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A B S T R A C T   

Electrospun nanofibrous membranes have attracted the interest of the scientific community over the past decades 
due to their unique properties (e.g., high surface area, enzyme encapsulation high efficiency in filtering). Among 
the most promising membranes are those derived from natural polymers, which are not based on fossil fuels and 
most of them are highly biocompatible. In this regard, this study is focused on the development and charac-
terization of electrospun nanofibrous membranes of bovine serum albumin (BSA) with potential applications in 
several fields, from tissue engineering to advanced filtering. Although the globular structure of BSA hinders the 
generation of nanofibers, some previous studies have succeeded in its electrospinning. However, they made use 
of either toxic reagents or co-electrospinning with synthetic polymers, which resulted in poorer biocompatibility. 
To prevent this, the present study explores the impact of non-hazardous reagents on the formation of BSA 
nanofibers. As a result, it was observed that the addition of ethanol (EtOH) in the solvent mixture and the 
thermal denaturation of BSA favored the electrospraying of nanoparticles (~ 300 nm). It was also noticed that 
the presence of hydroxypropyl methylcellulose (HPMC) favors the formation of nanofibers (~ 60 nm). However, 
bead formation was found in these membranes. This work contributes to clarifying the influence of solvents and 
surfactants when proteins are electrospun, enabling the manufacture of bio-based nanofibrous mats with ap-
plications in different fields (e.g., filtering, biomaterials, active packaging).   

1. Introduction 

The scientific community have shown a growing interest in the 
development and use of polymer-based nanofibers [1]. Nanofibers are 
ultra-fine solid fibers exhibiting extraordinary properties due to their 
very small diameters (which typically range from a few nanometers to 5 
µm [2]. Thus, their large surface area per unit mass and small pore size 
generate a wide range of applications in several fields, such as tissue 
engineering, filter production, biosensors development, optoelectronic 
devices and even in catalysis [3–7]. Nanofibers can be made of synthetic 
or natural polymers and there are diverse ways of developing them 
[8–10]. Among the most widespread methods, electrospinning, chemi-
cal vapor deposition and the template method are among the most used 
[11]. Indeed, electrospinning is considered the most promising method 
since it offers several advantages, such as easy installation, versatility, 
efficiency and cost-effectiveness [12,13]. 

Electrospinning is affected by a broad range of factors, including 
experimental (voltage, distance needle-collector, type of collector), 
environmental (humidity and temperature) and solution conditions 

(viscosity, pH, conductivity, surface tension) [14,15]. Among them, 
viscosity and surface tension are key parameters in the process [16]. 
Viscosity increases with polymer concentration and with its molecular 
weight. It also keeps a close relationship with the molecular structure, 
being enhanced by the formation of long chains that are stacked with 
high degrees of crystallinity, forming entanglements [17]. High viscosity 
values could lead to the formation of helix-shaped fibers and may even 
fail to flow through the needle [18]. When the surface tension is 
excessively high, spheroids might appear on the fibers [19,20]. Besides, 
low viscosities or high surface tensions may result in the formation of 
beads in the nanofibers or even in the formation of nano or micropar-
ticles instead of nanofibers. In such a case, it would no longer make sense 
to talk about electrospinning when referring to this technique. Instead, 
nanoparticles electrospraying would take place [21]. 

In this balance between the different factors involved in the process, 
the solvent exerts a crucial role [22]. The solvent must be volatile 
enough whereby it evaporates during the process and must be able to 
properly dissolve the polymer [23]. Solubility is strongly dependent on 
the physical interactions between the polymer molecules and the 
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solvent. It will increase as the solvent ability to generate electrostatic 
interactions via hydrogen bonding, polar forces or London dispersion 
forces with the polymer increase [24,25]. In systems based on natural 
polymers, the choice of solvent and the addition of reagents which may 
affect the above-mentioned properties may play an active role in the 
polymer solubility and in achieving suitable properties for electro-
spinning [26]. Some solvents, such as ethanol and certain acids, are also 
considered to be denaturing agents [27,28]. The structural changes 
caused by the solvent would help to solubilize the polymer and, in some 
cases, may increase the interactions between polymer chains, leading to 
an increase in viscosity [29]. These changes could also be enhanced by 
changes in pH value, thermal denaturation, conductivity alterations or 
the addition of denaturing agents [30]. 

Synthetic polymers are cost-effective and provide great versatility in 
terms of mechanical and optical properties, biodegradability, etc of the 
final mats produced [31]. However, they are sourced directly or indi-
rectly from fossil fuels. In recent years, due to society’s growing 
awareness of the use of such raw materials, several attempts have been 
made to replicate this technique using polymers derived either from 
recycled synthetic polymers [32,33] or from natural sources such as 
bacterial cultures or crustacean shells (i.e., biopolymers) [8,34,35]. 
Some carbohydrates have been reported to be suitable for electro-
spinning processing, as is the case of chitosan and cellulose acetate [36, 
37]. However, these biopolymers have limited solubility. An alternative 
is carboxymethyl cellulose, which is a biocompatible derivative of cel-
lulose, soluble in a wide variety of pH values [38]. The electro-
spinnability of globular proteins is limited. However, the morphology 
and the mechanical properties of the mats produced can be modulated 
by modifying the tertiary structure of proteins (i.e., protein conforma-
tion, protein aggregation, and consequently the inter/intramolecular 
bonds) [39]. Moreover, the protein threshold concentration (related in 
many cases to solution viscosity) is related to the molecular weight of 
proteins, where the formation of disulfide bonds must be considered 
[40]. Mendes et al. [41] indicated that proteins must be at least partially 
unfolded when they are electrospun. The solvent, heat, or additives can 
lead to these changes in protein conformation. 

Biopolymers usually have advantageous properties when used in 
health and food applications, since they often exhibit antibacterial 
properties and are generally biocompatible and biodegradable [42,43]. 
Although a wide variety of synthetic polymers have been successfully 
electrospun to date, only a few authors have published papers con-
cerning the electrospinning of globular proteins [39,41,44]. 

The aim of this work has been the development and characterization 
of Bovine Serum Albumin (BSA)-based nanofibrous membranes pro-
cessed by electrospinning. To this end, different ratios H2O:EtOH (100:0, 
80:20 and 70:30) were evaluated at the same time as some additives 
with effect on protein morphology (β-mercaptoethanol, ethanol, SDS 
and Tween-20) [45–48]. Interfacial tension, conductivity, and viscosity 
measurements were carried out to analyze the effect of the solution 
parameters on the final mats, whereas the mats were evaluated by SEM 
microscopy. Thus, this work is focused on the effect of the properties of 
the precursor solution over the final features of the resulting membranes 
and the effect of the addition of surfactants and other substances over 
the whole process. 

2. Materials and methods 

2.1. Materials 

Bovine Serum Albumin (BSA), Hydrochloric acid (HCl), Sodium 
Hydroxide (NaOH) and Sodium Chloride (NaCl) were purchased from 
Panreac AppliChem (Barcelona, Spain), whereas Sodium Azide (NaN3), 
Sodium Dodecyl Sulfate (SDS), β-Mercaptoethanol (β-ME), Hydrox-
ypropyl Methylcellulose (HPMC) were purchased from Sigma & Aldrich 
(Saint Louis, USA). 

2.2. Methods 

2.2.1. Preparation and electrospinning of solutions 
Different series of samples were prepared at pH 7.0 by the addition of 

NaOH and HCl. These values were controlled by using a MicropH 2001 
(Crison Instruments, Barcelona, Spain). The following additives were 
studied: (i) the effect of SDS (0.1 wt%, 1 wt%) and β-ME (0.5 M) was 
evaluated for 10 wt% BSA aqueous dispersions; (ii) the effect of EtOH 
(H2O:EtOH 80:20, 70:30) was evaluated for systems containing 10 wt% 
BSA. (iii) the effect of HPMC (1.5, 2, 2.5, 3 and 3.5 wt%) was studied for 
10 wt% BSA in EtOH:H2O (20:80). Moreover, different reagents (SDS 
0.1 wt%, Tween-20 0.006 mM, NaCl 10-3 M) were added to these sam-
ples. The solubility of BSA decreased when ethanol was added, conse-
quently, 20 and 30 wt% EtOH was evaluated (ratios 80:20 and 70:30, 
respectively). The NaCl concentration was set to raise the conductivity 
by an order of magnitude [49,50]. SDS and Tween-20 (ionic and 
non-ionic surfactants, respectively) were added to reduce the surface 
tension of the BSA solutions. The lower SDS concentration was selected 
since it seemed to facilitate BSA electrospinning instead of promoting 
protein denaturation [51,52]. Moreover, the Tween-20 concentration 
(0.006 mM) was selected because it facilitates HPMC electrospinning 
[53]. 

The solutions prepared were processed in a Fluidnatek LE-50 (Bio-
inicia, Valencia, Spain). The solutions were pumped through a 0.5 mm 
diameter needle at a constant flow rate of 0.4 mL/h. The needle was 
placed 13.5 cm from the collector and the voltage was settled at 16–30 
kV. Samples were processed at 25 ◦C and 30% humidity. 

2.2.2. Physicochemical characterization of biopolymer solutions 
Surface tension was determined with a Sigma 701 Tensiometer and 

conductivity using a Crison EC-Meter Basic 30 + (Crison Instruments, 
Barcelona, Spain), while density was obtained using a Crison EC-Meter 
Basic 30 + (Crison Instruments, Barcelona, Spain). 

The viscosity of aqueous solutions was determined using an Ubbe-
lohde viscometer at low viscosity solutions (< 1⋅10-3 Pa⋅s). Higher vis-
cosities of aqueous solutions were characterized using the AR-2000 
rheometer (TA-Instruments, Massachusetts, USA). The gelation of BSA 
solutions was assessed by the evolution of viscoelastic moduli (G’ and 
G’’) as a function of time, at a heating rate of 5 ◦C/min. The solvent 
tramp accessory was used to avoid solvent evaporation during heating. 
Steady-state flow curves (from 0.1 to 100 s-1) were performed to systems 
containing HPMC. All rheological measurements were performed within 
the linear viscoelastic range, the tool used was serrated parallel plates 
(60 mm) at 1 mm gap. 

2.2.3. Scanning electron microscopy (SEM) 
Micrographs of the fibrous mats were obtained by using the Zeiss 

EVO LS15 electron microscope (Jena, Germany). The samples were 
sputtered with an Au-Pd coating in a vacuum chamber at 9⋅10-3 bar to 
achieve a layer thickness of about 12 nm. Once coated, samples were 
placed in the holder of the microscope. Images were obtained from 2 to 
5 mm working distance from the detector. The acceleration voltage 
selected was 10 kV. The nanofiber diameter was studied using the 
ImageJ software (Bethesda, USA). 

2.2.4. Mechanical characterization 
The mechanical spectrum of the membrane obtained at 10 wt% BSA 

and 3 wt% HPMC was obtained by frequency sweep test (from 0.01 and 
10 Hz). The frequency sweep tests were performed in tension mode 
within the linear viscoelastic (LVE) range, which was determined by an 
amplitude sweep test performed at 1 Hz. Stress-strain curves were ob-
tained by continuous deformation tests at constant deformation rate (1 
mm/min). These measurements were performed using rectangular 
probes (10x30mm) at room temperature by a DMA850 (TA instruments, 
MA, USA). 
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2.3. Statistical analyses 

At least three replicates of each measurement were carried out. 
Statistical analyses were performed using one-way analysis of variance 
(ANOVA) test (ρ < 0.05). These tests were performed using the Microsoft 
Excel software (Raymond, USA). Standard deviations (SD) from some 
selected parameters were calculated. 

3. Results and discussion 

3.1. Effects of denaturing agents 

Table 1 shows the values for surface tension, conductivity, density 
and dynamic viscosity for the solutions containing 10 wt% BSA and 
additives (β-ME and SDS). The effect of BSA concentration was also 
evaluated (results not shown), however lower BSA concentrations (5 wt 
%) did not perform properly in the electrospinning processing, whereas 
higher BSA concentrations (12 wt%) led to solubility problems. The 
β-ME and SDS additives were used since they were previously related to 
protein denaturation by a different mechanism. β-ME is able to reduce 
disulfide bonds, whereas SDS disrupts electrostatic interactions of pro-
teins [54,55]. 

Table 1 indicates that the surface tension of the solutions decreases 
with the SDS. This result can be expected since SDS has an amphiphilic 
character, at the same time as SDS is above the critical micelle con-
centration [56]. Small concentrations of SDS in protein/SDS mixtures 
have been reported to increase protein stability in water. Moreover, 
when SDS concentration becomes sufficiently large, these interactions 
become stronger and lead to protein unfolding [57]. The protein 
conformation changes are confirmed by the changes in surface tension 
observed in Table 1. Solution conductivity increased when SDS was 
added, which can be expected since SDS is an ionic surfactant, whereas 
density values increased with solute concentration, however, no 
remarkable changes were observed. 

Previous research works reported the formation of nanofibrous mats 
at surface tension values ranging from 55 mN/m to 30 mN/m [19,52,58, 
59], being all the solutions prepared within this range. The conductivity 
results did not follow any trend due to the addition of different amounts 
of HCl and NaOH to set the pH value at 7.0. According to some authors 
[53,58,60], there is an optimal range of conductivities for the electro-
spinning of solutions. This range would roughly span from 5 μS/cm to 
2000 μS/cm, leaving some of the solutions analyzed in this work above 
this range. β-ME and SDS influenced the solution conductivity. The ef-
fect of SDS could be attributed to its ionic character, the increase in 
conductivity found after the β-ME addition must be attributed to 
conformational changes in the BSA protein. The dynamic viscosity of the 

solutions is also key for the performance of biopolymers solutions by 
electrospinning processing. The dynamic viscosity of 10 wt% BSA so-
lution was 1.907 ± 0.007 mPa⋅s, which was significantly lower than the 
suitable range experimentally determined (from 0.1 to 50 Pa⋅s) [61–63]. 
This low viscosity value would be caused by the fact that the BSA 
molecules do not interact with each other through entanglements due to 
their globular structure and, so that, the viscosity of the solution is 
mainly driven by the viscosity of the solvent, water. 

Supplementary Fig. 1 shows the micrographs obtained for these 
systems reported in Table 1. All the micrographs have a magnification of 
10,000 X, except for Fig. 1A and 1D, which were taken at 50 X. No 
nanofibrous mats were obtained. Instead, some spherical and spheroidal 
particles were developed for protein-based mats processed by electro-
spinning in presence of additives (β-ME 0.5 M; SDS 0.1 wt%; SDS 1 wt%; 
SDS 1 wt%, β-ME 0.5 M, Figs. 1B, 1C, 1E and 1F), whereas the formation 
of a membrane with no network-like structure took place (Fig. 1A, no 
additives; and 1D, SDS 0.1 wt%, β-ME 0.5 M). The pore diameter of these 
membranes was 100 ± 40 µm (Supplementary Fig. 1 A) and 60 ± 30 µm 
(Supplementary Fig. 1D). It seems that there is not a clear correlation 
between the observed. 

microstructures and the concentrations of and β-ME. The solutions 
electrospun in this series of tests did not result in the formation of 
nanofibers. These results may be mainly due to the low viscosity of these 
dissolutions. Viscosity is one of the most dominating parameters in 
electrospinning [19]. So that, low viscosity values result in jet breakage, 
which would disaggregate into particles of different sizes [17]. Thus, 
these reagents would not enhance the electrospinning of nanofibers 
under the processing conditions followed. 

3.2. Effect of EtOH in solvent 

Table 2 shows the physicochemical properties (surface tension, 
conductivity, density and dynamic viscosity) obtained for BSA-based 
solutions dissolved in EtOH:H2O (80:20 or 70:30) with or without ad-
ditives (SDS and/or β-ME). The results reported for the effect of solvent 
(except for viscosity) are within the range for electrospinning given by 
the literature [17,53,58,60–64]. Although viscosity of the dissolutions in 
Table 2 increases with BSA concentration, this dependence is weak and 
the viscosity remains two orders of magnitude below the minimum re-
ported in the literature. 

To achieve the required viscosities, the impact of thermal denatur-
ation of BSA on nanofiber formation was also explored. Firstly, a tem-
perature ramp was performed to determine the impact that the presence 
of ethanol has on the possible denaturation. Fig. 1 shows the evolution 

Table 1 
Properties (surface tension, conductivity, density and dynamic viscosity) of the 
solutions containing 10 wt% BSA and different amounts of β-Me and SDS.  

Sample Additive Surface tension 
(mN/m) 

Conductivity (µS/ 
cm) 

Density (kg/ 
m3) 

10% 
BSA 

No additive 50 ± 1 1080 ± 180 1018.9 ±
1.3 

0.5 M β-ME – 1830 ± 130 1019.3 ±
1.1 

0.1 wt% 
SDS 

46 ± 1 2210 ± 150 1021.0 ±
0.4 

0.1 wt% 
SDS 
+ 0.5 M 
β-ME 

– 2410 ± 120 1022.1 ±
0.9 

1 wt% SDS 41 ± 1 2530 ± 110 1024.6 ±
1.2 

1 wt% SDS 
+ 0.5 M 
β-ME 

– 2750 ± 150 1024.8 ±
0.6  Fig. 1. Dependence of viscoelastic moduli with temperature for samples with 

different H2O:EtOH ratios: 80:20, 83:17, 86:14 and 89:11. 
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viscoelastic moduli (G’ and G’’) with temperature. 
Samples containing 10 wt% BSA were prepared in systems with 

different ratios of H2O:EtOH (80:20, 83:17, 86:14 and 89:11). As a 
consequence of the heat treatment, the elastic modulus (G’) undergoes a 
strong increase at around 60 ◦C. A significant increase in G’ would be 
associated with the denaturation and crosslinking of BSA, enhancing its 
elastic behavior (which is known as BSA gelation). This effect is 
enhanced for higher ethanol concentrations. These results are in line 
with the available information in the literature, which discusses the 
denaturation of BSA due to temperature [65] and how ethanol favors its 
gelation [66]. The loss modulus (G"), which on the other hand is related 
to the viscous component in viscoelastic systems, remains constant. 
Moreover, although η * may not match with the dynamic viscosity of the 
systems, there is a proportional correlation between these two values 
[67]. Thus, it is possible to calculate the complex viscosity (η*) from 
their moduli G’ and G", and so that the system with the highest moduli 
will be the one with the highest η*. Finally, the solution with BSA 10 wt 
% of and H2O:EtOH (80:20), previously heated up to 60 ◦C, was elec-
trospun as well as the rest of the samples commented in Table 2. 

Supplementary Fig. 2 shows the micrographs obtained from the 
electrospinning of the systems containing EtOH, additives, and heated 
(60 ◦C). Regarding the Supplementary Fig. 2A-D, it seems that the 
denaturation of BSA induced by the presence of EtOH favors the elec-
trosprying of nanoparticles rather than the formation of nanofibers. 
Nanoparticles obtained from the different tests ranged from 100 nm to 
900 nm in diameter, and there were no major differences between 
samples. Given what is observed in Supplementary Fig. 2E, it also seems 
that viscosity is not the only impediment to the formation of nanofibers. 
The sample heated at 60 ◦C does not seem to reach a different micro-
structure from the rest of the samples despite a significant viscosity 
improvement. This might occur due to the formation of crosslinks upon 
thermal denaturation. These chemical bonds rigidize the structure of the 
polymeric network and would obstruct the movement between the 
chains, hindering the formation of nanofibers. 

3.3. Effects of HPMC in the solvent system 

BSA solutions were electrospun with HPMC to increase their vis-
cosity. However, HPMC has been reported to interact with proteins, 
which can affect their functionality [68,69]. Moreover, HPMC is a 
polysaccharide derived from methylcellulose, which has been reported 
to favor the electrospinnability of protein solutions [38,53]. Thus, this 
polysaccharide would favor the presence of entanglements, which in-
crease the viscosity of the solution. Its short lifetime. 

allows movement between the polymeric chains, which could 
enhance the formation of nanofibers [20]. Thus, the network formed by 
the polymer chains could serve as structural support for BSA in the 
formation of nanofibers. 

Table 3 lists the results of conductivity and density for solutions 
containing 10 wt% BSA and different amounts of HPMC (1.5, 2, 2.5, 3 

and 3.5 wt%) and additives (Tween-20, SDS, NaCl). 
Table 3 indicates that the concentration of HPMC does not have a 

significant effect on the conductivity of the samples, which can be 
attributed to the electrically neutral character of HPMC. Similarly, the 
addition of Tween-20 (non-ionic surfactant) does not affect the con-
ductivity. However, SDS and NaCl increase the conductivity by an order 
of magnitude, as they introduce charges into the medium. 

Supplementary Fig. 3 shows the flow curves for H2O:EtOH solutions 
(80:20) containing 10 wt% BSA and HPMC. The flow behavior of the 
BSA-based solutions is typical of pseudoplastic materials, in which vis-
cosity decreases with shear rate [70]. Moreover, the viscosity profile in 
that figure describes a plateau region at low shear rates (which is more 
evident at lower HPMC content), while at higher shear rates the viscosity 
decreases more rapidly (indicating stronger shear thinning behavior). 
The higher viscosity observed as the concentration of HPMC increases 
can be related to the fact that the HPMC provides a higher degree of 
entanglement, which makes fluid movement more difficult when the 
solution is under shear stresses [71]. The presence of BSA causes a slight 
drop in viscosity. As previously mentioned, the protein could be altering 
the network formed by the HPMC chains. Thus, the rheological response 
of these solutions is dominated by the HPMC, playing the BSA a mar-
ginal role in the bulk rheology of the solutions electrospun. 

The effect exerted by the presence of two different surfactants on the 
viscosity of the system was also studied. As a result, it was obtained that 
the viscosity of the systems was slightly reduced after the addition of 
Tween-20, while this reduction became more sensitive in the presence of 
SDS. Unlike Tween-20, SDS is an ionic surfactant, which introduces new 
charges into the system. These charges could bind to BSA, or give rise to 
electrostatic repulsions, altering the net charge of the protein and thus 
causing more severe network disruption. This alteration would cause a 
drop in viscosity and elastic modulus of the solutions. 

Note that the working conditions of the electrospinning experimental 
set-up would lead to a shear rate of c.a. 10 s-1 when the solution is 
flowing through the electrospinning needle. Attending to the results 
shown in Table 3, all the systems studied would be within the optimal 
range of viscosities for electrospinning (0.1–50 Pa-s [61–63]). However, 
it was impossible to electrospun the system with 3.5 wt% HPMC, as it 
did not flow through the needle. 

The curves in Supplementary Fig. 3 fit the Williamson model for 
shear thinning behavior, in which viscosity depends on shear rate as 
shown in Eq. 1: 

η =
η0

1 + (k⋅γ̇)n (1)  

where η (Pa⋅s) is the viscosity of the system at a given shear rate, η0 
(Pa⋅s) is the zero-shear rate viscosity, k (s) is the consistency, γ̇ (s-1) is the 
given shear rate and n is the flow index. The flow index ranges from 0 to 
1, where 0 corresponds to a pure Newtonian behavior and 1, to a pure 
shear-thinning behavior. 

Table 2 
Surface tension, conductivity, density, and dynamic viscosity obtained for the 
solutions containing different amounts of BSA, ethanol β-ME.  

H2O: 
EtOH 
Ratio 

Sample Surface 
tension 
(mN/m) 

Conductivity 
(µS/cm) 

Density 
(kg/m3) 

Dynamic 
viscosity 
(mPa⋅s) 

80:20 10 wt% 
BSA 

35 ± 1 644 ± 80 997.5 
± 1.2 

3.068 
± 0.004 

80:20 10 wt% 
BSA 
β-ME 
0.1 M 

– 759 ± 60 998.0 
± 0.9 

– 

80:20 15 wt% 
BSA 

32 ± 1 1109 ± 130 1007.6 
± 1.4 

3.753 
± 0.006 

70:30 10 wt% 
BSA 

31 ± 1 489 ± 70 960.3 
± 0.7 

3.307 
± 0.006  

Table 3 
Conductivity and density of the solutions containing 10 wt% BSA and different 
amounts of HPMC and reagents (Tween-20, SDS, NaCl).  

Sample Conductivity (µS/cm) Density (kg/m3) 

10 wt% BSA 1.5 wt% HPMC 610 ± 60 998 ± 13 
2 wt% HPMC 499 ± 70 999 ± 10 
2.5 wt% HPMC 570 ± 40 1001 ± 15 
3 wt% HPMC 520 ± 30 1005 ± 16 
3.5 wt% HPMC 560 ± 80 1006 ± 11 
3 wt% HPMC +
0.006 mM Tween-20 

630 ± 70 1004 ± 17 

3 wt% HPMC +
0.1 wt% SDS +

1820 ± 90 1006 ± 12 

3 wt% HPMC 
15 mM NaCl 

1520 ± 50 1012 ± 10 

No BSA 1.5 wt% HPMC 110 ± 10 991 ± 10  
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Table 4 shows the values of n, k and η0 for the samples in Supple-
mentary Fig. 3. As shown in this table, n values increase with HPMC 
concentration. BSA solution behaves as a Newtonian fluid in the studied 
range [72]. So that, as the HPMC is added, its shear-thinning behavior 
would increasingly prevail, indicating that the rheological behavior of 
BSA/HPMC mixtures is dominated by HPMC. The prevalence of HPMC 
over BSA in the solutions is also confirmed by the η0 values since it 
increased with HPMC concentration (from 2.89 ± 0.12–43.2 ± 0.4), 
and decreased with BSA (from 9.39 ± 0.16–2.89 ± 0.12). 

Fig. 2 shows the micrographs of HPMC containing samples (1.5, 2, 
2.5 and 3 wt%) and BSA (10 wt%) dissolved in H2O:EtOH (80:20). The 
formation of nanofibers with beads can be observed in these micro-
graphs, depending on the HPMC concentrations. Thus, the fiber diam-
eter does not vary much between systems, remaining between 50 and 
60 nm. The effect of HPMC concentration on fiber shape can be seen by 
comparing the results of the different systems. 

Systems with lower HPMC concentration, and therefore less viscous, 
have larger and denser beads, which could be considered as nano-
particles interconnected through nanofibers. As the concentration of 
HPMC increases, beading decreases. This lower bead density could be 
due to the higher viscosity of the samples. Moreover, samples with lower 
viscosity values do not seem to provide sufficiently extensional viscosity 
to the jet to maintain proper stability during nanofiber formation, 
leading to higher bead formation [17]. 

It could also happen that the protein reduced the interactions be-
tween the solvent molecules and the polymer chains. In this scenario, 
BSA would tend to accumulate in beads, while HPMC would concentrate 
in the fibers. As the concentration of HPMC increases, the interactions 
between the polysaccharide chains and the solvent molecules would 
become more and more important, reducing beading. To test this hy-
pothesis, EDX was performed on one of the samples (10 wt% BSA, 3 wt% 
HPMC). Nitrogen (N) content is related to BSA concentration (since it is 
the only N source) [73]. It was obtained a N content of 14 ± 2% in fibers 
and 21 ± 2% in beads. The presence of nitrogen in nanofibers is 
observed, confirming the co-electro-spinning between BSA and HPMC. 
BSA would be accommodated in the macromolecular lattice formed by 
the HPMC chains. However, a higher concentration of BSA is observed in 
beads, so even if co-electro-spinning occurs, BSA would disturb the 
network formed by the HPMC, reducing the interactions between the 
polysaccharide and the solvent molecules. This reduced interaction 
would make the surface tension forces in the jet predominate, leading to 
the formation of beads [17,20]. Thus, changes in beading for different 
HPMC concentrations would be caused by the combined effect of vis-
cosity and destabilization on the HPMC network by BSA. 

Fig. 3 shows additional micrographs carried out to understand the 
effect that the different components (BSA, Tween-20, SDS, NaCl) exert 

on the morphology of the nanofibers. Comparing Figs. 2D and 3A (10 wt 
% BSA 3 wt% HPMC and 10 wt% BSA 3 wt% HPMC Tween-20 
0.006 mM) it can be seen how the addition of Tween-20 to the system 
causes beading to decrease. Based on this result, it seems that the system 
in Fig. 2D would have a high surface tension, which would favor the 
agglomeration of solvent molecules in the electrospinning jet [17]. 

The micrographs in Figs. 3B and 3C (10 wt% BSA 3 wt% HPMC 
0.1 wt% SDS and 10 wt% BSA 3 wt% HPMC 15 mM NaCl), compared to 
that in Fig. 2D (10 wt% BSA 3 wt% HPMC), show how the presence of 
electrolytes hinders electrospinning of the system. In these figures, 
nanoparticle formation is favored over nanofiber formation. The charges 
added to the system would neutralize those of the BSA, causing the BSA 
to cause greater distortion of the polysaccharide chains and favoring 
nanoparticle formation. The charges would facilitate the gelation of the 
BSA into a rigid network, with crosslinking points, which would make 
electrospinning difficult [74]. The micrographs in Figs. 3B and 3C 
(10 wt% BSA 3 wt% HPMC 0.1 wt% SDS and 10 wt% BSA 3 wt% HPMC 
15 mM NaCl), compared to that in Fig. 2D (10 wt% BSA 3 wt% HPMC), 
show how the presence of electrolytes hinders electrospinning of the 
system. In these figures, nanoparticle formation is favored over nano-
fiber formation. 

Looking at Figs. 2B and 3D (BSA 10 wt%, HPMC 2 wt%, 13.5 cm; 
BSA 0 wt%, HPMC 2 wt%, 13.5 cm), it can also be seen how the pres-
ence of BSA alters the network formed by HPMC. Fig. 3D shows gray 
areas because part of the solvent did not dry on the way from the jet to 
the collector. The charges introduced by the BSA destabilize the jet and 
favor solvent removal [19,20], yet cause beading to appear. The elec-
trospinning of BSA-based nanofibrous mats has been previously re-
ported [4]. No beads were observed in these fibers, although they were 
co-electrospun with polyethylene oxide, a synthetic polymer. 

3.4. Mechanical characterization 

Fig. 4 shows the dependence of the viscoelastic moduli (E’ and E’’) 
on frequency values from uniaxial tension tests (Fig. 4A) as well as the 
tensile stress-strain curve (Fig. 4B) obtained for the system containing 
BSA (10 wt%) and HPMC (3 wt%). Fig. 4A evidences the predominant 
solid-like behavior of the membranes developed by electrospinning, 
since the elastic modulus is much higher than the viscous one, reaching 
10 MPa, and both moduli show a low dependence of the viscoelastic 
moduli on frequency. The elastic-dominant response is confirmed by the 
low values achieved for the loss tangent, ranging from 0.047 to 0.058. 
Similar results were reported for PVA-based electrospun nanofiber mats 
[75]. The values obtained are in the same order of magnitude than 
protein-based injection molded materials, but much lower than those 
obtained for commercial synthetic polymers such as LDPE [76]. As for 
the stress-strain curve, Fig. 4B shows an initial linear elastic behavior 
marked by a constant stress-strain slope, followed by limited plastic 
deformation. At the end of this plastic deformation stage, the probe 
breaks down. The initial slope determines the Young’s Modulus (E), 
whereas the maximum value reach determines the maximum stress 
(σmax) and the strain where the probe breaks down is the strain at break 
(εmax). These values were 1.1 ± 0.1 MPa, 0.53 MPa and 0.85% for E, 
σmax and εmax, respectively. This value of E is lower than those reported 
for PVA electrospun nanofiber mats which typically range from 30 to 
50 MPa [77–79]. However, it coincides with the values reported for 
cellulose acetate mats [80], being lower than those reported by Styl-
ianopoulos et al. [81], who found an apparent dependence of the E value 
on the concentration for the polymer solution subjected to the electro-
spinning process. The value of the maximum stress is also lower than 
those found for other polymer electrospun mats. Thus, σmax typically 
ranges for PVA from 2.5 to 8.5⋅MPa [78,79,82]. A value of ca. 5 MPa was 
also found for the ultimate tensile stress of EC/HPMC electrospun 
nanofiber mats [83]. In any case, the results obtained in this study 
confirm reasonably good mechanical strength for the BSA/HPMC 
membranes, which are also characterized by the limited deformation 

Table 4 
Zero-rate viscosity (η0), rate index (n), and consistency (k) for the flow curves 
shown in Supplementary Fig. 3.  

Sample η0 (Pa⋅s) n k (s)  

10 wt% BSA 1.5 wt% HPMC 2.89 ± 0.12 0.65 ± 0.02 0.019 
± 0.005 

2 wt% HPMC 8.31 ± 0.08 0.73 ± 0.02 0.035 
± 0.002 

2.5 wt% HPMC 21.4 ± 0.1 0.75 ± 0.02 0.067 
± 0.004 

3 wt% HPMC 40.3 ± 0.2 0.74 ± 0.02 0.088 
± 0.007 

3.5 wt% HPMC 43.2 ± 0.4 0.74 ± 0.02 0.096 
± 0.005 

3 wt% HPMC +
0.006 mM Tween-20 

40.1 ± 0.2 0.75 ± 0.02 0.087 
± 0.002 

3 wt% HPMC +
0.1 wt% SDS 

30.30 ± 0.2 0.73 ± 0.02 0.080 
± 0.005 

No BSA 1.5 wt% HPMC 9.39 ± 0.16 0.68 ± 0.02 0.037 
± 0.009  
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Fig. 2. Micrographs of the mats at 10 wt% BSA and HPMC as additive; (A) 1.5 wt% HPMC; (B) 2 wt% HPMC; (C) 2.5 wt% HPMC; (D) 3 wt% HPMC.  

Fig. 3. Micrographs of the mats with different concentrations of BSA and HPMC, with Tween-20, SDS and NaCl as additives: (A) 10 wt% BSA + 3 wt% HPMC 
+ 0.006 mM Tween-20; (B) 10 wt% BSA + 3 wt% HPMC + 0.1 wt% SDS; (C) 10 wt% BSA + 3 wt% HPMC + 15 mM NaCl; (D) 3 wt% HPMC. 
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before breakage. 

4. Conclusions 

The results obtained indicated that electrospinning of BSA-based 
mats can be used to obtain diverse morphologies (from spherical parti-
cles to fibers) depending on the applied conditions. The use of SDS and 
β-ME led to structural changes in the BSA that did not seem to enhance 
the formation of nanofibers since they did not produce major changes in 
viscosity. Ethanol favored the formation of nanoparticles (~ 300 nm) 
obtained by electrosprying. Thermal denaturation of BSA led to a great 
increase in viscosity due to its gelation. G’ increased from 0.1 to 80 Pa 
(for 89:11 and 80:20 H2O:EtOH ratio, respectively) when the samples 
were heated up to 60 ºC. The formation of a crosslinked network in this 
sample might have hindered the processing of nanofiber-based 
membranes. 

Co-electrospinning of BSA with HPMC was successfully achieved, 
which eventually led to nanofibrous mats (with fibers diameters of ca. 
60 nm). BSA was successfully spread throughout the fibers in the 
resulting membranes, although it tended to accumulate in beads (the N 
content increased from 14 ± 2–21 ± 2% when fibers and beads are 
compared). HPMC served as structural support for BSA in these fibers, 
while BSA brought charges into the solution and disrupted the network 
formed by the HPMC molecules, favoring the solvent evaporation. 
Higher HPMC concentrations induced higher viscosities, which resulted 
in a lower concentration of beads. Moreover, the addition of non-ionic 
surfactant (Tween-20) enhanced bead removal. Additives exert a crit-
ical influence on the structure formed by the HPMC network and BSA 
molecules. So that, the addition of NaCl and SDS promoted the forma-
tion of nanoparticles rather than nanofibers. 

Therefore, these results concluded that it is possible to achieve the 
electrospinning of membranes with advanced properties by using only 
biopolymers such as BSA and HPMC, where the protein exerts a crucial 
role. 
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[57] F. Herná Inz-Bermú Dez De Castro, A. Gá Lvez-Borrego, Surface tension of aqueous 
solutions of sodium dodecyl sulfate from 20 ◦C to 50 ◦C and pH between 4 and 12, 
1998. 

[58] A. Abutaleb, D. Lolla, A. Aljuhani, H.U. Shin, J.W. Rajala, G.G. Chase, Effects of 
surfactants on the morphology and properties of electrospun polyetherimide fibers, 
Fibers 5 (2017) 1–14, https://doi.org/10.3390/fib5030033. 

[59] F. Yalcinkaya, B. Yalcinkaya, O. Jirsak, Dependent and independent parameters of 
needleless electrospinning, Vlakna Text. 2015 (2015) 75–79, https://doi.org/ 
10.5772/65838. 

[60] C.J. Angammana, S.H. Jayaram, Analysis of the effects of solution conductivity on 
electrospinning process and fiber morphology, IEEE Trans. Ind. Appl. 47 (2011) 
1109–1117, https://doi.org/10.1109/TIA.2011.2127431. 

J. Garcia et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.matlet.2006.11.104
https://doi.org/10.1016/j.carbpol.2014.08.074
https://doi.org/10.1016/j.carbpol.2014.08.074
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.jmst.2020.10.015
https://doi.org/10.1016/j.actbio.2005.09.008
https://doi.org/10.1016/j.actbio.2005.09.008
https://doi.org/10.1002/pi.1599
https://doi.org/10.1088/0957-4484/17/14/R01
https://doi.org/10.1088/0957-4484/17/14/R01
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1016/j.biotechadv.2010.01.004
https://doi.org/10.1016/j.msec.2012.02.019
http://refhub.elsevier.com/S0927-7765(22)00366-6/sbref16
http://refhub.elsevier.com/S0927-7765(22)00366-6/sbref16
https://doi.org/10.1002/polb.20222
https://doi.org/10.1088/1757-899X/209/1/012092
https://doi.org/10.1016/B978-0-08-100907-9.00005-2
https://doi.org/10.1016/B978-0-08-100907-9.00005-2
https://doi.org/10.1016/j.jaerosci.2018.04.002
https://doi.org/10.1016/j.eurpolymj.2007.01.003
https://doi.org/10.1016/j.eurpolymj.2007.01.003
https://doi.org/10.1016/j.jmbbm.2014.06.019
https://doi.org/10.1016/j.eurpolymj.2004.10.010
https://doi.org/10.1134/S0965545X15060164
https://doi.org/10.1016/j.polymer.2010.01.031
https://doi.org/10.1016/j.polymer.2010.01.031
http://refhub.elsevier.com/S0927-7765(22)00366-6/sbref26
http://refhub.elsevier.com/S0927-7765(22)00366-6/sbref26
https://doi.org/10.1016/S0065-3233(08)60241-7
https://doi.org/10.1016/S0065-3233(08)60241-7
https://doi.org/10.1085/jgp.15.3.341
https://doi.org/10.1085/jgp.15.3.341
https://doi.org/10.1016/j.ijpharm.2016.11.009
https://doi.org/10.1016/S0032-3861(00)00016-1
https://doi.org/10.3390/nano12101663
https://doi.org/10.1039/C4TA06191H
https://doi.org/10.1039/C4TA06191H
https://doi.org/10.1002/jbm.a.30870
https://doi.org/10.1002/jbm.a.30870
https://doi.org/10.1021/acsenvironau.1c00049
https://doi.org/10.1021/acsenvironau.1c00049
https://doi.org/10.1016/j.carbpol.2009.02.008
https://doi.org/10.1016/j.matlet.2007.06.059
https://doi.org/10.1016/j.matlet.2007.06.059
https://doi.org/10.1002/app.24912
https://doi.org/10.1002/app.24912
https://doi.org/10.1021/bm8005243
https://doi.org/10.1021/bm8005243
https://doi.org/10.1021/bm0494545
https://doi.org/10.1016/j.foodhyd.2016.10.022
https://doi.org/10.1016/j.foodhyd.2016.10.022
https://doi.org/10.1080/15583720802022182
https://doi.org/10.1080/15583720802022182
https://doi.org/10.1016/j.nano.2012.02.013
https://doi.org/10.1080/00218460701588398
https://doi.org/10.1007/BF03245921
https://doi.org/10.1007/BF03245921
https://doi.org/10.1016/0165-022X(82)90044-6
https://doi.org/10.1016/0165-022X(82)90044-6
https://doi.org/10.1016/j.foodhyd.2018.05.051
https://doi.org/10.1016/j.foodhyd.2018.05.051
https://doi.org/10.1016/j.foodchem.2015.10.086
https://doi.org/10.1016/j.foodchem.2015.10.086
https://doi.org/10.1016/j.europolymj.2004.10.027
https://doi.org/10.1016/j.europolymj.2004.10.027
https://doi.org/10.1016/j.matlet.2004.11.032
https://doi.org/10.1016/j.matlet.2004.11.032
https://doi.org/10.1021/bi00746a021
https://doi.org/10.1021/bi00746a021
https://doi.org/10.1002/pi
https://doi.org/10.1002/pi
https://doi.org/10.1016/j.carbpol.2017.10.071
https://doi.org/10.1016/j.carbpol.2017.10.071
https://doi.org/10.1529/biophysj.106.101238
https://doi.org/10.1529/biophysj.106.101238
https://doi.org/10.1016/S0021-9797(03)00109-7
https://doi.org/10.3390/fib5030033
https://doi.org/10.5772/65838
https://doi.org/10.5772/65838
https://doi.org/10.1109/TIA.2011.2127431


Colloids and Surfaces B: Biointerfaces 217 (2022) 112683

9

[61] S. Huan, G. Liu, G. Han, W. Cheng, Z. Fu, Q. Wu, Q. Wang, Effect of experimental 
parameters on morphological, mechanical and hydrophobic properties of 
electrospun polystyrene fibers, Materials 8 (2015) 2718–2734, https://doi.org/ 
10.3390/ma8052718. 

[62] R.M. Nezarati, M.B. Eifert, E. Cosgriff-Hernandez, Effects of humidity and solution 
viscosity on electrospun fiber morphology, (n.d.). doi:10.1089/ten.tec.2012.0671. 

[63] O. Regev, S. Vandebril, E. Zussman, C. Clasen, The role of interfacial viscoelasticity 
in the stabilization of an electrospun jet, Polymer 51 (2010) 2611–2620, https:// 
doi.org/10.1016/j.polymer.2010.03.061. 

[64] T.J. Sill, H.A. von Recum, Electrospinning: applications in drug delivery and tissue 
engineering, Biomaterials 29 (2008) 1989–2006, https://doi.org/10.1016/j. 
biomaterials.2008.01.011. 

[65] K. Takeda, A. Wada, K. Yamamoto, Y. Moriyama, K. Aoki, Conformational change 
of bovine serum albumin by heat treatment, J. Protein Chem. 8 (1989) 653–659, 
https://doi.org/10.1007/BF01025605. 

[66] V.S. Devi, O.O. Chidi, D. Coleman, Dominant effect of ethanol in thermal 
destabilization of bovine serum albumin in the presence of sucrose, Spectroscopy 
23 (2009) 265–270, https://doi.org/10.3233/SPE-2009-0400. 

[67] M. Félix, C. Carrera, A. Romero, C. Bengoechea, A. Guerrero, C. Carrera-Sanchez, 
A. Romero, C. Bengoechea, A. Guerrero, Rheological approaches as a tool for the 
development and stability behaviour of protein-stabilized emulsions, Food 
Hydrocoll. 104 (2020), 105719, https://doi.org/10.1016/j.foodhyd.2020.105719. 
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