SEM images showing the morphology of BSA-loaded U and A electrospun membranes. Scale bar: 60 µm. 

 

Once the electrospinning parameters had been redefined to obtain the specific fibre 

diameters, the membranes were immersed in PBS to follow the release of BSA. The 

release of BSA was in parallel followed from films of the polymers. Figure 8 shows the 

mass fraction of BSA released at different time points throughout the experiment.  
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Figure 8. Evolution of the release of BSA with time, expressed in terms of mass fraction with respect to the mass 
initially incorporated, through loaded membranes and films. 

 

On the one hand, the release of BSA occurs at a greater extent at short times, below 5 

days. On the other hand, in electrospun PLA the diameter of fibres affects the release 

only at short times, from PCL the highest release of BSA occurs from smaller fibre 

diameters, but PLA/PCL shows the opposite behaviour: the lowest release of BSA 

occurs from smaller fibre diameters. 

The percentage of cumulative BSA released after 21 days is gathered in Table 3.  

 

Table 3. Cumulative BSA released (% on the basis of the loaded BSA) from membranes after 21 days. 

 Membranes U Membranes A Films 
PLA 33.5% 39.7% 31.5% 

PLA/PCL 9.3% 87.9% 83.1% 
PCL 73.5% 37.2% 36.7% 

 

The greatest release was obtained from electrospun A PLA/PCL membranes and films. 

The deviation of U membranes with respect to this behaviour can be attributed to the 

difficulty to maintain the stability of the latter emulsion. The different release behaviour 
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of pure polymers can be explained in terms of the solvents used. DCM-DMF have 

distant boiling points, 40 and 153ºC, respectively, 39 leading to phase separation and 

resulting in the fabrication of highly porous electrospun nanofibres, 41 which facilitate 

the release of BSA. 

Only from PCL membranes a higher release rate was observed from smaller-sized 

fibres, as expected given its higher surface/volume ratio, which facilitated the release of 

BSA as PCL is surface hydrolysed. 

Figure 9 shows the calorimetric curves for PCL, PLA and the PLA/PCL mixture, the 

last showing the two melting peaks at approximately 60ºC and 150ºC, corresponding to 

PCL and PLA, respectively. Those of PLA membranes show a crystallization peak at 

90-100ºC (framed area) probably due to chain orientations. 48 

 

 

Figure 9. Calorimetric curves for (a) U- and (b) A-membranes. 

 

In terms of crystallinity, PCL membranes have higher crystallinity (54.6% for U-

membranes and 53.0% for A- ones) than PLA (17.8% for U-membranes and 14.2% for 

A- ones). A small increment in the fibre diameter seems to deliver slightly less 

crystalline membranes. In the PLA/PCL blend, the crystallinity becomes 28.3% for its 

PLA chains and 46.8% for PCL ones, averaged 37.6% in case of U-membranes, and 
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20.5% for PLA and 73.2% for PCL in A-membranes, averaged 46.9%. These values are 

between those obtained for PCL and PLA. The crystallinity of the blends does not seem 

to explain the behaviour observed in terms of BSA release, which, as stated before, 

rather responds to the variable porosity of their membranes. 

 

4. CONCLUSIONS 

PLA, PCL and PLA/PCL electrospun membranes were successfully obtained, with sub- 

and above- micron diameters, varying the main electrospinning parameters. After 

analysing these variables it can be stated that the solvent ratio (chloroform:methanol or 

DCM:DMF) and voltage have both a great influence on the fibres diameters, so to tailor 

membranes with specific diameters they should be the foremost to scan.   

Increasing the polymers concentration in a chloroform/methanol binary mixture allows 

increasing the viscosity and surface tension of the mixture and thus the diameter of its 

electrospun fibres. Swapping to DCM/DMF enables to concentrate the solution more 

without significantly changing its viscosity.  

With regard to the application of these membranes to release a molecule of interest, the 

stability of the emulsion to electrospin is the main aspect to consider. In particular, 

PLA/PCL membranes with above-micron fibres were found to be the most effective 

configuration to release BSA. 
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