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RESUMEN 
 
En la presente tesis doctoral se diseñaron, prepararon y caracterizaron diferentes 
sistemas de base polimérica, tanto polímeros puros como nanocompuestos de matriz 
polimérica. El método de preparación fue el denominado “Solution Blow Spinning” 
(SBS). La producción mediante SBS de los materiales se llevó a cabo empleando un 
aerógrafo comercial y un dispositivo diseñado y construido durante el desarrollo de esta 
tesis. Debido a este proceso de fabricación los materiales fabricados se obtuvieron en 
forma de películas constituidas por fibras dispuestas al azar “mats” con diámetros 
inferiores a los 5 m. Para cada sistema, las condiciones de proceso por SBS se 
optimizaron de tal manera que se pudieran obtener fibras finas y en el caso de los 
nanocompuestos se asegurase una buena dispersión de las nanopartículas en el interior 
del polímero. Los materiales utilizados fueron seleccionados por sus buenas 
propiedades en relación a sus posibles aplicaciones dentro del campo de la biomedicina 
y la industria del envasado de alimentos. Los polímeros seleccionados fueron los 
siguientes polifluoruro de vinilideno, PVDF, polisulfona, PSF, polióxido de etileno, 
PEO, poli(etilen-co-vinilacetato) con un 25% en peso del comonómero vinilacetato, 
EVA25 y poli(etilen-co-vinilacetato) con un 40% en peso del comonómero vinilacetato 
EVA40. Por otro lado, las nanopartículas utilizadas para preparar los materiales 
nanocompuestos fueron de TiO2 (100 nm), Cu (70 nm) y Ag (30-50 nm). 
 
Los primeros estudios SBS se llevaron a cabo empleando un aerógrafo. En concreto los 
sistemas estudiados fueron aquellos basados en PSF y PVDF rellenos con 
nanopartículas de TiO2 estudiando diferentes porcentajes de relleno (0%, 1%, 2%, 5% y 
10% en peso). Estos materiales se caracterizaron, estudiando la morfología a escala 
nanométrica, la rugosidad, los ángulos de contacto y la energía superficial. Además, se 
evaluó la influencia del contenido de nanopartículas en la adhesión de bacterias para 
cada sistema. La adhesión de la bacteria DH5 E. Coli se estudió sobre la superficie de 
los materiales de PSF-TiO2 mediante inspección con microscopía electrónica de barrido, 
SEM. Los resultados obtenidos indicaron que la hidrofobicidad y la rugosidad 
promovidas por el proceso de fabricación y la presencia de las nanopartículas tienen 
cierta relación con la reducción de la adhesión de bacterias. Por otro lado, los estudios 
de adhesión celular de Streptococcus Mutans (S. Mutans) sobre las superficies del 
sistema PVDF-TiO2 indicaron que existe una dependencia entre las interacciones 
específicas entre las bacterias y los grupos polares en las superficies de los materiales. 
Mediante el empleo del equipo SBS se han estudiado diferentes condiciones de proceso 
con diferentes polímeros. El primer trabajo en que se utilizó este dispositivo fue con 
EVA25. En dicho trabajo se estudió la influencia de la concentración de polímero en la 
disolución sometida a SBS (1%, 2%, 5%, 7 % and 10 % en peso) en la topografía y la 
morfología de las muestras. Más tarde, se evaluó la adhesión de DH5 E. Coli en 
función de la topografía de las muestras. En cuanto a la medición de la rugosidad se 
llevó a cabo mediante la reconstrucción de la superficie 3D a partir de imágenes SEM. 
En este trabajo se encontró cierta correlación entre la rugosidad promovida por la 
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morfología y la adhesión de las bacterias. Por lo que se dedujo que las heterogeneidades 
de superficie a microescala además de las interacciones específicas a nanoescala pueden 
modificar en gran medida la acción antibacteriana. 
 
Continuando con el estudio de las condiciones del proceso, se realizó un trabajo en 
busca de las mejores condiciones de procesado en diferentes sistemas poliméricos para 
obtener fibras submicrométricas con una distribución lo más homogénea posible en 
términos de su morfología. En particular, los polímeros PVDF y EVA40 fueron 
elegidos para optimizar la formación de fibras con el dispositivo SBS diseñado durante 
la tesis. Sin embargo, la preparación de fibras de PEO se optimizó empleando el 
aerógrafo comercial. La conclusión de este trabajo fue que la presión del gas, la 
velocidad de alimentación y la distancia de trabajo tienen una gran influencia en la 
producción de fibras, el diámetro de las fibras y la distribución de los diámetros de 
fibras. 
 
Finalmente, a partir de los resultados del estudio anterior se realizó un estudio del 
sistema basado en EVA40 relleno con nanopartículas de cobre EVA40-Cu. Se estudió el 
efecto de la presencia de diferentes cantidades de nanopartículas de cobre (0%, 1%, 3% 
y 6% en peso de Cu) en las propiedades del polímero. Además, se evaluó el efecto 
bactericida de las nanopartículas de cobre en el nanocompuesto sobre bacterias DH5 
E. Coli. Por otro lado, se llevó a cabo un estudio de citotoxicidad con células humanas 
epiteliales HaCat. De este trabajo se pudo deducir que las partículas de cobre se sitúan 
principalmente en el interior y a lo largo de las fibras. En los materiales estudiados se 
observa un efecto leve pues para ver un efecto bactericida significativo las 
nanopartículas de Cu deberían de situarse principalmente en la superficie de las fibras. 
En cuanto al estudio de citotoxicidad, dichos materiales no parecen ser tóxicos, pero si 
retrasan la proliferación celular.  
 
Por último, se realizó un breve trabajo de caracterización del sistema basado en EVA40 
relleno con nanopartículas de plata EVA40-Ag, para observar el posible efecto de 
diferentes cantidades de nanopartículas de plata (0%, 1%, 2%, 3% y 6% en peso) en las 
propiedades de la matriz. Se pudo deducir que este tipo de relleno no produce grandes 
cambios (estructurales, morfológicos y comportamiento termo-mecánico) en el 
polímero de EVA. 
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ABSTRACT 
 
In the present doctoral thesis, different polymer-based systems were designed, prepared 
and characterized, both pure polymers and polymer matrix nanocomposites. The method 
of preparation was named "Solution Blow Spinning" (SBS). The production throughout 
SBS of the materials, was carried out employing a commercial airbrush and home-made 
SBS equipment. Due to this fabrication process, materials were obtained in the form of 
films, made up of randomly arranged fibers, with diameters lower than 5 μm. For each 
system, the process conditions of SBS were optimized in order to obtain fine fibers and 
in the case of nanocomposites, ensure a good dispersion of the nanoparticles inside the 
polymer. The materials used were selected for their good properties in relation to their 
possible applications within the field of biomedicine and the food packaging industry. 
The polymers selected were the following; polyvinylidene fluoride, PVDF, polysulfone, 
PSF, polyethylene oxide, PEO, poly (ethylene-co-vinyl acetate) with 25% by weight of 
the comonomer vinyl acetate, EVA25 and poly (ethylene-co-vinyl acetate) with 40% by 
weight of the vinyl acetate comonomer, EVA40. On the other hand, the nanoparticles 
used to prepare the nanocomposite materials were TiO2 (100 nm), Cu (70 nm) and Ag 
(30-50 nm). 
 
The first SBS studies were carried out using an airbrush. Specifically, the systems 
studied were based on PSF and PVDF filled with TiO2 nanoparticles, where different 
percentages of filler (0%, 1%, 2%, 5% and 10% by weight) were studied. These 
materials were characterized, studying the morphology at nanoscale, roughness, contact 
angles, and surface free energy. Also, the influence of the nanoparticles content in the 
bacteria adhesion was evaluated for each system. The DH5 E. Coli bacteria adhesion 
was studied on the surface of PSF-TiO2 materials by simple inspection using scanning 
electron microscopy (SEM). Obtained results indicated that the hydrophobicity and 
roughness promoted by the fabrication process and the presence of the filler, have a 
certain relationship with the reduction of the bacteria adhesion. On the other hand, the 
studies of cell adhesion of Streptococcus Mutans (S. Mutans) on the surfaces of PVDF-
TiO2 system, indicated that there is a dependence between specific interactions of 
bacteria and the polar groups on the materials surfaces. 
 
Using the home-made SBS equipment, different polymers were used in order to 
evaluate various processing conditions. The first work using this device was with 
EVA25. Here, the influence of the polymer concentration in the solution subjected to 
SBS (1%, 2%, 5%, 7 % and 10 %wt) in the final topography and morphology was 
studied. Then, the adhesion of DH5 E. Coli as a function of samples topography was 
evaluated. Thus, roughness measurement was carried out from the 3D surface image 
built from SEM images. In that work a correlation between roughness promoted by the 
morphology and the bacteria adhesion was found. It can be concluded, that surface 
heterogeneities at microscale, as well as the specific interactions at nanoscale, can 
greatly modify antibacterial action. 
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 In order to obtain submicrometric fibers with higher homogeneity, in terms of 
morphology, within different polymeric systems, further investigations were done. In 
particular, PVDF and EVA40 were chosen to optimize the formation of fibers with the 
SBS equipment designed for this thesis. However, the preparation of PEO fibers were 
optimized using an airbrush. The conclusion of this work was that gas pressure, feed 
rate and working distance have a great influence in the fiber production, fiber diameters, 
and fiber diameters distribution. 
 
Finally, from these results, a study of the system based on EVA40 filled with copper 
nanoparticles EVA40-Cu was carried out. The effect of the presence of different 
amounts of copper nanoparticles (0%, 1%, 3% and 6% by weight of Cu) on the 
properties of the polymer was studied. In addition, the bactericide effect of the copper 
nanoparticles inside the nanocomposite was evaluated with DH5 E. Coli bacteria. On 
the other hand, a cytotoxicity study was carried out with human epithelial cells HaCat. 
From this work it was possible to deduce that the copper particles are located inside and 
along the fibers. In the materials under study, a small effect is observed, as to see a 
significant bactericidal effect the Cu nanoparticles should have been located primarily 
on the surface of the fibers. Regarding the cytotoxicity test, materials do not seem to be 
toxic, but they produce a delay in the cell proliferation. 
 
To conclude, a brief characterization study based in EVA40 filled with silver 
nanoparticles EVA40-Ag was done, aiming to observe the possible effect different 
silver nanoparticle concentration (0%, 1%, 2%, 3% y 6% wt.) could have on the matrix. 
It was concluded, that this kind of filler does not produce significant changes (structural, 
morphological, and thermo-mechanical behavior) in the EVA polymer. 
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CAPÍTULO I. Introducción y Objetivos 

I.1.  Introducción 
 
En las últimas décadas la fabricación de nuevos tipos de materiales compuestos ha sido 
uno de los mayores focos de desarrollo en el campo de la ciencia e ingeniería de 
materiales. La posibilidad de conseguir nuevos materiales con propiedades 
excepcionales obtenidas a partir de la sinergia entre materiales de diferente naturaleza 
hace que sea muy interesante para diversas aplicaciones, desde la industria aeronáutica 
hasta el campo de la biomedicina. Por otro lado, en los últimos años gran parte de la 
investigación sobre materiales se ha centrado en la nanotecnología y los nanomateriales, 
ya que las propiedades a escala nanométrica (1-100nm) fundamentalmente debidas a la 
gran relación superficie-volumen existente, ofrecen un gran interés a la hora de diseñar 
nuevos dispositivos. Es aquí donde más fuerza posee el concepto de nanocompuesto, ya 
que la posibilidad de combinar materiales de diferente naturaleza a diferente escala 
permite obtener materiales con propiedades únicas. En el campo de los 
nanocompuestos, los materiales de matriz polimérica son los más comúnmente 
estudiados [1–3]. Entre otras razones, esto es debido a que suelen ser fáciles de 
procesar, tener bajo coste, y poseer propiedades de gran interés como baja densidad, 
resistencia química y térmica [4]. Dentro de este grupo de materiales nanocompuestos, 
el empleo de matrices termoplásticas tiene un especial interés por la facilidad de 
reciclaje, así como el bajo coste y fácil procesabilidad en comparación con las matrices 
poliméricas termoestables. Por ello, una de las vías más novedosas en el desarrollo de 
nuevos materiales nanocompuestos, es obtener materiales nanocompuestos de matriz 
termoplástica a través de la adición de nanorrellenos. Estos suelen ser pequeñas láminas 
como son las nanoarcillas o el grafeno [5,6], cilindros como son los nanotubos y 
nanofibras de carbono [7],  nanopartículas orgánicas (dendrímeros, liposomas ,micelas 
poliméricas. etc.) [8] y  nanopartículas inorgánicas (Ag, Zn, TiO2, SiO2, Cu, etc.) [2,5]. 
De esta manera es posible mejorar propiedades de la matriz polimérica tales como 
conductividad eléctrica, rigidez mecánica o incluso la biocompatibilidad. No obstante, 
para obtener un efecto sinérgico efectivo entre la matriz y el relleno uno de los aspectos 
más importantes a tener en cuenta es conseguir una distribución uniforme del relleno 
dentro de la matriz polimérica. Por esta razón, los métodos de preparación de los 
nanocompuestos tienen un papel relevante en las propiedades finales de estos 
materiales. Existen diversos métodos para fabricar éstos materiales, que se podrían 
clasificar de la siguiente manera [2,9]: 
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- Polimerización In Situ : Éste método consiste en realizar la polimerización de la 
matriz en presencia del nanorrelleno, previamente mezclado con el monómero de 
partida [10,11]. 
 

- Formación del nanocompuesto In Situ mediante procesos Sol-Gel: A diferencia del 
método anterior, en este caso la polimerización de la matriz y la formación del 
nanorrelleno se producen simultáneamente, mediante el método Sol-Gel [12,13]. 
 

- Mezcla directa en estado sólido: Consiste en combinar el polímero en estado sólido 
con el relleno, para después de haber conseguido una mezcla homogénea, fundir la 
mezcla. Uno de los métodos para realizar la mezcla, es la molienda mecánica de 
alta energía (HEBM), [14–17]. 
 

- Mezcla directa de polímero y nanorrelleno: Consiste en combinar el nanorrelleno 
con el polímero en estado fundido [5,18], o en disolución [19–21].  
 

Por otro lado, tanto en el campo de la biomedicina como en la industria energética o 
incluso en tecnologías asociadas a la protección ambiental, existe la necesidad de 
emplear materiales poliméricos con morfología fibrilar [22]. El empleo de micro o 
nanofibras tiene un gran interés debido a sus potenciales características promovidas por 
la excepcional relación superficie-volumen y su alta porosidad. Por ello, en los últimos 
años se han realizado numerosos estudios e investigaciones para poder desarrollar 
micro o nanofibras de manera fácil y económica. Dentro de las diferentes vías de 
fabricación de fibras una de la más comúnmente conocida es el proceso de 
electrospinning [23,24]. En dicho proceso la formación de micro o nanofibras se debe 
al efecto de deformación que se produce cuando se somete una gota de una disolución 
polimérica a un campo eléctrico. Aunque este método permite obtener fibras 
homogéneas en términos morfológicos y dimensionales, se requieren altos voltajes 
además de la necesidad de que el lugar donde se depositen las fibras sea eléctricamente 
conductor. Asimismo, se requiere que la disolución polimérica tenga propiedades 
adecuadas para interaccionar convenientemente con el campo eléctrico aplicado. Dicho 
proceso de fabricación tiene también como inconveniente la baja velocidad de 
deposición de las fibras. Todo esto motivó el desarrollo de un nuevo método de 
fabricación de fibras denominado Solution Blow Spinning (SBS). Este proceso de 
fabricación fue desarrollado por Elinton Medeiros y sus colaboradores [25], y al 
contrario que el electrospinnig permite obtener fibras in situ, ya que no se necesita el 
empleo de ningún tipo de voltaje para la fabricación. Dicho proceso se basa en la 
eyección de una disolución o suspensión polimérica a través de una boquilla 
concéntrica con ayuda de un flujo de gas. En otras palabras, la disolución polimérica es 
arrastrada debido al efecto Ventury, similar a lo que ocurre en un aerógrafo. La 
formación de fibras se produce debido a las tensiones tangenciales que ejerce el flujo de 
gas sobre la gota de disolución cuando comienza a salir por la boquilla. Esto da lugar a 
cierta extrusión de la gota en forma de fibras, que al mismo tiempo se va solidificando 
debido a la rápida extracción de los disolventes por el flujo de gas. Finalmente, con este 
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método de fabricación se obtienen “mats” de fibras [26,27]. Aunque aparentemente el 
proceso de fabricación por SBS es sencillo, para poder conseguir este tipo de materiales 
es necesario que exista cierta complementariedad entre los diferentes parámetros que 
controlan el proceso de fabricación ya que tienen un papel relevante en la formación de 
fibras [28]. A lo largo de este trabajo se estudiará la influencia de los diferentes 
parámetros del proceso de SBS en la formación de microfibras, como son la 
concentración de la disolución polimérica, presión del gas eyector, velocidad de 
inyección de la disolución y distancia de trabajo. Para ello se empleará un aerógrafo y 
un dispositivo para realizar SBS diseñado y construido en nuestros laboratorios  que 
surge o se inspira en otro similar que se encuentra descrito en la patente registrada por 
Elinton Medeiros y sus colaboradores [29].  
 
Por otra parte, como es necesario partir de una disolución o suspensión polimérica, se 
pueden realizar mezclas poliméricas con nanorrellenos, lo cual permite fabricar fibras 
de diferentes nanocompuestos dependiendo de la matriz polimérica y/o de las 
nanopartículas empleadas. Todo lo anterior aparecerá claramente desarrollado a lo largo 
del documento de la tesis doctoral. Aquí es importante destacar que a día de hoy no son 
muchas las publicaciones que se centran en la obtención de “mats” de nanocompuestos 
mediante el empleo de SBS [30–32]. 
 
Como se ha comentado anteriormente, el empleo de materiales poliméricos está en 
continuo crecimiento dentro del mundo de la biomedicina. Ejemplos de lo anterior 
pueden ser determinados elementos como catéteres, prótesis, apósitos o incluso soportes 
(“scaffolds”) para la ingeniería de tejidos [4,33–35]. Por otro lado, en la industria 
agroalimentaria, el empleo de polímeros es bastante común en el empaquetado de 
alimentos en forma de contendores o films [36,37]. En todas estas aplicaciones uno de 
los retos más importantes es conseguir materiales que puedan evitar la proliferación de 
microorganismos perjudiciales u otros fenómenos que puedan conducir a la degradación 
de los mismos. Una de las posibles vías para abordar dicho reto es conseguir materiales 
anti-microbianos mediante el empleo de nanopartículas inorgánicas con propiedades 
bactericidas, como pueden ser las nanopartículas de Cu, Zn, Ag, TiO2, etc [38]. Otra 
posible vía para evitar la proliferación de microorganismos es modificar las propiedades 
superficiales de los materiales. De hecho, diversos estudios indican que la adhesión de 
microorganismos como las bacterias (Listeria monocytogenes, Salmonella typhimurium, 
Staphylococcus aureus, and Escherichia coli) está directamente ligada a las 
características físico-químicas de las superficies de los sustratos [39,40]. Como bien se 
refleja la literatura científica, las primeras etapas de la adhesión bacteriana están 
gobernadas por mecanismos de actuación de fuerzas electroestáticas, internaciones de 
van der Waals, o incluso de la hidrofobicidad superficial [41]. Por ello, producir 
cambios en la morfología, rugosidad o la energía superficial del material, ya sean 
inducidos por el método de fabricación o por la presencia de nanopartículas, pueden 
afectar a la proliferación microbiana [42,43]. 
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Por tanto, en este trabajo se pretende diseñar, fabricar y caracterizar “mats” de fibras de 
diversos materiales termoplásticos y nanocompuestos poliméricos obtenidos mediante 
Solution Blow Spinning, que puedan ser candidatos para aplicaciones dentro del campo 
de la biomedicina o del empaquetado de alimentos. Para ello, se realizará una 
caracterización de la morfología obtenida teniendo en cuanta la influencia de las 
variables del proceso de fabricación. También se estudiará la dispersión de las partículas 
dentro de la matriz. Además, se evaluará el posible efecto de las nanopartículas en la 
morfología, estructura y propiedades del polímero. Finalmente, se estudiarán las 
propiedades bactericidas de los sistemas de materiales nanocompuestos propuestos. En 
la figura 1 se muestra un esquema que resume los polímeros y sistemas de 
nanocompuestos seleccionados, así como los dispositivos para realizar SBS empleados 
en cada caso. 

 
Figura 1. Esquema de los dispositivos y materiales empleados. 
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I.2.  Objetivos 
 
Objetivo general 
 
Diseñar, preparar mediante SBS y caracterizar nuevos materiales nanocompuestos de 
matriz termoplástica con propiedades específicas para el campo de la biomedicina o la 
industria agroalimentaria. 
 
Objetivos específicos 
 
- Preparar mediante Solution Blow Spinning diferentes sistemas de poliméricos con 
nanopartículas. En primer lugar, empleando un aerógrafo (sistemas PVDF-TiO2, PSF-
TiO2, PEO) y, en segundo lugar, empleando un dispositivo de SBS diseñado y fabricado 
en los laboratorios de la UC3M (sistemas EVA25, PVDF, EVA40-Cu, EVA40-Ag). 
Para cada sistema polimérico optimizar previamente el proceso de SBS mediante el 
estudio de la influencia de las condiciones de proceso. 
 
- Caracterizar los materiales nanocompuestos en términos de estructura, propiedades 
térmicas, mecánicas, morfología y propiedades superficiales. 
 
- Correlacionar los datos de caracterización entre sí así como con las condiciones 
empleadas en proceso de fabricación pos SBS. 
 
- Investigar la repuesta bactericida y proliferación bacteriana de los materiales. 
 
- Estudiar la citotoxicidad a partir de cultivos de células realizados sobre los materiales. 
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CAPÍTULO II. Experimental part 
 

II.1. Materials 

II.1.1. Polymers 
 
Below are presented the thermoplastic polymers used in this work. 
 

- Polyvinylidene fluoride, PVDF. It is a semi-crystalline fluoropolymer that has 
distinct crystalline phases (α, β, γ, δ and ε) due to different chain conformations. 
They provide interesting properties as piro and piezoelectric properties and 
biocompatibility,[1,2]. The following figure shows the chemical structure of 
PVDF. 

 

Figure 1. PVDF chemical structure 

 
- Polysulfone, PSF. This kind of thermoplastic is characteristic for sulfone group 

(SO2) as can be seen in its chemical structure showed in the figure 2. PSF is a 
semi-transparent and amorphous thermoplastic, with interesting properties such 
as biocompatibility, high chemical resistant as well as good mechanical 
properties, [3].  

 
 

 

 

Figure 2. PSF chemical structure 

 
- Poly (ethylene oxide), PEO. It is a semi-crystalline thermoplastic. Figure 3 

shows the chemical structure. It is well known in the literature to be 
biodegradable, apart from this, it has good flexibility and good biocompatibility. 
For this reason, it is common used for biomedical applications as drug delivery. 
[4]. 

 
 

CH3

CH3

F F
n

O O S

O

O

CH3 CH3

CH3

CH3 n



CAPÍTULO II 
 

II-14 
 

 

Figure 3. PEO chemical structure 

- Poly (ethyl-co-vinyl acetate), EVA. It is a co-polymer based in ethylene with the 
incorporation of the comonomer vinyl acetate (Figure 4). The characteristics of 
the co-polymer change as a function of the amount of vinyl acetate. The mainly 
changes are in the crystallinity, polarity and glass transition. Therefore, they 
promote changes in EVA properties such as the mechanical or the solubility. 
This polymer is well known in the agriculture and food-packaging industry, due 
to its acceptable mechanical strength, biocompatibility and barrier properties, 
[5,6]. 
 
 

 
Figure 4. EVA chemical structure 

II.1.2. Nanoparticles 
 
The fillers used during this thesis are included below. 
 

- Titania nanoparticles TiO2 (100 nm). Titan dioxide is polycrystalline ceramic, 
that has three crystalline structures: rutile, anatase and brookite. In general, rutile 
and anatase are the most common used. They have similar properties in terms of 
density and hardness, although there are some differences in the photocatalytic 
behavior. Besides, titania is well known due to its properties as biocidal, non-
toxic and bioinert material, [2,3,7,8]. In this thesis, nanoparticles composed by a 
mixture of rutile and anatase are employed. 
 

- Copper nanoparticles CuNp (70 nm) Nanoparticles of this metal are common 
used in the biomedical field, because the presence of copper and the copper ions 
produce an inhibition in the fungi, bacteria and algae growing,[9]. 
 

- Silver nanoparticles AgNp (30-50 nm). This metal nanoparticles are known for 
their good bactericidal properties and their low toxicity. For this reason silver 
nanoparticles are commonly used in the biomedical field to prevent infections 
promoted by microorganism, [10–12].  
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II.2. Samples preparation 
 
In general, to prepare the materials a relatively novel method was used, solution blow 
spinning, SBS. In this thesis two kind of SBS equipments were used. The first one is a 
commercial airbrush, as the one shown in Figure 5. In this equipment the polymer 
solution flows from the container to the nozzle by the effect of gravity.  
 

 
Figure 5. Commercial airbrush. 

The other equipment used is a homemade SBS device inspired in that one patented by 
Medeiros et al. [13]. Our SBS device was designed, built and optimized during this 
thesis. Below a small description of all the components is presented. Figure 7 shows the 
scheme of the SBS equipment. 
 
- Injection pump: This device exerts certain pressure on a syringe to inject the 

polymer solution at controlled rate. Since, the injection rate is the rate at polymer 
solution flows. This device is a pump NE 1000 X, New Era System, Inc., 
Farmingdale, NY. Besides, the injection rate is the most relevant parameter to 
fiber formation.  

- Air pump: This part introduces the gas and with the help of a gauge allows to 
control the pressure of the process.  

- Nozzle: This part of the equipment is formed by two concentric tubes. The outer 
tube is a perforated aluminum cylinder (1 mm of diameter) through which the gas 
flows. This cylinder also has a lateral hole (4.0 mm of diameter), where the gas is 
introduced from the air pump. The inner tube is a glass tube of 0.5 mm of diameter 
with a thickness wall of 0.2 mm, the polymer solution flows through it. 
Furthermore, the inner tube protruded from the aluminium tube 2 mm. This 
protrusion affects the fiber formation. Figure 6 shows the assembles pieces about 
nozzle. [All specific dimensions of nozzle are detailed in ANEXO I] 

 

Nozzle

Polymer solution
container

Gas entrance
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Figure 6. Assembling of the nozzle and syringe. 

- Collector: This device is a rotating polyethylene drum (6.5 cm of diameter), and it 
is the place where mats are formed. This drum collects the fibers at a rotation speed 
of 270 rpm and it is placed at certain working distance, which influences in the 
fibers size. 

 

 
 

Figure 7. Top, scheme of SBS equipment; Bottom, Assembled equipment. 
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II.3. Analytical techniques 
 
To carry out the materials characterization several techniques were employed, [14]. 

II.3.1. General characterization 
 
Conventional characterization techniques of polymer composites were used. The work 
conditions and specific equipment of each technique will be described in the 
corresponding chapter about each studied material system.  
 
II.3.1.1. Structural analysis 

 
This kind of analysis was carried out by Fourier transformed infrared spectroscopy 
(FTIR). This technique is based on the detection of infrared light, IR, that has not been 
absorbed by the sample. In principle IR spectra show the absorption bands associated to 
the vibrational modes of covalent bonds stimulated by infrared radiation. It is a 
nondestructive technique that allows to study the possible effects that fabrication 
process (SBS) and the presence of fillers have in the polymer structure, molecular 
interactions and composition. This technique was used in the transmission mode. A 
small amount of the material under study was deposited by SBS on potassium bromide 
(KBr) discs. However, this technique was also used in reflectance, attenuated total 
reflectance (ATR), trying to study structure of the materials prepared in the form of 
films,[15]. 
 
II.3.1.2. Thermal analysis  

 
One of the conventional techniques used to characterize polymers is differential 
scanning calorimetry (DSC). It is based on measuring heat changes due to different 
kinds of thermal changes in the materials as for example it happens in glass transitions, 
characterized by its glass transition temperature, Tg; fusions, characterized by the 
melting point Tm; crystallizations, characterized by crystallizations temperatures, Tc. For 
this reason, it was employed to study the influence of the fabrication process and 
nanofiller content on the thermal transitions of the polymer matrices used to prepare the 
materials under study,[16]. 
On the other hand, thermogravimetry analysis (TGA) measure the mass loss as a 
function of temperature in a dynamic experiment or the mass loss as a function of time 
in an isothermal experiment. It was very useful to study possible changes in the 
degradation rates promoted by the fabrication process or filler amount. Besides, this 
technique allows to know if there is any solvent trace, and from the measurement of the 
residual mass after the experiment it also can confirm the presence of corresponding 
filler amount added to the system to prepare the final material, [8]. 
Dynamic mechanical analysis (DMA) measures the phase difference between an 
oscillating stress perturbation and the corresponding oscillating strain, being possible to 
perform the measurements either as a function of temperature when the frequency of the 
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perturbation is constant or as a function of frequency at a constant temperature. Thus, 
the viscoelastic properties of the materials could be possible to study looking at the 
effect of the morphology and the presence of fillers,[17]. 
 
II.3.1.3. Morphological characterization 

 
Three microscopies were used: i) scanning electron microscopy, SEM; ii) scanning 
transmission electron microscopy, STEM and iii) optical microscopy by the use of an 
optical profilometer. The SEM is based on the interaction between an electron beam and 
the material under study, allowing to obtain images of the materials surfaces. As the 
materials under study are non-conductive, it was necessary to cover the samples with 
gold by sputtering to avoid charge accumulation on the surface of the materials. Using 
different signals from SEM it is possible to study different aspects of the materials 
morphology. For example, images obtained by secondary electrons (SE) mainly give 
information about the topography of the samples while images obtained from the 
detection of backscatter electrons (BSE) give in addition to morphologic information 
compositional information. In particular, those images shown distribution of elements in 
terms of their atomic masses. Thus, it allows studying the filler dispersion within the 
polymer matrix. Besides, energy dispersive spectroscopy of the emitted X-rays (EDAX) 
allows to make elemental microanalysis in a semi-quantitative way. It was useful to 
confirm the presence of the corresponded filler,[2,4]. 
Scanning transmission electron microscopy, STEM, is based on the image formation 
from the signal of the scanned electrons that pass through the thin material. This 
technique was useful to observe and confirm the presence of the filler inside the 
polymer fibers. To do this observation samples were directly deposited by SBS on 
copper gratings. 
The optical profilometer was also employed to obtain morphological and topographical 
information from surfaces. 2D and 3D images are obtained by the interferences 
produced between light and the differences in height variations due to surface 
topography. 

II.3.2. Specific characterization 
 
Materials presented during this thesis are possible candidates to be used in several 
application in the field of the biomedicine and food packaging industry. Since the 
adhesion of certain substances and microorganisms is one of the topics to take into 
account, it is important to know and understand the surface properties of the solution 
blow spun materials. Specifically, roughness, wettability and surface free energy of the 
surfaces was analyzed, [18]. 
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II.3.2.1. Surface characterization 

 
One way to quantify the topography of the material surfaces is measuring the 
roughness. From SEM and optical profilometer was possible to make a 3D 
reconstruction of the surfaces. With the help of special software of image analysis, it 
was possible to extract roughness profiles from reconstructed 3D images. From these 
profiles different significative roughness parameters as the arithmetic mean height (Ra), 
the root mean square height, (Rq) and the mean spacing of the profile elements (Sm), 
were obtained,[6]. 
Surface free energies of the different materials were obtained from the analysis of 
contact angle data measured using three different test liquids (water, diiodomethane, 
and glycerol). A tensiometer based on the drop method was used. The wettability of the 
materials was also estimated from the contact angle measurements,[3,19]. 
 
II.3.2.2. Bio-behavior 

 
Another aspect to consider in terms of the possible applications of this kind of materials, 
is their response against microorganism, or toxicity on human cells. For this reason, 
materials were subjected to different cells cultures. To evaluate the bacteria proliferation 
SEM was used. On the other hand, epithelial cell viability was evaluated with the 
fluorescence intensity of dyed cells throughout fluorescence measurements and optical 
microscopy,[20,21]. 
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CAPÍTULO III. Preliminar experiments by SBS: PVDF-TiO2 and PSF-TiO2 
 

Abstract 
 
In this chapter a combination of preliminary results obtained by the use of the SBS 
studies are detailed [1,2]. These works were based on the preparation using solution 
blow spinning and characterization of thermoplastic nanocomposite materials in the 
form of mats with potential antibacterial properties. The systems considered were 
polysulfone filled with TiO2 nanoparticles, PSF/TiO2, and polyvinylidene fluoride filled 
with TiO2 nanoparticles, PVDF/TiO2. In both cases materials were prepared with 
different nanoparticles contents: 0%, 1%, 2%, 5%, and 10% by weight. A deep 
characterization was carried out, focusing on the morphology at nanoscale, roughness, 
wettability and surface free energy (by means of contact angle measurements). It was 
observed for all materials that a uniform dispersion of the nanofiller was obtained that 
arose from location of nanoparticles in the polymer along the submicrometric fibers of 
the nanocomposite when they were created during the blow spinning process. TiO2 
content influenced the topography of the mats probably due to a direct effect on the 
solvent evaporation rate. 
 
In order to evaluate the influence of the presence of TiO2 in the bacteria adhesion 
different experiment were employed for each polymer system. In the case of PSF based 
nanocomposites the influence of the filler and the corresponding surface properties on 
the adhesion of DH5 E. Coli was studied by a simple inspection using scanning 
electron microscopy, SEM. The results obtained pointed out that an increase of surface 
hydrophobicity due to an increase of roughness, induced by the presence of TiO2 
nanoparticles in the blow spun suspensions, is the main contribution to the reduction of 
E. Coli DH5 cells adhesion.  
 
 
Keywords: Polysulfone (PSF), Polyvinylidene fluoride (PVDF), TiO2, blow spinning; 
nanocomposites, cell adhesion. 
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III.1. Introduction 
 
Plastics are nowadays the most used type of material for biomedical applications such 
as prosthesis, catheters, scaffolds for tissue engineering, etc. In these applications, apart 
from having intrinsic good mechanical properties and avoid proliferation of harmful 
bacteria, they should be able to be prepared for their final use in a straightforward way, 
in some cases, for instance, with the possibility of being generated in-situ, or directly 
deposited on any surface, for example in the field of tissue repairing or wound healing.  
 
In this sense, thermoplastic materials may be the best choice since they can be easily 
prepared on any substrate with different morphologies and complex forms for the 
required application by extrusion, molding, injection or casting, among other methods. 
In particular, mats of thermoplastics are receiving a special attention due to their 
potential use as materials for drugs delivery [3], wound dressings [4–6], tissue 
engineering [7,8], etc. Probably, the most extended method to prepare this kind of mats 
is electrospinning, a process in which a drop of polymer is subjected to an electric field 
which deforms it to generate nanofibers [9]. However, the use of high voltages in 
electrically conductive targets where the fibers are deposited, and the low deposition 
rates make necessary to look for other more versatile methods, at least for certain 
applications; for example, when direct dispensation of the mats is required, as in surgery 
or in-situ creation of wound dressings. In this sense, solution blow spinning, SBS, might 
be a promising method. In this method, developed by Medeiros et al. to produce micro- 
and nanofibers of several thermoplastics [10], the spinning is carried out with a device 
formed by, among other things, concentric nozzles through which a polymer solution is 
ejected by the action of pressurized gas also introduced in the nozzles.  
 
In particular, in materials for biomedical applications, apart from the ability of being 
easily processed and to have good mechanical and optical properties, to avoid 
proliferation of harmful bacteria is a very important feature. This can be achieved by 
filling the thermoplastic polymers with nanoparticles having specific properties such as 
bactericidal effect. Among the thermoplastic polymers to prepare the final 
nanocomposites with the desired properties polysulfones, PSF, may be a good choice 
since they are biocompatible semitransparent high performance amorphous engineering 
thermoplastic, highly resistant to a wide range of pH’s and good mechanical properties 
even at high temperature due to its high glass transition temperature (Tg = 185ºC) [11]. 
Another candidate for this field could be polyvinylidene fluoride, PVDF since it is very 
resistant to pH variations, biocompatible and has peculiar piro and piezoelectric 
properties properties what might make it the focus of multiple applications [12]. Both 
materials have great deal of applications particularly in medicine (its high hydrolysis 
stability allows its use in medical applications requiring autoclave and steam 
sterilization), food, processing equipment, electrical and electronics components due to 
its excellent properties [13,14]. 
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On the other hand, TiO2 nanoparticles can be selected as the filler because of its 
potentiality as biocidal material [15–20]. Besides, the nanoscopic character of the 
particles allows them to be added in low proportion because their large surface to 
volume ratio implies the creation of so large interphase as to significantly change the 
polymer matrix properties. It is worth noting that, although the antibacterial effect can 
be attributed to a direct influence of a certain material on the bacteria metabolism 
(biocide effect), many times it is associated to an inhibition of biofilm development by 
poor cell adhesion to the material. To clarify this aspect, deeper investigations should be 
carried out regarding the interactions between the surface of a certain substrate and a 
particular type of cell. 
 
Although the biocidal effect can be attributed to a direct influence of a certain material 
on the bacteria metabolism, many times the effect is associated to an inhibition of 
biofilm development by poor cell adhesion to the material. To clarify this, deeper 
investigation about this issue should be carried out. In other words, before facing the 
description and explanation of biofilms development, data about interactions between a 
surface of a certain substrate and a specific cell should be collected and analyzed.  In 
this sense, a systematic investigation into the effect of the surface chemistry on the 
bacterial adhesion has been reported [21]. In particular, a number of relevant 
physicochemical factors when defining the surface at the molecular level were assessed 
for their effect on the adhesion of Listeria monocytogenes, Salmonella typhimurium, 
Staphylococcus aureus, and Escherichia coli, concluding that, for a particular substrate-
bacteria system, detailed studies about the surface features (morphology, roughness, 
surface free energy) and cell adhesion must be carried out to understand the possible 
antibacterial properties. Although different mechanisms of bacterial attachment have 
been described, the initial stages of attachment are driven by van der Waals attractive 
forces, electrostatic forces, and surface hydrophobicity. The distance between the 
microorganism and the surface of the material is another relevant factor to be 
considered. That is why the surface topography has been widely discussed as a 
parameter influencing microbial adhesion [22–24] since heterogeneities at nano-scale 
govern adhesive forces. However, there is still certain controversy in the literature 
regarding the real contribution of all these surface characteristics as for example the 
level of roughness favoring bacterial adhesion [25] and that is why more efforts should 
be focused on this issue. 
 
In this chapter, a preliminary study about the preparation of nanocomposites based on 
PSF and PVDF filled with well dispersed TiO2 nanoparticles with potential antibacterial 
activity was carry out. This work in will be focus in the materials morphology, 
dispersion of the filler as well as an in-depth characterization of the surface of the 
materials (morphology, topography, wettability and surface free energy).  Finally, in 
order to explore any correlation between biocidal effect of TiO2 and surface properties, 
different bacteria studies will be carry out for each polymer nanocomoposites. In PSF 
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composites establish correlations with data coming FESEM about the adhesion biofilm 
development of DHαE-Coli cells to materials surface.  
 

III.2. Experimental 
 

III.2.1. Materials 
 
Polymer used as matrix for the composites were Polyvinylidene fluoride, PVDF, 
(Sigma-Aldrich; Mn ~ 10.700; Mw ~ 27.500 and density 1.78 g·cm-3) and LATI 95-15T 
auto-lubricated polymer based on Polysulfone, PSF (commercial name Lasulf, supplied 
by Lati ibérica). As the filler, titanium (IV) oxide nanopowder (mixture of rutile and 
anatase with 99.9% of purity), TiO2, purchased from Sigma-Aldrich was used mean 
diameter < 100 nm (BET) and < 50 nm (XRD) nm. As solvents, Dimethylformamide 
and acetone (HPLC grade), from Aldrich, were used for PVDF-TiO2 system. For 
PSF/TiO2, Chloroform and acetone (HPLC grade), from Aldrich, were used as solvents 
for the solution blow spinning process. 
 

III.2.2. Samples preparation 
 
The PVDF/TiO2 and PSF/TiO2 materials with different amounts of TiO2 (0%, 1%, 2%, 
5% and 10% by weight) were prepared in the form of films by solution blow spinning, 
SBS, using a commercial airbrush and compressed air. A suspension of TiO2 
nanoparticles in each polymer solution of 10% wt/v in the corresponded solvents was 
prepared and then blow spun on a glass substrate (Figure 1). In the case of PVDF/TiO2, 
the nanoparticles suspension was made in a mixture of Acetone/DMF in a proportion of 
9:1 v/v. However, a mixture of Chloroform/Acetone in a proportion of 8:2 v/v was used 
to PSF/TiO2 system.  

 
 

Figure 1.-  Scheme showing how suspensions of TiO2 nanoparticles in polymers solutions are used in the 
commercial airbrush to blow spun the materials on glass substrates. 



CAPÍTULO III 
 

 
III-26 

 

The processes of preparation of TiO2 suspensions for each polymer composite can be 
described as follow. 
 
For PVDF-TiO2 
 

a) 1g of PVDF was dissolved in a mixture of 1 mL of DMF and 4 mL of acetone 
(solution). 

 
b) A suspension of TiO2 in 5 mL of acetone was prepared adding the required 

amount of nanoparticles as to have a particular composition in the 
nanocomposite and sonicating it for 30 min to improve disaggregation of 
nanoparticles (suspension 1). 

 
c) The suspension to be blow-spun (suspension 2) was prepared mixing the 

solution and suspension 1, stirring for 15 min and sonicating for 15 min in an 
ultrasound bath at room temperature. Then, the mixture was maintained under 
agitation until SBS process was carried out. The actual solvent used to prepare 
the suspensions was then a 10% v/v solution of DMF in acetone. 

 
For PSF-TiO2 
 

a)  1 g of PSF was dissolved in 6 mL of chloroform (solution).  
 

b) A suspension of TiO2 in a mixture of 2 mL of chloroform and 2 mL of acetone 
was prepared adding the required amount of nanoparticles, as to obtain the 
desired composition in the nanocomposite, and sonicating it for 30 min to 
produce the disaggregation of nanoparticles (suspension 1). 

 
c) The suspension to be blow-spun (suspension 2) was pre- pared mixing the 

solution and suspension 1, stirring for 15 min and sonicating for 15 min in an 
ultrasound bath at room temperature. Then, the mixture was maintained under 
agitation until the SBS process was carried out. The actual solvent used to 
prepare the suspensions was then a 20% v/v solution of acetone in chloroform. 

 
The process conditions to perform the SBS are collected in Tabla 1.  
 
Table 1.- SBS process conditions. 

Parameters PVDF/TiO2 PSF/TiO2 
Nozzle diameter 0.5 mm 0.5 mm 

Fluid cup capacity 5 cm3 5 cm3 
Pressure 7 bar 4 bar 

Working distance 10 cm 4-5 cm 
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Representative samples of the resulting films of both nanocomposite systems prepared 
by SBS are shown in Figure 2. 
 
 

 
 

Figure 2.- Top, Films of the PVDF/TiO2; and Bottom PSF/ TiO2 nanocomposites prepared by SBS with 
different amounts of TiO2 nanoparticles. [1,2] 

III.2.3. Analytical techniques 
 
III.2.3.1. Morphological study 

 
The morphological studies of the composites were carried out from images obtained by 
a field emission scanning electron microscope Zeiss Ultra 60 (FE-SEM) done by other 
member of the GMCPI research group in the National Institute of Standards and 
Technology, NIST (USA). 
 
III.2.3.2. Surface analysis 

 
The software MountainsMap® Universal, version 7.2.7481 (Digital Surf Surface 
Intelligence) was used to obtain different parameters associated to the roughness from 
the data obtained with the white light interferometer by mapping the 3D surface, using 
the ISO 4287 standard with a Gaussian filter of 0.08 mm. The parameters measured, 
(Arithmetic mean height (Ra) and Root mean square height (Rq)), were extracted from 
the average of 5 roughness profiles as Figure 3 shows. 
 

PVDF PVDF-2%  TiO2PVDF-1% TiO2 PVDF-10%  TiO2PVDF-5%  TiO2

PSF PSF-1% TiO2 PSF-2% TiO2 PSF-5% TiO2 PSF-10% TiO2
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Figure 3.- Example of topographic map obtained by white light interferometry (sample PSF-10% TiO2), 
and roughness profile. 

Surface free energy of the different materials was obtained from contact angle 
measurements. An OCA-15 KRÜSS GmbH tensiometer based on the drop method was 
used. The contact angle for each testing liquid was the average of four drops, and the 
surface free energy was obtained by the Owens-Wendt method [26,27]. As the testing 
liquids for the contact angle measurements, distilled and deionized water, glycerol and 
diiodomethane were chosen. Table 2 gathers the values of some important parameters of 
the testing liquids used. 
 
Table 2.-  Values of densities and contributions to the surface tension of the liquids used to carry out the 
contact angle measurements. 

Liquid δ (g/cm3 ) γd (mN/m) γp (mN/m) γt (mN/m) Supplier 
Water 0.998 21.8 51.0 72.8 Home lab 

Glycerol 1.259 37.0 26.4 63.4 Panreac 
Diiodomethane 3.220 50.8 0.00 50.8 Sigma-Aldrich 

Hexadecane 0.770 27.5 0.00 27.5 Sigma-Aldrich 
 
Where δ is the density of the liquid, γd and γp are the dispersive and polar components 
of the surface tension of the liquids and γt the total surface tension or the sum of the 
polar and dispersive components. The surface tension values were taken from Stöm et 
al. [28]. 
 
III.2.3.3. Bacteria study 

 

To culture the gram-negative bacteria DH5α, a strain of E. Coli was used. Discs of 
about 5 mm of diameter of the different PSF-TiO2 samples were cut out and glued with 
an epoxy adhesive on stainless steel disks. Processes of sample disinfection and bacteria 
culture was carry out following the protocol write in the corresponded paper. Then the 
materials were disinfected by spraying with ethanol 70% (v/v). By adding a 3% of E. 
Coli to Luria Bertani (LB), used as growth medium, a stock suspension was prepared by 
culturing at 37 ºC for 12h with agitation. Then a 1/100 dilution of the stock suspension 
was used as the medium to immerse the three materials and generate the biofilm on their 
surfaces.  

5 profiles to obtain roughness parameters
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To prepare the biofilms a multi-well plate was used by introducing one sample per well, 
and then pouring 2 mL of the diluted suspension into each well. The plate was then 
agitated for 8 h at 37 oC, until adhesion of the bacteria to the surfaces of the materials 
and generation of the biofilms. After 8h of culture the suspension was removed by 
aspiration to eliminate the non-adhered bacteria and the resulting materials rinsed with a 
sterile solution of sodium chloride 0.9 wt%. In order to prepare the samples for SEM 
visualization a fixation process is necessary. 1 mL of glutaraldehyde 2.5 wt% was added 
to each well and left for 30 minutes at room temperature to fix and kill the bacteria onto 
the materials. After 30 minutes, glutaraldehyde was removed, and samples were rinsed 
3 times with PBS to remove the remaining glutaraldehyde. After fixation, the samples 
were dehydrated in four 10-minutes steps of increasing ethanol concentration (30, 50, 
70 and 100%). Finally, ethanol was removed, and the samples left in the laminar flow 
hood for their complete drying, [1]. 
 
To observe the number of adhered bacteria on the material surface, SEM images was 
used. SEM images (x1000 of magnification) of each sample cultured with DH5α E. Coli 
were taken and then every single cell was counted to obtain the number of adhered cells 
per surface unit. These images were performed using TENEO field emission scanning 
electron microscope, FESEM (FEI). The acceleration voltage was 2.0 kV and an 
Everhart Thornley detector were used taking the signal coming from secondary and 
backscattered electrons. In this case the samples were coated with a very thin layer of 
gold using a low vacuum coater Leica EM ACE200. Finally, from the results of five 
specimens an average value and the corresponding standard deviation was obtained.  
 

III.3. Results and discussion 

III.3.1. PVDF-TiO2  
 
This first work of nanocomposites prepared by SBS showed that materials had a fibrillar 
morphology. In Figure 4 an example of the typical morphology of the materials is 
shown, where it is possible to observe that an arrangement of fibers in the form of 
bundles with a tendency to form like rolled spheres interconnected each other. Besides 
the diameter of fibers is approximately from 100 to 200 nm, and TiO2 nanoparticles 
seem to be trapped within fibers, [2]. It should be noted that nanoparticles from some 
aggregates less than 400 nm of size, (Figure 4 right). 
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Figure 4. Example of SEM images of PVDF-10% TiO2 obtained by other member of the GMCPI 
research group in the NIST (USA). Left interconnect bundles of fibers; right nanoparticles trapped within 
fibers and filler aggregates. 

 
Furthermore, surface characterization (roughness, contact angle and surface free energy) 
was done on this material. In addition, an adhesion test for the bacteria S. Mutans was 
carried out. Therefore, it was possible to correlate the surface properties of the blow 
spun PVDF-TiO2 samples with the bacteria adhesion. Thus, although the topography 
greatly conditions the roughness of the samples and therefore the surface free energy, 
actually S. Mutans adhesion on the substrates studied mainly depends on the specific 
interactions with polar groups. In fact, the presence of TiO2 nanoparticles increases the 
polar contribution to the surface free energy, which seems to cause favorable interaction 
with S. Mutans cells,[2]. 
 

III.3.2. PSF-TiO2 
 
The morphological characteristics of the system PSF-TiO2 were similar to PVDF. In 
other words, materials are formed by fibers and interconnected bundles. Moreover, the 
titania particles were placed inside and along the fibers.  
 
Therefore, from the results obtained for PVDF, and considering that PSF materials have 
the same morphology, a deep characterization and bacteria culture of E. Coli was 
carried out. Regarding the inspection of the typical parameters associated to the 
roughness, Ra and Rq, reflects that there is an initial increase in the heterogeneity of the 
topography when a small amount of TiO2 nanoparticles are added to the PSF up to 2% 
wt and then remains almost constant (Table 3). Apart from changes in the topography, 
the influence of the presence of TiO2 nanoparticles on the surface features of the 
materials can be reflected in the physico-chemical interactions with bacteria. One way 
to study these interactions is by contact angle measurements and surface free energy 
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determinations. The values of contact angle obtained with the three test liquids are 
collected in Table 4. 
In general, when the polarity of the test liquid used is rather high contact angles 
decrease the smoother the sample is, but the opposite can be observed when the 
dispersive contribution of the test liquid is high and the polar one very low. This result 
can be easily confirmed when comparing contact angles of drops deposited on the top 
and bottom sides of samples (Table 4). Thus, there is an important contribution to the 
contact angle that must arise from the surface roughness. In particular, the data of 
Tables 3 and 4 show trends that suggest that the surface gets more hydrophobic the 
higher the roughness. The impact of roughness on wettability of a solid substrate is well 
known [29]. The surface free energy is obtained from the Young’s equation which 
assumes a chemically homogenous and topographically smooth surface. However, this 
is not the case of real surfaces, which are characterized by a range of contact angles. 
Wenzel defined the relationship between roughness and wettability considering that an 
increase of surface roughness enhances the wettability caused by the chemistry of the 
surface [29]. For example, if the surface is chemically hydrophobic, it will become even 
more hydrophobic when surface roughness is added accordingly with the results of the 
present work. 
 
Table 3.- Roughness parameters from averaging five linear profiles in each sample. 

Sample Rq (m) Ra (m) 
PSF-0% 0.59  0.20 0.39  0.08 
PSF-1% 1.25  0.35 0.97  0.32 
PSF-2% 1.39  0.40 1.09  0.36 
PSF-5% 1.31  0.42 0.91  0.37 
PSF-10% 1.24  0.29 0.88  0.25 

 
Table 4.- Values of contact angle, CA, with different test liquids for all samples. 

 CA in Water (º) CA in Glycerol (º) CA in Diiodomethane (º) 
Sample Top Bottom Top Bottom Top Bottom 
PSF-0% 107 ± 2 92 ± 6 103 ± 5 96 ± 5 50 ± 1 42 ± 4 
PSF-1%  124 ± 12 84 ± 5 97 ± 3 78 ± 1 28 ± 7 30 ± 5 
PSF-2%  134 ± 4 99 ± 5 100 ± 2 81 ± 3 29 ± 4 36 ± 8 
PSF-5%  111 ± 5 96 ± 5 97 ± 3 73 ± 2 33 ± 7 35 ± 6 
PSF-10%  120 ± 5 83 ± 4 93 ± 3 78 ± 4 32 ± 6 40 ± 2 

 
From the data of Table 4, surface free energy values and their polar and dispersion 
contributions were obtained using the Owens-Wendt method (Table 5) [26,27]. In this 
way more information about the expected specific integrations will be available. The 
usual values of surface free energy found in the literature for PSF are around 40 mN/m 
[30]. As it can be observed for the smoothest surfaces or the bottom sides of the 
materials, the surface free energy values are similar to the literature ones. However, for 
the top sides the values are slightly higher than that taken from the bibliography. 
Furthermore, the higher the TiO2 nanoparticles content the higher the surface free 
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energy mainly due to an increase of both dispersion and polar contributions. These 
results may seem to be contradictory respect to the hydrophobic behavior of the samples 
taking into account the contact angle values (Table 4). 
 
In Figure 5 surface free energy (and contributions) as well as roughness are represented 
as a function of TiO2 nanoparticles content. Considering the data of Table 4 the most 
hydrophobic samples are those with the highest polar contribution as can be seen in 
Table 5 and Figure 5. However, at the same time changes in the dispersion contribution 
follow the same trend (Figure 5). A possible explanation of these results may be 
associated to the consideration that complex topography induced confused calculated 
surface free energy contributions without any physical meaning. Another explanation is 
that the increase of the dispersive contribution is what actually induces the changes in 
the wettability behavior. An increase of the polar contribution to the surface free energy 
can be simply due to the presence of highly polar TiO2 particles whose influence seems 
to be higher the higher the interface of contact between the substrate and the testing 
liquid drops. What is clearly observed is that water better wets the surfaces of the 
materials under study the lower the surface roughness while the non-polar 
diiodomethane better wets the surfaces the higher the surface roughness. Thus, one 
would expect a better adhesion of hydrophilic particles to the surfaces of the materials 
with lower roughness. 
 
Table 5.- Values of surface free energy of PSF system obtained from the Owens-Wendt Method. 

Sample t (mN/m) d (mN/m) p (mN/m) 

PSF-0% 33 ± 2 33 ± 2 0.1 ± 0.10 
PSF-1% 50 ± 4 44 ± 4 6 ± 2 
PSF-2% 53 ± 2 45 ± 2 8 ± 1 
PSF-5% 44 ± 3 41 ± 3 3 ± 1 

PSF-10% 46 ± 3 43 ± 2 3 ± 1 
PSF-0% (bottom) 38 ± 3 37 ± 3 0.5 ± 0.3 
PSF-1% (bottom) 42 ± 2 41 ± 2 0.2 ± 0.1 
PSF-2% (bottom) 40 ± 3 40 ± 3 0.01 ± 0.01 
PSF-5% (bottom) 42 ± 2 42 ± 2 0.1 ± 0.1 
PSF-10% (bottom) 41 ± 1 40 ± 1 2.0 ± 0.1 
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Figure 5.- Surface free energy (and contributions) so as roughness are represented as a function of TiO2 
nanoparticles content. 

In order to analyze the possible effect of the top surface properties with E. Coli, a 
greater understanding of the bacterial adhesion behavior should be important. Surface 
hydrophobicity of cells of E. Coli DH5α was assessed using the bacterial adhesion to 
hydrocarbon assay of Rosenberg et al. resulting in a surface hydrophobicity of 31.16 ± 
2.8 % [31]. Assuming the possibility of estimating the surface tension of any bacteria 
from considering the weighted contributions of each solvent used in the BATH method 
(water and hexadecane in this case) [31,32] one could say that: 

 
d (bacteria) = 1·d(1) + 2·d(2)           (1) 

                               p (bacteria) = 1·p(1) + 2·p(2)           (2) 
 

Where the subscripts (1) and (2) refer to the solvents 1 and 2 respectively (water and 
hexadecane) and  refers to the fraction of bacteria extracted by a certain solvent which 
well might be the BATH parameter. Therefore, for the E. Coli DH5α it would be 
obtained as follow: 

 
d (bacteria) = (1-0.311)·21.8 + (0.311)·27.5 = 23.6 (mN/m) 
p (bacteria) = (1-0.311)·51.0 + (0.311)·0.00 = 35.1 (mN/m) 

t (bacteria) = 23.6 + 35.1 = 58.7 (mN/m) 
 
These results are in accordance with bacteria cells having a surface mainly polar, 
pointing therefore lower E. Coli adhesion the higher the dispersive contribution to the 
surface free energy. In order to see this expected behavior inspection of E. Coli cells 
adhered to the different materials prepared was performed by SEM. Figure 6 shows as 
an example bacteria distribution on the surface of neat blow spun PSF, several bacteria 
are green painted to better visualize all the bacteria in the whole image. Similar images 
were obtained for the rest of sample although with clear variations in the average 
number of bacteria per surface unit. Figure 7 shows representative regions of the SEM 
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images taken from the different cultured materials which qualitatively represent the 
bacterial cells adhered as a function of the TiO2 nanoparticles content. 
 
 

 
 

Figure 6.- SEM image of the sample PSF-0% cultured with DH5 E. Coli. Some individual bacteria are 
highlighted by green painting. The inset image shows a zoomed region of the SEM image. 

 
 

Figure 7.- Representative regions of the SEM images taken from the different cultured materials: a) PSF-
0%; b) PSF-1%; c) PSF-2%; d) PSF-5% and e) PSF-10%. 

 

a) c)b)

d) e)
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It was observed that most of the regions inspected suggest that the higher the TiO2 
nanoparticle content the lower the bacteria cells adhered. Being more precise worse 
bacteria adherence seems to occur when there exists higher surface of composite 
available or surface with nanoparticles. In order to give quantitative data to the above 
mentioned bacteria counting was carried out from different SEM images of the 
materials under consideration. Table 6 gathers the average number of adhered bacteria 
and standard deviation per each type of material. As can be observed the tendency is 
just the opposite of the roughness (Table 3 and Figure 5) and the hydrophobicity (Table 
4). This result is completely in agreement with that expected from the surface 
characteristics (hydrophilic) of the DH5 E. Coli cells.  
 
Table 6.- Average number of adhered bacteria cells and standard deviation per each type of material. 

Sample Average number 103 
(bac/mm2) 

Standard Deviation 
(bac/mm2) 

PSF-0% 81.6 16.3 
PSF-1% 8.5 4.4 
PSF-2% 1.8 0.3 
PSF-5% 1.6 0.6 
PSF-10% 19.1 8.0 

 
Therefore, two can be the reasons of the antibacterial behavior observed when adding 
TiO2 nanoparticles: i) direct action of the nanoparticles against the bacterial cell and ii) 
changes in the induced topographic characteristics of the blow spun samples that affect 
the hydrophobicity of the materials. If the former reason accounted more one would 
expect less adhered bacteria cell in the case of the highest loaded PSF (sample PSF-
10%), however that was not the case. Thus, it seems that increase of surface 
hydrophobicity due to increase of roughness induced by the presence of TiO2 
nanoparticles in the blow spun suspensions are the main contribution to the reduction of 
E. Coli DH5 cells adhesion. 
 

III.4. Conclusions 
 
These preliminary studies were useful to learn how to prepare the polymers solutions 
and understand the fabrication process by solution blow spinning (SBS). Besides, it was 
demonstrated that this fabrication process is a successful method to prepare films of 
nanocomposites of TiO2 based on PVDF and PSF. In addition, nanoparticles get trapped 
and quite uniformly dispersed within the polymer when fibers are created during the 
blow spinning process. The topographies of the films are highly influenced by the TiO2 
content, most likely due to its influence on the solvent evaporation rate. 
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Considering the PSF system, the hydrophobicity of the surface of PSF increases the 
higher the roughness, in accordance with Wenzel who stated that increasing the surface 
roughness will enhance the wettability due to the chemistry of the surface. It seems that 
the increase of the dispersive contribution to the surface free energy is what actually 
induces the changes in the wettability behavior of the PSF based nanocomposites. The 
results here reported point out that the increase of surface hydrophobicity due to 
increase of roughness induced by the presence of TiO2 nanoparticles in the blow spun 
suspensions is the main contribution to the reduction of E. Coli DH5 adhesion, rather 
than the intrinsic bactericidal properties of the titanium oxide nanoparticles embedded 
in the polymer, [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



CAPÍTULO III 
 

 
III-37 

 

References 
 

[1] J. Teno, G. González-Gaitano, J. González-Benito, Nanofibrous 
polysulfone/TiO2 nanocomposites: Surface properties and their relation with E. 
coli adhesion, J. Polym. Sci. Part B Polym. Phys. 55 (2017) 1575–1584. 
doi:10.1002/polb.24404. 

[2] J. González-Benito, J. Teno, G. González-Gaitano, S. Xu, M.Y. Chiang, 
PVDF/TiO2 nanocomposites prepared by solution blow spinning: Surface 
properties and their relation with S. Mutans adhesion, Polym. Test. 58 (2017) 21–
30. doi:10.1016/j.polymertesting.2016.12.005. 

[3] R.F. Bonan, P.R.F. Bonan, A.U.D. Batista, F.C. Sampaio, A.J.R. Albuquerque, 
M.C.B. Moraes, L.H.C. Mattoso, G.M. Glenn, E.S. Medeiros, J.E. Oliveira, In 
vitro antimicrobial activity of solution blow spun poly ( lactic acid )/ 
polyvinylpyrrolidone nano fi bers loaded with Copaiba ( Copaifera sp .) oil, 
Mater. Sci. Eng. C. 48 (2015) 372–377. doi:10.1016/j.msec.2014.12.021. 

[4] A.M. Abdelgawad, S.M. Hudson, O.J. Rojas, Antimicrobial wound dressing 
nanofiber mats from multicomponent (chitosan/silver-NPs/polyvinyl alcohol) 
systems, Carbohydr. Polym. 100 (2014) 166–178. 
doi:10.1016/j.carbpol.2012.12.043. 

[5] X. Wang, F. Cheng, J. Gao, L. Wang, Antibacterial wound dressing from 
chitosan/polyethylene oxide nanofibers mats embedded with silver nanoparticles, 
J. Biomater. Appl. 29 (2014) 1086–1095. doi:10.1177/0885328214554665. 

[6] H.F. Guo, Z.S. Li, S.W. Dong, W.J. Chen, L. Deng, Y.F. Wang, D.J. Ying, 
Piezoelectric PU/PVDF electrospun scaffolds for wound healing applications, 
Colloids Surfaces B Biointerfaces. 96 (2012) 29–36. 
doi:10.1016/j.colsurfb.2012.03.014. 

[7] W. Tutak, S. Sarkar, S. Lin-gibson, T.M. Farooque, G. Jyotsnendu, D. Wang, J. 
Kohn, D. Bolikal, C.G. Simon, Biomaterials The support of bone marrow stromal 
cell differentiation by airbrushed nano fi ber scaffolds, Biomaterials. 34 (2013) 
2389–2398. doi:10.1016/j.biomaterials.2012.12.020. 

[8] E.N. Bolbasov, Y.G. Anissimov, A. V Pustovoytov, I.A. Khlusov, A.A. Zaitsev, 
K. V Zaitsev, I.N. Lapin, S.I. Tverdokhlebov, Ferroelectric polymer scaffolds 
based on a copolymer of tetra fl uoroethylene with vinylidene fl uoride : 
Fabrication and properties, Mater. Sci. Eng. C. 40 (2014) 32–41. 
doi:10.1016/j.msec.2014.03.038. 

[9] J. Doshi, D.H. Reneker, Electrospinning Process and Applications of Electrospun 
Fibers, Ind. Appl. Soc. Annu. Meet. 1993., Conf. Rec. 1993 IEEE. 3 (1993) 
1698–1703. doi:10.1109/IAS.1993.299067. 

[10] E.S. Medeiros, G.M. Glenn, A.P. Klamczynski, W.J. Orts, L.H.C. Mattoso, 
Solution blow spinning: A new method to produce micro- and nanofibers from 
polymer solutions, J. Appl. Polym. Sci. 113 (2009) 2322–2330. 
doi:10.1002/app.30275. 

[11] P. Saxena, M.S. Gaur, Thermally stimulated depolarization study in 
polyvinylidenefluoride- polysulfone polyblend films, J. Appl. Polym. Sci. 118 
(2010) 3715–3722. doi:10.1002/app.32520. 

[12] P. Martins,  a. C. Lopes, S. Lanceros-Mendez, Electroactive phases of 
poly(vinylidene fluoride): Determination, processing and applications, Prog. 
Polym. Sci. 39 (2014) 683–706. doi:10.1016/j.progpolymsci.2013.07.006. 

[13] P. Saxena, M.S. Gaur, P. Shukla, P.K. Khare, Relaxation investigations in 
polysulfone: Thermally stimulated discharge current and dielectric spectroscopy, 



CAPÍTULO III 
 

 
III-38 

 

J. Electrostat. 66 (2008) 584–588. doi:10.1016/j.elstat.2008.07.002. 
[14] D. Long, F. Lequeux, Heterogeneous dynamics at the glass transition in van der 

Waals liquids, in the bulk and in thin films, Eur. Phys. J. E. 4 (2001) 371–387. 
doi:10.1007/s101890170120. 

[15] I. Nieto Pozo, D. Olmos, B. Orgaz, D.K. Božanić, J. González-Benito, Titania 
nanoparticles prevent development of Pseudomonas fluorescens biofilms on 
polystyrene surfaces, Mater. Lett. 127 (2014) 1–3. 
doi:10.1016/j.matlet.2014.04.073. 

[16] J.M. Arroyo, D. Olmos, B. Orgaz, C.H. Puga, C. San José, J. González-Benito, 
Effect of the presence of titania nanoparticles in the development of 
Pseudomonas fluorescens biofilms on LDPE, RSC Adv. 4 (2014) 51451–51458. 
doi:10.1039/C4RA09642H. 

[17] W. Bahloul, F. Mélis, V. Bounor-Legaré, P. Cassagnau, Structural 
characterisation and antibacterial activity of PP/TiO2 nanocomposites prepared 
by an in situ sol–gel method, Mater. Chem. Phys. 134 (2012) 399–406. 
doi:10.1016/j.matchemphys.2012.03.008. 

[18] J.M.C. Robertson, P.K. J. Robertson, L.A. Lawton, A comparison of the 
effectiveness of TiO2 photocatalysis and UVA photolysis for the destruction of 
three pathogenic micro-organisms, J. Photochem. Photobiol. A Chem. 175 (2005) 
51–56. doi:10.1016/j.jphotochem.2005.04.033. 

[19] A.G. Rincón, C. Pulgarin, Photocatalytical inactivation of E. coli: effect of 
(continuous–intermittent) light intensity and of (suspended–fixed) TiO2 
concentration, Appl. Catal. B Environ. 44 (2003) 263–284. doi:10.1016/S0926-
3373(03)00076-6. 

[20] C.C. Trapalis, P. Keivanidis, G. Kordas, M. Zaharescu, M. Crisan, A. Szatvanyi, 
M. Gartner, TiO 2 ( Fe 3 q ) nanostructured thin films with antibacterial 
properties, Thin Solid Films. 433 (2003) 186–190. doi:10.1016/S0040-
6090(03)00331-6. 

[21] D. Cunliffe, C. a Smart, C. Alexander, E.N. Vulfson, Bacterial Adhesion at 
Synthetic Surfaces Bacterial Adhesion at Synthetic Surfaces, 65 (1999) 4995–
5002. 

[22] R.J. Crawford, H.K. Webb, V.K. Truong, J. Hasan, E.P. Ivanova, Surface 
topographical factors influencing bacterial attachment, Adv. Colloid Interface 
Sci. 179–182 (2012) 142–149. doi:10.1016/j.cis.2012.06.015. 

[23] E. Preedy, S. Perni, D. Nipiĉ, K. Bohinc, P. Prokopovich, Surface roughness 
mediated adhesion forces between borosilicate glass and gram-positive bacteria, 
Langmuir. 30 (2014) 9466–9476. doi:10.1021/la501711t. 

[24] H. Tang, T. Cao, X. Liang, A. Wang, S.O. Salley, J. McAllister, K.Y.S. Ng, 
Influence of silicone surface roughness and hydrophobicity on adhesion and 
colonization of Staphylococcus epidermidis, J. Biomed. Mater. Res. Part A. 88A 
(2009) 454–463. doi:10.1002/jbm.a.31788. 

[25] I. Yoda, H. Koseki, M. Tomita, T. Shida, H. Horiuchi, H. Sakoda, M. Osaki, 
Effect of surface roughness of biomaterials on Staphylococcus epidermidis 
adhesion, BMC Microbiol. 14 (2014) 234. doi:10.1186/s12866-014-0234-2. 

[26] D.K. Owens, R.C. Wendt, Estimation of the surface free energy of polymers, J. 
Appl. Polym. Sci. 13 (1969) 1741–1747. doi:10.1592/phco.30.10.1004. 

[27] D.H. Kaelble, Dispersion-Polar Surface Tension Properties of Organic Solids, J. 
Adhes. 2 (1970) 66–81. doi:10.1080/0021846708544582. 

[28] B.R. Göran Ström, Monica Fredriksson, Per Stenius, Kinetics of steady-state 
wetting, J. Colloid Interface Sci. 134 (1990) 107–116. doi:10.1016/0021-



CAPÍTULO III 
 

 
III-39 

 

9797(90)90256-N. 
[29] R.N. Wenzel, Resistance of solid surfaces to wetting by water., J. Ind. Eng. 

Chem. (Washington, D. C.). 28 (1936) 988–994. doi:10.1021/ie50320a024. 
[30] K.S. Kim, K.H. Lee, K. Cho, C.E. Park, Surface modification of polysulfone 

ultrafiltration membrane by oxygen plasma treatment, J. Memb. Sci. 199 (2002) 
135–145. doi:10.1016/S0376-7388(01)00686-X. 

[31] M. Rosenberg, D. Gutnick, E. Rosenberg, Adherence of bacteria to 
hydrocarbons: A simple method for measuring cell‐surface hydrophobicity, 
FEMS Microbiol. Lett. 9 (1980) 29–33. doi:10.1111/j.1574-
6968.1980.tb05599.x. 

[32] C.W. Reid, N.T. Blackburn, A.J. Clarke, The effect of NAG-thiazoline on 
morphology and surface hydrophobicity of Escherichia coli, FEMS Microbiol. 
Lett. 234 (2004) 343–348. doi:10.1016/j.femsle.2004.03.047. 



 

 
 

 
 
 
 
 
 
 
 
 
 
 

CAPÍTULO IV 
 

Poly (ethylene-co-vinyl acetate) Films Prepared by 
Solution Blow Spinning: Surface Characterization and its 

Relation with E. Coli Adhesion 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 



CAPÍTULO IV 
 

 
IV-40 

 

CAPÍTULO IV. Poly (ethylene-co-vinyl acetate) Films Prepared by Solution Blow 
Spinning: Surface Characterization and its Relation with E. Coli Adhesion 
 

Abstract  
 
 Solution blow spinning, SBS, a quite novel processing method, was used to obtain poly 
(ethylene-co-vinyl acetate), EVA, films with controlled surface properties. The 
influence of the surface characteristics of EVA films on the adhesion of DH5 
Escherichia coli was studied. In particular, the initial concentration of the EVA solution 
to be blow spun was varied in order to get different surface topographies. Considering 
the potential use of EVA based materials in applications such as food packaging or 
scaffolds for tissue engineering all factors affecting proliferation of microorganisms on 
their surfaces should be studied and understood. Structural, morphological and surface 
characterizations based on the use of infrared spectroscopy, FTIR, scanning electron 
microscopy, SEM, and contact angle measurements were performed to ascertain the 
main factor influencing the E. coli adhesion on the EVA films. Roughness data were 
determined at different scales from 3D surfaces obtained using a stereoscopic 
reconstruction of SEM images. It was concluded that, depending on the conditions of 
the SBS process, only variations of topography were found on the EVA films, being 
therefore the unique cause of different adhesion capacity of E. Coli cells. A correlation 
between roughness and the number of attached E. Coli cells showed that the higher the 
roughness at microscale level the higher the biofilm development, demonstrating that, 
apart from specific interactions at nanoscale surface, heterogeneity at microscale can 
greatly modify the antibacterial action. 
 
 
Keywords: Poly (ethylene-co-vinyl acetate), solution blow spinning, topography, 
bacteria adhesion. 
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IV.1.  Introduction  
 
In the last decade plastic industry has been extended to the development, preparation 
and commercialization of new products with applications in agriculture (from green 
houses, silage bags and much films to drip tape/tubing) and food industry (containers, 
coatings and thin films for packaging) [1,2]. A particular application within this 
framework belongs to the group of active packaging, or those that interact with food in 
order to extend its expiration date [3,4]. Proliferation of bacteria is something expected 
to be avoided in many of these plastics. These microorganisms form communities so 
called “biofilms” that, apart from the possibility of damaging the material and food, 
when formed by a high number of cells usually act as protecting barriers against the 
action of external agents. A possible solution to this problem may be the modification of 
the polymer by adding particles or other substances capable of acting against the 
proliferation of bacteria, either because of their intrinsic biocide character or simply by 
altering the surface properties of the final materials to avoid the adhesion of 
microorganisms. In principle, the change of surface properties by the sole modification 
of processing conditions would be an easier and more affordable way of reducing or 
even preventing the proliferation of microorganisms. 
 
The bacterial adhesion depends on the ability of cells to attach to the surface in order to 
properly feed and reproduce. Thus, to understand the mechanism of bacteria adhesion, 
as well as its influence on the materials acting as substrates is very important. The 
surface topography is one of the main characteristics affecting the microorganisms 
adhesion [5,6] since the heterogeneities at nanoscale may influence adhesive forces. 
Although different mechanisms of bacterial attachment have been described, the initial 
stages of attachment are driven by van der Waals attractive forces, electrostatic forces, 
and surface hydrophobicity [5–7]. 
 
A very simple process to generate films formed by micro or nanofibers mats that can be 
directly deposited on practically any kind of substrate is the so-called solution blow 
spinning method (SBS),[8]. The spinning system consisted of concentric nozzles 
through which a polymer solution and a pressurized gas are simultaneously ejected. One 
of the main advantages of this method is the high rate of deposition which would allow 
covering large areas of substrates, of utility for packaging purposes, for example. 
 
Poly (ethyl-co-vinyl acetate), EVA, is a polymer with wide use in agriculture and 
packaging industries. EVA is a copolymer with acceptable mechanical strength, barrier 
properties and biocompatible. In addition, it has low friction coefficients and high 
adhesiveness, being used in multilayer films as the internal layer to promote self-sealing 
in food packaging [9]. Thus, to study the effect of topography of EVA films on the 
development of biofilms must be an important issue since that information will be 
helpful to smartly select the best conditions to finally produce the materials with the 
required characteristics to lead to the best performance against bacteria adhesion. 
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Srinivasan et al. [10] demonstrated how the surface morphology of a blend of 
poly(methyl methacrylate) (PMMA) with 1H,1H,2H,2H-heptadecafluorodecyl 
polyhedral oligomeric silsesquioxane, using an air brush with a pressurized nitrogen 
stream, can be tuned as a function of polymer concentration and molecular weight, 
changing their final surface properties. Other investigations have demonstrated that the 
polymer concentration in the SBS process may greatly affect the final topography of the 
materials prepared and their surface properties [11–13]. One of the most important 
factors is rate of solvent evaporation, governed by solvent choice and spinning 
conditions, most importantly working distance to collector and concentration. The 
working distance can largely determine is films are formed, or interconnected webs of 
fibres are formed as opposed to individualised fibres. 
 
On the other hand, when certain materials present such heterogeneous surfaces, to 
obtain topographic images with good lateral resolution may be difficult. Interferometric 
methods provide great accuracy in highs but sometimes, depending on the information 
required, poor lateral resolution. Therefore, performing studies where roughness has to 
be obtained at different scales and where, at least, one of them implies a few 
micrometres squared of surface, might not be carried out. The use of atomic force 
microscopy (AFM) can be one option. However, the surfaces obtained by SBS are 
usually in the form of fibres, and AFM may produce irreproducible scans and poor 
imaging if the scanning tip gets stuck with the fibres. Thus, other experimental options 
must be considered in order to overcome the later. An easy strategy might be obtaining 
3D surfaces from a simple stereoscopic reconstruction of scanning electron microscopy, 
SEM, images. 
 
The aim of this work is to study the influence of EVA polymer concentration of a 
solution to be blow spun on the final surface morphology, topography and structure of 
the films obtained. A correlation between surface properties with E. Coli adhesion was 
established, trying to understand the main contributions affecting the biofilm 
development. Among other things, roughness parameters were calculated from data 
taken at different scales because roughness greatly depends on the scale from which 
their representative parameters are determined [14,15]. Therefore, it is expected to find 
out from what scale topography changes lead to the highest variations in the bacteria 
adhesion. It is important to highlight here that although for several authors the first 
intention is the creation of fibers by the use of SBS, here one of the main 
objectives is just to change the morphology of the polymer films surfaces in a 
controlled way and finally to characterize them to understand its influence in the 
bacterial adhesion. Therefore, this article is focused to test the material more than 
to the creation of proper material. 
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IV.2.  Experimental 

IV.2.1. Materials 
 

Poly (ethylene-co-vinyl acetate), EVA (25 % wt/wt in vinyl acetate, density 0.933 
g·cm-3 at 25 oC, Vicat temperature ASTM D 1525 ¼ 65 oC, and melting point 95 
oC, batch # MKAA0470) was supplied by Sigma-Aldrich. Chloroform (Aldrich, 
HPLC grade) was used as solvent for the solution blow spinning process. 

IV.2.2. Samples preparation 
 
EVA films were prepared by solution blow spinning, SBS, from solutions of 
EVA in chloroform at 50 oC (1 %, 2 %, 5 %, 7 % and 10 % by weight), using the 
home-made device inspired on the Medeiros’s patent [8,16], explained before in 
the chapter II (see section II.2. of chapter II). For this work the process conditions 
were a pressure of 4 bar, and a feed rate of 0.5 ml/min. The polymer films were 
collected on a rotating drum (rotation speed of 270 rpm) wrapped with aluminium 
foil at a working distance of 20 cm. 

IV.2.3. Analytical techniques 
 
To study possible structural changes in the polymer, infrared attenuated total 
reflectance was performed with a FTIR-ATR Nicolette Avatar 360 spectrometer 
(resolution of 2 cm-1 and 32 scans per spectrum). 
 
The morphological studies, including the direct observation of cell adhesion, 
were carried out using a TENEO field emission scanning electron microscope, 
FESEM (FEI). The acceleration voltage was 2.0 kV and an Everhart Thornley 
detector were used taking the signal coming from secondary and backscattered 
electrons. Five images per sample were obtained at different tilt angles (0 o, 5 o, 
10 o, 15 o and 20 o) that will be used for ulterior 3D reconstructions. As the 
samples were not conductive, they were coated with a very thin layer of gold 
using a low vacuum coater Leica EM ACE200.  
 
Roughness (arithmetic mean height, Ra, and the root mean square height, Rq) was 
studied after reconstruction of the 3D images using the SEM module of the 
MountainsMap® software (Digital Surf Surface Intelligence). A stereoscopic 
reconstruction operator was used to get 3D images from a stereoscopic pair of 
SEM images collected from the sample at two different angles of view.  
 
Surface free energies of the different materials were obtained from contact angle 
data, using the same equipment, method and protocol explained in the chapter III 
(see section III.2.3.2 of chapter III), [17,18,19]. 
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Figure 1.- Films of EVA obtained by SBS with solutions (% by weight) of: a) 1%; b) 2%; c) 5% d) 7% 
and e) 10%. 

IV.2.4. Culture of bacteria 
 
To culture the bacteria E. Coli DH5α, the same protocol explained in the Chapter 
III, was used. (see section III.2.3.3 of chapter III) 

IV.3. Results and discussion  
 
FTIR spectra of all the samples are presented in Figure 2. As expected, 
differences were not found either in the position, shape or absorbance ratio of the 
bands, pointing out that the structure of the polymer is not affected by the mild 
processing conditions considered in this work. By contrast, clear differences were 
observed in terms of topography and surface properties. SEM images of the blow 
spun samples are shown in Figure 3. As can be seen, the topography became 
more heterogeneous the higher the concentration of the solution to be blow spun 
was. When a 1 % EVA solution was used a non-fully coated surface was obtained 
formed by globs or drops of polymer on the aluminium foil (Figure 3a). 
 

 
Figure 2.- FTIR spectra of all samples.  
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Figure 3.- SEM images of all samples under study: a) SBS of 1% EVA solution; b) SBS of 2% EVA 
solution; c) SBS of 5% EVA solution; d) SBS of 7% EVA solution and e) SBS of 10% EVA solution. 

Domingos et al. [12] stated that solution viscosity and surface tension increased 
the higher the polymer concentration was, demanding higher drag forces to take 
the polymer solution to the collector, leading to thicker polymer fibres.  
 
Besides, previous studies showed that lower surface tension could reduce the 
formation of beads and avoid the production of interconnected fibres and 
continuous film [13] as happened in the present work with the less concentrated 
solution. When the concentration of the solution was increased to 2 % of EVA an 
almost continuous film formed by globs or drops of polymer was obtained 
(Figure 3b). The behaviour seemed similar to that of a 1 % solution but in the 
case of 2 % with enough amount of polymer to fully coat the aluminium foil. 
When the concentration of EVA was increased up to 5 % clear formation of 
interconnected fibres was observed (Figure 3c), in accordance with results of 
Oliveira et al. [13]. Finally, for higher concentrations, 7 % and 10 %, the fibres 
became so thick that in many regions of observation over the polymer surface 

a)

e)

d)c)

b)
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their interconnection resulted in a practically continuous film (Figures 3d and e). 
Therefore, it seems clear that by simply changing the concentration of the 
polymer solution it is possible to tailor the topography of the final blow spun 
polymer and therefore their surface properties, which might have important 
consequences on the cell adhesion. It is clear here that more setting SBS 
conditions might have been explored to obtain different morphologies like more 
defined micro and nanofibers; however, this work is more focused to test the 
material more than to the proper creation of the material. 
 
In order to extract quantitative topographical information from the SBS produced 
surfaces, roughness determinations were carried out. Topography or 3D images 
(Figure 4a) were obtained from a stereoscopic pair of SEM images collected from 
the sample at two different view angles (Figure 4b). After that, the software 
MountainsMap® was used to obtain different parameters associated to the 
roughness using 5 roughness profiles (Figure 5) from the 2D reconstructed maps 
and the ISO 4287 standard. Values of the roughness parameters were averaged 
taken the results obtained from the 3D maps available after their construction 
from the 5 SEM images taken at different tilts. 
 

 
 
Figure 4.- Example of a 3D image (a) calculated using a stereoscopic pair of SEM images collected from 
a sample SBS of 10% EVA solution (b). 

 
 

a)

b)

Tilt  0º Tilt  20º
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Figure 5.- (Up) 2D map reconstructed from the 3D image of Figure 5a (dashed lines correspond to the 
profiles chosen to finally make roughness calculations). (Bottom) example of one of the five the 
roughness profiles chosen.  

It is important to bear in mind that surface roughness calculation is a scale-
dependent process, i.e., it results from undulations and imperfections on the 
surface of a material in relation to the observed or scanned area. 
 
Therefore, average surface roughness parameters may be different at different 
scales [14,15]. In order to take into account this, the roughness parameters were 
obtained at different scales reducing the dimensions of the original image profile 
by 10 %, 20 %, 30 %, 40 % and 50 %, respectively. The objective of this 
procedure is to find what scale, in terms of roughness, better correlates with 
wettability data and, if possible, with subsequent biofilm development. 
 
Data associated to the roughness parameters are gathered in Table 1. As can be 
observed, there is a clear increase in roughness the higher the concentration of the 
polymer solution to be blow spun is, increasing by almost 900 % when the 
concentration of polymer solution changes from 1% to 10%, in accordance to the 
microscopy results. 
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Table 1. Roughness parameters obtained using different scale reductions of the original image for the 
samples under study.  

 
  SAMPLE EVA-1 EVA-2 EVA-5 EVA-7 EVA-10 

SC
A

L
E

 R
E

D
U

C
T

IO
N

S 

0% Ra (m) 2.13±0.22 2.06±0.51 5.41±0.42 13.03±2.74 20.85±4.93 
Rq (m) 2.32±0.47 2.45±0.54 6.57±0.54 15.73±2.80 27.75±6.94 

10% 
Ra (m) 2.06±0.33 2.01±0.54 5.27±1.03 11.97±3.13 18.35±7.90 

Rq (m) 2.52±0.40 2.25±0.63 6.42±1.31 14.53±3.36 23.48±10.19 

20% 
Ra (m) 1.98±0.24 1.97±0.48 5.26±1.07 11.43±3.53 18.13±8.08 

Rq (m) 2.43±0.29 2.38±0.57 6.38±1.34 14.12±4.22 22.95±10.68 

30% Ra (m) 1.96±0.36 2.04±0.60 5.01±1.08 10.40±3.42 14.23±4.44 
Rq (m) 2.39±0.46 2.43±0.70 6.19±1.41 12.70±3.96 18.53±6.38 

40% 
Ra (m) 1.81±0.30 1.75±0.56 4.05±1.46 9.91±5.50 16.31±8.87 

Rq (m) 2.22±0.36 2.11±0.65 4.91±1.83 12.16±6.53 21.50±12.77 

50% Ra (m) 1.75±0.14 1.46±0.49 2.99±0.50 5.40±0.92 9.66±1.55 
Rq (m) 2.11±0.10 1.74±0.50 3.59±0.49 6.62±1.04 12.23±2.23 

 
On the other hand, from a reduction of the scale up to 50 % there are clearly 
changes in the values of the roughness parameters for the most heterogeneous 
surfaces but always in the microscale. It is observed that if roughness, represented 
by the arithmetic mean height, Ra, has values around 2 m, its reduction falls 
within the experimental uncertainty range. 
 
The roughness decreases as a function of the scale used to make the roughness 
calculations has been plotted in Figure 6. From an extrapolation it is striking to 
see how at about 100 % of scale reduction there is a tendency to obtain the same 
value of roughness. Therefore, for the system under study, if there is any effect 
on the bacteria adhesion due to topography changes that should be attributed to 
variations at microscale from surfaces elements larger than  400 m2. 
 



CAPÍTULO IV 
 

 
IV-49 

 

 
Figure 6. Roughness values for all the blow spun EVA samples as a function of the reduction in the 
scale used to make the roughness calculations. 

 
At this point it is possible to look for correlations between the surface roughness 
produced by the blow spun process and other properties related to adhesion, as 
the wettability and/or surface free energy. The wettability of liquids on solid 
surfaces is governed by the chemical composition and structure of the surface as 
well as the topographic texture and roughness at the micro/nano-length scales 
[20–23]. Taking into account that no gross structural changes are observed 
regardless the conditions of the EVA film preparation (Figure 2), any change in 
wettability should be due to the topography characteristics. 
 
Water drops on surfaces of the materials studied are shown in Figure 7. It is 
observed how there is a tendency to increase the contact angle when the 
concentration of EVA solution increases (Table 2). As a reference, a water drop 
on the surface of a simple casted 10 % EVA solution has been also included 
(Figure 7a). In this case the contact angle is only higher than that obtained with 
the sample prepared by SBS with a 1 % EVA solution (Figure 7b), as expected, 
since with the 1 % EVA solution the aluminium foil used was not fully coated 
(Figure 3a). Therefore, when the aluminium substrate is not fully covered the 
structure or the physicochemical properties of the surface directly in contact with 
the liquid drop should be quite different. In fact, the aluminium regions are more 
hydrophilic as finally reflected its better wetted surface. 
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Figure 7.- Representative water drops on the surfaces of the materials under study: a) 10% EVA casting; 
b) SBS of 1% EVA solution; c) SBS of 2% EVA solution; d) SBS of 5% EVA solution; e) SBS of 7% 
EVA solution and f) SBS of 10% EVA solution. 

Considering the data corresponding to the roughness data (Table 1) and the 
contact angles (Table 2) it is clear that the higher the roughness the higher the 
contact angle when a hydrophilic test liquid is used, while the opposite occurs 
with less polar liquids. Therefore, roughness may affect wettability even in 
opposite ways depending on the physicochemical characteristics of both the 
liquid and substrate. The system studied shows a typical behaviour in which 
wettability is influenced by the roughness under the mechanism explained by the 
Wenzel model [24] when a hydrophobic liquid is used. By contrast, when the 
liquid is hydrophilic the Cassiee-Baxter model [25] explains better the wettability 
of the blow-spun EVA. 
 
Table 2. Values of contact angle obtained for the three test liquids used. 

 
Contact Angle(º) 

Sample Water Glycerol Diiodomethane 
EVA-casting 95.7  2.8 84.44  2.99 61.17  4.46 

EVA-1 83.30  2.28 71.98  2.26 51.38  2.90 
EVA-2 102.84  1.20 88.47  1.58 58.83  1.92 
EVA-5 115.38  1.50 97.08  1.66 42.70  1.98 
EVA-7 111.02  3.21 97.70  4.73 46.34  4.90 
EVA-8 110.14  2.79 94.16  4.12 44.34  5.10 

EVA-10 133.27  3.25 116.86  4.77 23.69  7.04 
 

a) b)

c) d)

e) f)

95.7 º 83.3 º

102.8 º 115.4 º

111.0 º 133.3 º
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The values of surface free energy are shown in Table 3. As expected a clear 
correlation between the values of the contact angles and surface free energies can 
be observed; thus, it can be inferred that the surface free energy is highly 
conditioned by the surface topography. Therefore, to get information about the 
physicochemical properties, just in terms of interactions of the EVA surfaces with 
E. Coli cells, using surface free energy values, might be very adventurous unless 
further explanation were given about the surface properties of bacteria. 
 
Table 3. Values of surface free energy obtained from the use of the Owens-Wend method. 

Sample γt (mN/m) γp (mN/m) γd (mN/m) 
EVA-casting 28.4  2.8 1.07  0.29 27.3  2.7 

EVA-1 35.4  1.8 2.67  0.72 32.8  1.7 
EVA-2 30.9  1.4 0.02  0.04 30.9  1.4 
EVA-5 38.4  1.6 1.65  0.41 36.8  1.6 
EVA-7 36.4  3.4 0.69  0.57 34.7  3.3 
EVA-10 53.0  3.6 9.24  1.64 43.7  3.2 

 
The final step has been to study the E. Coli adhesion on the blow-spun surfaces. 
This has been performed by the direct SEM observation of the single cells 
remaining over the substrates after the fixation process. In Figure 8, as an 
example, SEM images of E. Coli cells dispersed over the surface of two different 
samples are shown. Single cells (pointed with yellow arrows) can be seen 
uniformly distributed all over the surfaces. Although not shown here, the rest of 
the samples showed similar morphologies, with the only differences associated to 
the topography of the film. From a careful image examination, it was observed 
(Figure 8) that, when comparing between the samples in terms of E. Coli 
adhesion, the higher the EVA concentration of the solution blow spun the higher 
the E. Coli adhered to the material. 
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Figure 8.- Example E-Coli cells distributed over the surface of two the different samples: a) SBS of 2% 
EVA solution and b) SBS of 7% EVA solution. 

Single cell counting has been performed taking 4 images per sample. The results 
are gathered in Table 4 in which the standard deviations are provided in a 
separate column to give them more the idea of width of a distribution than an 
error. It is confirmed how, in general, the higher the concentration of the EVA 
solution, the higher the number of E. Coli cells adhered. Since the main 
difference between the surfaces of the samples is the change in their topography, 
this must be the main factor controlling the cell adhesion. In order to see more 
clearly this effect, the average number of cells adhered as a function of the 
roughness of the EVA samples has been represented in Figure 9. Except for the 
sample EVA-1 there is a monotonically increase of adhered cells when the 
roughness increases. 
 
Table 4. Number of E-Coli cells per surface unit. 

Sample Average Number (Bac/mm2) Standard Deviation (Bac/mm2) 
EVA-1 10554 5007 
EVA-2 2472 1829 
EVA-5 3764 1806 
EVA-7 6107 5059 
EVA-10 7971 2729 

 

a)

b)
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However, the physico-chemical information given by the values of the 
contributions to the surface free energy (Table 3) and the results shown in Figure 
9 also would point out the hydrophobic character of the surfaces as the driving 
force of the E. Coli adhesion since, the more hydrophopic surface the higher E. 
Coli adhesion. To confirm the later the E. Coli strain used in this work should 
have mainly a hydrophobic surface character usually characterize by the presence 
of dispersive interactions when they are in contact with any substrate. However, 
that is not the case as it will be seen later. 
 
Cell-surface hydrophobicity assay of bacteria DH5α was already performed by 
Christopher W. Reid et al. [26] Surface hydrophobicity of cells grown of E-Coli 
DH5α was assessed using the bacterial adhesion to hydrocarbon (BATH, 
particularly hexadecane) assay of Rosenberg et al. [27]. From the later, cell 
surface hydrophobicities of E. coli DH5 was determined: BATH (%) = 31.1  
2.76. The surface tension of bacteria was estimated in the same way of the PSF 
system considering the weighted contributions of each solvent used in the BATH 
method (water and hexadecane) (see section III.3.2. of chapter III). Therefore, for 
the E. Coli DH5α it would be obtained as follows: 
 

d (bacteria) = (1-0.311)·21.8 + (0.311)·27.5 = 23.6 (mN/m) 
p (bacteria) = (1-0.311)·51.0 + (0.311)·0.00 = 35.1 (mN/m) 

t (bacteria) = 23.6 + 35.1 = 58.7 (mN/m) 
 
These results are in accordance with bacteria cells having a surface mainly polar, 
pointing lower E. Coli adhesion the higher the dispersive contribution to the 
surface free energy. However, the experiment results showed just the opposite 
(Table 3 and Figure 9). Therefore, in this kind of EVA based systems the E. Coli 
DH5 adhesion must be more controlled by the topography than by the proper 
specific interactions. 
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Figure 9.- Average number of E-coli adhered as a function of the roughness of the EVA samples and the 
initial concentration of the solutions blow spun. 

The only exception in the tendency correspons to the sample prepared from a 1 % 
EVA solution, in which despite the roughness is clearly low, the number of 
adhered bacteria is the highest. However, this sample has not a pure EVA surface. 
Once again, this result can be explained taking into account that the aluminium 
foil used to prepare the EVA materials was not completely coated, conferring to 
the surface of this substrate different physico-chemical properties arising from the 
aluminium with quite higher polarity. This result again reinforces the conclusion 
given above, when the phsysico-chemical properties in terms of specific 
interactions do not change, as it happens in EVA systems under consideration, the 
topography since to be the main cause affecting the E. Coli DH5 adhesion. 

IV.4. Conclusions 
 
EVA films with controlled surface properties were prepared by solution blow 
spinning, SBS. The initial concentration of the EVA solution to be blow spun was 
the variable considered to get different topographies on the surfaces. A 
correlation between surface characteristics, particularly the roughness, with E. 
coli adhesion was established, trying to understand, among other things, the 
contribution of surface topography on the biofilm development. As FTIR spectra 
reflected the structure of the EVA polymer does not seem to be affected by the 
mild processing conditions considered. By contrast, topographic, morphologic 
analysis and contact angle measurements shown big differences on the surface 
characteristics, indicating that by simply changing the concentration of the initial 
polymer solution it is possible to tailor the topography of the final blow spun 
polymer and therefore their surface properties. It was found that the change of 
topography for the system under study, where the physico-chemical properties do 
not change, was the main factor controlling the E.Coli cell adhesion. Besides, the 
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scale for roughness calculation which better correlates wettability data was 
explored. Data extrapolation shown that when reducing the scale up to 100 % the 
roughness tends to the same value of about Ra=1.2 µm. This result pointed out 
that the bacteria adhesion controlled by topography changes seems to be due to 
variations at microscale from surfaces elements larger than ~400 mm2. 
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CAPÍTULO V. Solution Blow Spinning and Obtaining Submicrometric Fibers of 
Different Polymers 

Abstract 
 
Thermoplastic polymers with potential biomedical and electrical applications such as 
polyethyleneoxide, PEO, polyvinylidenefluoride, PVDF, polyethylene-co-vinylacetate, 
EVA were prepared by solution blow spinning, SBS, looking for the best processing 
conditions to obtain submicrometric fibers with highest homogeneity in terms of 
morphology. Fabrication was carried out by a commercial airbrush and a home-made 
automatic SBS device. The aim of this work was to optimize the SBS process for each 
of the polymer systems to get films in the form of mats formed by submicrometric 
fibers. In particular, the pressure of the ejecting gas, the feed rate of the polymer 
solution and the working distance was considered as the final influencing parameters on 
the materials morphology. SEM was used as the main technique to evaluate the effect of 
the processing conditions on the final morphology. The different morphologies obtained 
showed a directly dependence of between them and the processing conditons. Gas 
pressure, feed rate and working distance have a great influence in the fiber production, 
fiber diameter, and fiber diameter distribution. 
 
 
Keywords: Solution blow spinning, PVDF, EVA, PEO. 
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V.1. Introduction 
 
Nowadays solution blow spinning (SBS) process is becoming an easy method to 
produce in situ fibers from polymer solution [1]. It consists in ejecting a polymer 
solution by the action of a gas flow through concentric nozzles, which in turn allows 
quick solvents evaporation. This process usually produces non-woven mats formed by 
micro or even nanofibers. SBS was developed by Medeiros et al. [1] and during the last 
years many authors are using this method as an alternative of electrospinning process. 
The reasons they state lie on that SBS does not need complex equipments nor applying 
a high electric field attaining high production of material in very short period of time 
[2].  
 
Regarding recent publications SBS is being carried out using a commercial airbrush or 
SBS device manufactured at the research labs. Several authors using an airbrush [3,4], 
have explained how the processing parameters affect the production of nano or 
microfibers. The use of a simple airbrush allows producing in situ wound dressing as 
was reported by Behrens et al [5], pointing that is easier to handle it than a SBS 
equipment. However, the feed rate cannot be well controlled with this system, so 
sometimes it can lead to nozzle obstructions, [6]. On the other hand, several authors 
made their own SBS devices based on the Medeiro’s et al. patent [6–9] . The use of this 
kind of devices usually allows a better control of the processing parameters as the feed 
rate, gas pressure and polymer concentration. This variables may greatly influence the 
average fiber diameter as has reflected several studies [10,11]. Therefore, controlling 
the processing parameters opens a wide field of researching since is the way of 
optimizing the SBS process to finally obtain morphologically tailored films of any 
soluble polymeric system. 
 
In this work, the SBS processing conditions were studied to understand their final 
influence on the submicrometric morphology of so prepared films of several 
thermoplastic polymers with potential electric and biomedical applications. The first 
proposed candidate is Poly (ethylene oxide), PEO. It is one of the most common used 
polymers for biomedical applications as drug delivery. It has good flexibility; low 
toxicity, is water soluble and good biocompatibility. Besides, this polymer is one of the 
first polymers used in electrospinnig and SBS process, [12,13]. 
 
The second candidate is polyvinylidene fluoride, PVDF. This polymer has electroactive 
properties like pyro-, piezo-electricity, is highly chemically resistant and biocompatible, 
[14–17]. Furthermore, PVDF mats obtained from SBS and electrospinnig  processes, 
have been just reported, by several authors, [18–20]. 
 
The last polymer under study is poly (ethyl-co-vinyl acetate), EVA. This copolymer 
when the composition is 40% by weight in vinyl acetate presents an acceptable 
mechanical strength taking into account their extremely elastic behaviour. Besides, 
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EVA has good barrier properties and is biocompatible. Due to this, EVA is widely used 
in the agro-alimentary industry and food packaging. EVA has a dielectric strength and 
volume resistivity that allows using it  in low and medium voltage applications [21,22]. 
EVA has been previously fabricated by electrospining by authors like Alhusein et al. 
[23–25], also the present authors previously have studied this material fabricated by 
SBS, [26]. 
 

V.2. Experimental  
 

V.2.1. Materials 
 
Poly vinylidene fluoride, PVDF (Mn=107,000 and Mw=275,000, pellet grade), Poly 
(ethylene oxide), PEO (Mv=100,000, powder) and Poly (ethylene-co-vinyl acetate), 
EVA (%VA=40 wt %, melt index 57 g/10 min,190ºC/2.16kg) were supplied by Sigma-
Aldrich. The solvents used were N, N-dimethyformamide (DMF), Chloroform (purity 
99.5%), Dimethylcloride (anhydrous, purity 99,8 %) and Acetone (HPLC purity 99,9%) 
all of them analytical reagents, used as received and supplied by Sigma-Aldrich. 
 

V.2.2. Samples preparation 
 
The proportions of solvents and polymers in the solutions used to prepare the materials 
are shown in Table 1 
 
Table 1. Proportions of solvents and polymers in the solutions used to prepare the materials. 

 
Polymers Solvent proportion Polymer concentration 

PVDF (Acetone/DMF) 9:1 11 % wt 
EVA40 (Chloroform / Dimethylcloride) 5:5 7 % wt 

PEO (Acetone/Chloroform) 5:5 6.67 % wt 
 
To produce the PVDF and EVA samples the home-made SBS equipment was used 
(Figures 1a-b). This equipment was inspired in the work of Medeiros et al [1], and it is 
previously explained in the chapter II (see section II.2. of chapter II). When ejecting 
the solution, the polymer is deposited on a rotating cylindrical collector wrapped with 
aluminium foil and located at a specific working distance. PEO samples were produced 
using an airbrush (Elite E7116) (Figure 1c) with a nozzle diameter of 0.2 mm and using 
an air compressor as gas supplier. The PEO specimens were prepared on a glass plate 
covered with aluminium foil. 
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Figure 1. a) Home-made SBS equimpement; b) Nozzel of the SBS equipment c) Airbrush 

Different conditions from each polymer solution as working distance (WD), gas 
pressure and feed rate were used (Tables 1-3). In all cases the polymer concentration in 
the solutions and the nozzle diameter were maintained. 
 
Table 2. SBS processing conditions when preparing the PEO system. 

 
PEO Conditions 

Code Feed rate (ml/min) WD (cm) Pressure (bar) 
PEO1 Gravitacional feed 10 2 
PEO2 Gravitacional feed 15 2 
PEO3 Gravitacional feed 10 4 
PEO4 Gravitacional feed 15 4 
PEO5 Gravitacional feed 10 6 

 
 

 
 
 
 
 

a)

b) c)
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Table 3. SBS processing conditions when preparing the PVDF system. 

 
PVDF Conditions 

Code Feed rate (ml/min) WD (cm) Pressure (bar) 
PVDF1 0.5 10 4 
PVDF2 0.25 10 4 
PVDF3 0.1 10 4 
PVDF4 0.075 10 4 
PVDF5 0.5 10 1 
PVDF6 0.5 10 2 
PVDF7 0.5 10 3 
PVDF8 0.5 5 4 
PVDF9 0.5 15 4 

PVDF10 0.5 20 4 
PVDF11 0.5 15 2 
PVDF12 0.5 20 2 

 
 
Table 4. SBS processing conditions when preparing the EVA system. 

 
 
 
 
 
 

 
 

V.2.3. Analytical Techniques 
 
Morphology analysis for PEO and EVA samples was carried out using a Phillips XL30 
and an acceleration voltage of 10kV. PVDF samples were inspected using a TENEO 
field emission scanning electron microscope, FESEM (FEI), with an acceleration 
voltage of 2.0 kV. In every case samples were gold coated using a low vacuum coater 
Leica EM ACE200.  
 
Fiber diameter measurements were carried out by image analysis using Image J 
Software. To facilitate the measurements, three straight lines were drawn in the left, 
right and centre regions of the selected images. All crossed fibers by theses draw lines 
were measured. With this method around 100 representative measures were done. 
Diameter measurements in the PVDF were performed on images at 500x magnification; 
EVA samples were measured at 200x magnification, and PEO fibers were measured at 
8000x magnification.  

EVA Conditions 
Code Feed rate (ml/min) WD (cm) Pressure (bar) 

EVA1 0.5 15 2 

EVA2 0.5 20 2 

EVA3 0.25 15 0.5 

EVA4 0.25 20 0.5 
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V.3. Results and discussion 
 

V.3.1. PEO 
 
V.3.1.1. Effect of gas pressure 

 
Figures 2a, 2c and 2e show, the SEM images of blow spun PEO films obtained using 
three different pressures, 2, 4, and 6 bar respectively. As the pressure increases the 
images show a decrease in the amount of fibers with regions even fibers as if a simple 
cast film was obtained, [6]. At high enough pressures turbulence in the air flow can be 
produced, so the spinning jet cannot be formed. The late means that solution droplets 
does not have time to become nanofibers, therefore the solution drops are dragged 
directly to the target [27]. In these cases, therefore it is expected a polymer 
crystallization similar to that occurring in a cast film, as can be seen in the Figure 2f in 
where a detail of PEO spherulites are observed. 



CAPÍTULO V 
 

 
V-64 

 

 
Figure 2. a) PEO1; b) PEO2; c) PEO3; d) PEO4; e) PEO5; and f) details of the spherulites formed in 
sample PEO5 (see Table 2). Arrows pointed cast film zones. 

Regarding the fiber diameter values shown in Table 5 and Figure 2c, an increase of 
them is obtained at higher pressure (Figures 2a and 2b). This phenomenon occurs 
because of a local decrease of the temperature proportional to the gas expansion, due to 
the high pressure of the gas. It means a poor solvent evaporation leading to higher 
probability of fiber coalescence between wet fibers and therefore higher diameter final 
fibers, [5,8,27]. 
 
 
 
 

a)

c)

f)e)

d)

b)
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Table 5. Fiber diameters of all PEO samples. 

 
 
 
 
 
 
 
 
 
V.3.1.2. Effect of working distance 

 
Considering the two pressures (2 and 4 bar), fiber spinning was studied as a function of 
the working distance (Figures 2a-d). It can be seen that at 4bar there exists more and 
larger plane regions (like a cast film) when the working distance increases. The same 
result is observed in the previous section. So, it seems that the optimal pressure to 
obtain nanofibers is at 2 bar. Comparing the two samples at low pressure (Figures 3a 
and 3b), it is easy to see more fiber production when the target is farther away the 
nozzle. It might be explained if it is considered that the polymer solution spend more 
time in the air flow, leading to an easier solvent evaporation, [28–30]. 
 

 

 
Figure 3. a) SEM Image (8000x) of PEO2; b) SEM Image (8000x) of PEO3, c) Plot of diameter 
distribution of all samples.  

  Average 
diameter (nm) 

Standard 
deviation (nm) 

PEO1 351.3 213.4 
PEO2 642.9 474.8 
PEO3 460.7 198.4 
PEO4 606.4 390.0 

a)

b)

c)
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Taking into account the fiber diameters, it can be seen in the Table 5 and Figure 3c, that 
in all samples is possible to find nanometric fibers. However, the fiber diameter and the 
average diameter extracted from the diameter distributions increase when the working 
distance increases. The wide diameter distribution at longer working distances can be 
explained considering that different solvent evaporation times occurred during the fibers 
fly. But, the diameter increase is difficult to understand although it can be due to the 
fibers welding and fiber-drops coalescence. 
 

V.3.2. PVDF 
 
V.3.2.1. Effect of feed rate. 

 
The feed rates studied were from 0.02 to 0.5 ml/min (Table 3). In Figure 4, the samples 
morphology as a function of feed rate is presented [31]. It can be seen that the density of 
fibers is lower the slower feed is. This result is pointing out that with 0.5 ml/min of feed 
rate the fiber production obtained is higher being in accordance with other experimental 
results [8]. A possible reason is that slow rates may lead to jet instability because 
polymer droplets cannot be properly extruded by the shear gas forces [32]. Thus, 
regions similar to those obtained by simple casting and bundles are increased at slow 
rates. This kind of morphologies were well explained by several authors [2,3,33]. On 
the other hand, the feed rate does not seem to exert any influence on the fiber diameters 
at least under the other conditions of 4 bar for the ejecting gas and 10 cm of working 
distance (Table 6). 
 
Table 6. Fiber diameters of PVDF samples as function of feed rate. 

 Average 
diameter (nm) 

Standard 
Deviation (nm) 

PVDF1 624,9 284,4 
PVDF2 592,1 244,7 
PVDF3 633,9 325,5 
PVDF4 593,6 350,1 
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Figure 4. SEM images of SBS PVDF using different feed rates (see Table 3): a) PVDF1, b) PVDF2, c) 
PVDF3, d) PVDF4. Arrows pointed cast film zones. 

V.3.2.2. Effect of gas pressure. 

 
The next step in the optimization of the SBS process for producing PVDF was the study 
of the effect of the ejecting gas pressure when the feed rate and the working distance are 
set at 10 cm and 0.5 ml/min respectively. Figure 5 clearly shows that there is poorer 
fiber production when 2 and 3 bars of pressure are used (Figures 5b and 5c respectively) 
instead of using 1 bar of pressure (Figure 5a). In fact, both samples show the very 
similar morphology, they are basically based on welded fiber bundles, roller beads and 
large smooth regions similar to those obtained by simple solvent casting.  
 

a) b)

c) d)
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Figure 5. SEM images of SBS PVDF using different ejecting gas pressure (see Table 3): a) PVDF5; b) 
PVDF6; and c) PVDF7. 

 
However as can be seen in Figure 4a when the pressure is increase up to 4 bars again 
more fiber production is obtained. On the other hand, in terms of fibers diameter an 
opposite tendency is observed; there is an increase of average diameter when the gas 
pressure is increase until 4 bars of pressure is used for which the average diameter of the 
fibers produce decreases (Figure 6a). Besides, the distribution of fiber diameters tend to 
be narrower the thinner the fibers (Figure 6b) being in accordance with other results 
obtained by Oliveira et al. [8]. 

a)

b) c)
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Figure 6. a) Fiber average diameter as a function of ejecting gas pressure. b) Distribution of fiber 
diameters at different gas pressures. 

V.3.2.3. Effect of the working distance. 

 
Figure 7 shows SEM images of SBS PVDF samples obtained at different working 
distances. In all cases the fiber formation is too poor being most of the surface covered 
by beads of polymer. This result may be attributed to short solution time of fly in 
relation the evaporation rate. But, comparing sample fabricated at 10 cm (Figure 4a) 
with samples at 15 and 20 cm (Figure 7b and Figure 7c respectively), fiber formation 
decreases when 10 cm is overlapped. It may be considered that more time of flight 
implies more fiber welding, bundles and roller bead formation. 
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Figure 7. SEM images of SBS PVDF using different working distance (see Table 3). a) PVDF8, b) 
PVDF9, and c) PVDF10. Arrows pointed bundles zones. 

 
V.3.2.4. Effect of parameter combination. 

 
The aim of this section is study how simultaneous changes in ejecting gas pressure and 
working distance affect the PVDF fiber formation. Samples was prepared using 2 bars 
at different working distances while feed rate was maintained at 0.5 ml/min. Figure 8 
shows the SEM images with their respective diameter fibers distribution. Comparing 
both images with sample at 2 bar (Figure 5b) big differences are found. When the 
highest working distance is employed, fiber formation decreases drastically. It is 
meaning the formation of fibers coalescence, rolling beads, and welded fibers-bundles, 
as heterogeneous film. Seems morphology is also well found when higher pressure is 
used, as is above commented for sample at 4 bar and 20 cm, (Figure 7c). 
 
 
 
 
 
 
 
 
 

a)

b) c)
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Figure 8. SEM images of SBS PVDF using 2 bar, 0.5 ml/min and different working distances (see Table 
3) a) PVDF11; b) PVDF12. Arrows pointed bundles zones. 

However, when near distance is used (Figure 5b), bad fiber formation is found. It can be 
solvent evaporation during the fly, that is low for pressure at 2 bar. Nevertheless, 
sample prepared at 15 cm (PVDF11) shows a well fiber formation with a good fiber 
distribution. Also bundles shapes are well observed linking the fibers.   
 

V.3.3. EVA 
 
Two processing parameters have been studied to optimize the SBS process for 
preparing EVA films, feed rate and pressure of ejecting gas as reported in previous 
works [8,30]. In particular, in this section gas pressure and fluid rate as a function of 
working distance were evaluated. Figures 9a and 9b show the morphology of samples 
prepared at 2 bar of gas pressure, 0.5 ml/min of feeding rate, and 15 and 20 cm as 
working distances respectively. On the other hand, Figure 9c and Figure 9d show 
morphologies of the EVA samples prepared using 0.5 bar of gas pressure, 0.25 ml/min 
of feeding rate, and 15 and 20 cm as working distances respectively. In terms of 
working distance, regardless the gas pressure and the feeding rate, there is a decrease in 
the number of beads and simple canting-like regions for the higher working distance. 
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Figure 9. SEM images of SBS EVA using different processing conditions (see Table 4): a) EVA1; b) 
EVA2; c) EVA3 and d) EVA4. Arrows pointed cast film zones. 

The combination of a feed rate of 0.5 ml/min with pressure at 2 bar, shows fibers over 
large regions with morphology similar to a simple cast EVA (EVA1 and EVA2). This 
result seems to be due to a slow solvent evaporation, probably because the ejecting gas 
pressure used is not enough to remove the solvent and get a good spinning jet. Besides, 
it seems that the used feeding rate is quite fast leading to the production of droplets 
instead of fibers at that pressure. However, the combination of a feed rate of 0.25 
ml/min and a gas pressure of 0.5 bar, shows a completely non-woven mats with some 
fiber bundles (EVA3 and EVA4). It seems to be that using low pressure and low feed 
rate an optimal equilibrium in microfibers formation is obtained. 
 
Table 7. Fiber diameters of EVA samples. 

 
 
 
 
 
 
 
 

 Average diameter 
(µm) 

Standard 
Deviation (µm) 

EVA1 2.71 1.77 
EVA2 3.41 1.85 
EVA3 2.31 1.09 
EVA4 2.19 1.37 

a) b)

d)c)
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Comparing fiber average diameters, it can be said that they are higher at the highest 
working distance considered in this work for the highest pressure considered, as can be 
seen for the sample EVA2 (Figure 9 and Table 7). This phenomenon is similar to that 
previously commented for the PVDF system. In the case of low pressure and low feed 
rate (EVA3 and EVA4), little changes were observed as a function the working 
distances used, only that associated to the fiber production. 
 
Finally, in Figure 10 it is shown narrower fiber diameter distribution for samples at low 
pressure and feed rate (EVA3 and EVA4), being the opposite behaviour when higher 
pressure and feed rate were used (EVA1 and EVA2). Again, this result can be explained 
as it was done for the PVDF system. 

  
Figure 10.  Plots of fiber diameter distribution of EVA samples. 
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V.4. Conclusions 
 
The solution blow spinning, SBS, process has been revelled as a good method to 
prepare submicrometric fibers of PEO, PVDF and EVA polymers. By simply varying a 
few set conditions in the SBS process to optimize the fabrication of mats of the 
polymers considered is possible. In the case of the PEO polymer only when the pressure 
of the ejecting gas is low enough, 2 bars, a material formed by a randomly distributed 
submicrometric fibers is obtained, reducing the average diameter of the fibers at shorter 
working distances. On the other hand, for the PVDF, the best fiber mat formation is 
obtained when high feed rate, intermediate pressure and a medium working distance is 
employed. Finally, for EVA with a 40% of vinylacetate the optimal mat film formation 
occurs using low feeding rates and pressures of the ejecting gas so as relatively long 
working distances. 
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CAPÍTULO VI. Solution Blow Spun EVA40/Cu Nanocomposites: Effect of the 
presence of CuNp on the E. Coli adhesion 
 

Abstract 
 
In the present work the presence of copper nanoparticles, CuNp, in poly (ethylene-co-
vinyl acetate), EVA, is studied in terms of their effect on the final properties of the 
composites. Mats formed by submicrometric fibers based on EVA are prepared using 
the so-called solution blow spinning process, SBS. Different compositions are 
investigated: 0%, 1%, 3%, and 6% by weight of Cu. To understand the effect of the 
CuNp on the E. coli cell adhesion and biofilm formation, the morphology, structure, 
thermal and surface properties of the nanocomposites prepared are studied by scanning 
electron microscopy (SEM), Fourier transformed infrared spectroscopy (FTIR), 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), contact 
angle measurements (CA) and optical profilometry (OP), respectively. SBS allows 
preparing EVA based mats formed by fibers with a mean diameter of about 2.5 m and 
with a quite uniform dispersion of CuNp in the case of the nanocomposites. FTIR 
evidences that neither the presence of CuNp nor the SBS process induces structural 
changes in the EVA matrix. TGA shows that SBS process, as well as the presence of 
CuNp, does not influence the thermo-degradation phenomena of EVA. The presence of 
CuNp is exerting an antibacterial effect against the DH5 E. coli; firstly, because of an 
action on the extracellular polymeric substances EPSs and secondly, because of a direct 
action on the bacterial metabolism. Finally, it is observed how the presence of CuNp 
affects in some way the HaCaT cells growing, delaying the process at higher amounts 
of Cu although the viability does not seem to be affected. 
 
Keywords: EVA, Solution blow spinning, Cu nanoparticles; Nanocomposites, Cell 
adhesion, E. Coli. 
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VI.1.  Introduction 
 
The use of functional polymer composites in the field of medicine is in continuous 
development [1–3]. Among the polymers that can be used as matrices, thermoplastics 
are receiving a special attention because of their interesting properties, advantages in 
terms of processability, handling and low costs [4–6]. Within the frame of this group of 
materials, the use of fibrous non-woven materials is one of the most extended in the 
fields of sensors, membranes, scaffolds for tissue engineering and drug delivery systems 
[7]. In several applications, the proliferation of harmful bacteria represents a serious 
problem, because they can promote infections and/or unexpected deterioration. 
Therefore, new active materials able to inhibit microorganisms are required. 
Biocompatible materials with antimicrobial activity should be designed and prepared, 
having, in addition, other improved properties such as chemical, mechanical and 
thermal performance [8]. One interesting way to overcome the later requisites might be 
to combine the special characteristics of several materials; for example, blending a 
polymer material which ensures the easiness of processing to obtain complex 
morphologies like fibrous morphology and, nanoparticles or other active agents with the 
capacity of exerting an antimicrobial action [9–11]. 
Multiple studies about bacteria adhesion phenomena have been reported in the 
literature. Several of those works concluded that the bacteria adhesion is directly related 
with the specific interactions between the cells and the substrate and, therefore, with the 
physiochemical properties of the substrate surface [12–15]. Taken into account this, it is 
reasonable to think that induced changes in the surface of the materials should influence 
the cell adhesion. In the case of polymeric substrates, there are several ways of changing 
their surfaces; for example, by altering the conditions of the fabrication and with the 
modification of the polymers by the addition of certain fillers. 
On the other hand, mats and films of thermoplastics with complex topographies are 
receiving great interest due to their potential use as materials for drugs delivery, wound 
dressings and tissue engineering. One of the main reasons for their interest lies in the 
porosity of these materials which facilitates fluids and nutrients transport through them. 
In the last decade, one of the most extended fabrication processes of polymeric porous 
materials for those purposes is the electrospinning. However, this process presents some 
disadvantages as, for example, the use of relatively high electric fields or the necessity 
of long times of material fabrication [16,17]. On the contrary, the so-called solution 
blow spinning process, SBS, seems to overcome those inconveniences. In many cases, 
this process developed by Medeiros et al [18] allows a great production of fiber mats 
without the need of an electric field, and with the facility to produce the materials in-
situ, in principle, on any kind of substrate. Based on the “Venturi effect” the SBS 
generates fibers due to the ejection of a polymer solution throughout concentric nozzles 
by the action of a gas flow. Several authors already reported the production of several 
materials by the use of SBS [19]. 
A representative example of the use of a solution of blow spun materials focused to its 
final use in the field of medicine is given by the work of Oliveira et al. where SBS 
nanostructured membranes of PLA with encapsulated progesterone were prepared as 
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drug delivery systems [20]. Another example was reported by E. Tomecka et al where 
PLLA and PU mats were produced as substrates for cardiac cells development [21]. 
Besides, SBS process was also used to fabricate biomaterials as reflects the work of A. 
Abdal-Hay et al. where PVA/Hydroxyapatite systems were studied as coating for Ti 
implants [22]. 
On the other hand, when a new material is proposed as biomaterial with potential use in 
medicine it is compulsory to avoid prejudicial effects on the human cells so studies 
about their cytotoxicity must be done. Several ways to evaluate the materials exist. One 
of the most common tests is the MTT assay, a colorimetric assay for assessing cell 
metabolic activity based on the reduction of tetrazolium dye, MTT. One example of the 
use of MTT assay on nonwoven Poly(styrene-β-isobutylene-β-styrene) to study the 
cytotoxicity of L929 fibroblasts can be found in reference [23]. Another way to study 
the cytotoxicity is by the use of the live/Dead assay kit, as reported W. Huang et al for 
the evaluation of human mesenchymal stem cells (hMSCs) viability on PLGA-PHBV 
microspheres as scaffolds in bone tissue [24]. 
Among the polymers with interesting characteristics to be used in medical applications 
the poly(ethylene-co-vinyl acetate), EVA, is one of the more interesting [25]. It has 
optimal mechanical properties, good biocompatibility and high adhesiveness [26]. 
Furthermore, different copolymers of EVA are available where the composition in terms 
of vinyl acetate (VA) can be changed to obtain different final properties. For example, 
EVA-40 with a 40% by weight of VA comonomer presents a relatively low modulus 
with elastomeric behavior at room temperature which makes it very interesting for 
applications in which continuous changes of shape are required. However, EVA based 
materials require chemical modifications in order to attain antimicrobial property. One 
of the most studied strategies to do that is to introduce inorganic particles with 
demonstrated antibacterial activity such as Ag, Cu, TiO2, ZnO, Al2O3, Fe3O4 and Fe2O3 
[3,4,27]. Among them, the use of copper particles is quite extended [28]. Cu is able to 
alter by oxidation the integrity of the membranes of the microorganisms cells, causing 
thereafter damaging in the lipidic components of its structure, leading to the nutrients to 
escape through the membrane and consequently to the death of the cells [29–31].In the 
present work a new system based on an elastomeric EVA modified with Cu 
nanoparticles, CuNp, was fabricated by solution blow spinning and characterized. The 
effect of the presence of CuNp and its amount on the fibrillar morphology and physic-
chemical properties of the materials was studied. Then, all these characteristics were 
taken into account to explain their influence on the E. coli adhesion and development. 
Finally, as a function of the CuNp content, a cytotoxicity study in HaCat epithelial cells 
was carried out.  
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VI.2. Experimental 

VI.2.1. Materials  
 
Poly (ethylene-co-vinyl acetate) with a composition of 40% by weight in vinyl acetate 
and 200-800 ppm of butylated hydroxytoluene, BHT, as inhibitor (melt index 57 g/10 
min at 190 ºC) supplied by Sigma-Aldrich was used as the polymer matrix. Chloroform 
(anhydrous grade and purity ≥ 99%) and dichloromethane (anhydrous grade and purity 
≥ 98%) from Sigma Aldrich, were used as the solvents for the solution blow spinning 
process. Cu nanoparticles, CuNp, of around 70 nm in diameter were used (Hongwu 
International Group LTD). Although the composition and size (use of the Scherrer’s 
equation) of the CuNp were confirmed by X-Ray diffraction, the scanning electron 
microscopy showed that the Cu nanoparticles are actually in the form of aggregates of 
about 300-400 nm where the CuNp seem to well welded (see ANEXO II). 
 

VI.2.2. Samples preparation 
 

EVA/Cu nanocomposites with different amounts of Cu nanoparticles (0%, 1%,3%, and 
6% by weight) were prepared using the homemade device of solution blow spinning 
(see section II.2. of chapter II ) [32]. First of all, the Cu nanoparticles were dispersed in 
a solution made with 7% by weight of EVA and a mixture of chloroform and 
dichloromethane (5:5 by weight) at room temperature. In order to favor the 
disaggregation of the Cu nanoparticles, the suspensions were sonicated using an 
ultrasounds bath [33]. 
Finally, to obtain mats in the form of films the suspensions were blow spun using the 
conditions shown in Table 1. These films (Figure 1b) were collected on the open zones 
of a collector especially designed for this purpose (Figure 1a and c).  
 
Table 1.  Conditions set for the SBS process [34]. 

Nozzle diameter 0.5 mm 
Feed rate 0.25 ml/min 
Pressure 0.5 bar 

Working distance 20 cm 
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Figure 1. a) Mat formed on the collector; b) extracted film from the collector; c) scheme of the 
fabrication process.  

Furthermore, EVA films were also prepared by hot pressing (fabricated using 75 MPa 
of pressure at 150ºC) as control material to make the corresponding comparisons. 

VI.2.3. Analytical Techniques  
 
To study possible structural changes in the EVA matrix, Fourier transformed infrared 
spectroscopy (FTIR) was carried out using an FT-IR Spectrum GX spectrophotometer 
(Perkin-Elmer). The spectra were recorded in the range 400-4000 cm-1 from the average 
of five scans with a resolution of 2 cm-1. Potassium Bromide (KBr) discs were used as 
substrates were a small amount material was deposited by SBS. 
The influence of Cu nanofiller on the thermal transitions of EVA was studied using a 
differential scanning calorimeter METTLER Toledo 822E. Samples of about 4-5 mg 
were subjected to several thermal cycles under a nitrogen atmosphere: i) heating scan 
from -100 ºC to 150 ºC at 10 ºC/min to investigate thermal transitions of the blow spun 
materials; ii) cooling scan from 150 ºC to -100 ºC at -10 ºC/min to study thermal 
transitions of the nanocomposite after erasing the processing history.  
Thermogravimetric analysis was performed using a PerkinElmer Pyris 1 TGA. Samples 
of about 10 mg were heated from 24 ºC to 800 ºC at 10 ºC/min under a nitrogen 
atmosphere. 
Using a TA Instrument Q-800, the dynamic mechanical analysis was carried out to 
study the influence of the processing and the presence of Cu nanofiller on the 
viscoelastic properties of the materials under study. Tests were performed in the tensile 

a) b)

Mat

Rotating Collector

Nozzle

c)
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mode applying a 1% of strain at 1Hz of frequency and heating the samples from -60ºC 
to 100ºC at 3ºC/ min. The samples were tested in the main macroscopic fiber orientation 
(perpendicular to the rotating axis of the collector). The storage modulus, loss modulus 
and loss factor or tan δ were obtained using a conversion factor to correct the section 
area of the samples after taking into account the porosity.  
The conversion factor k can be determined from the quotient between the apparent 
density, ρ’, and the real density of the material, . The apparent density, ’, is the 
density experimentally obtained from the direct measurement of the mass, m, and the 
volume, V, or the dimensions of the specimen, x, y, and z. The real density of the 
material, , that can be obtained experimentally from specimens without pores. It 
should be coincident with that calculated after correcting the dimensions of the porous 
specimens by the corresponding contribution due to the porosity or multiplying each 
dimension by the conversion factor k. Therefore, the quotient ’/ will be related with 
the conversion factor as follows: 
 
𝜌′

𝜌
=

𝑚

𝑉′
𝑚

𝑉

=

𝑚

𝑥·𝑦·𝑧
𝑚

𝑘𝑥·𝑘𝑦·𝑘𝑧

= 𝑘3 𝑘 = √
𝜌′

𝜌

3             (1) 

 
Since the tensile strength, , is inversely proportional to the section area of the 
specimen, A, the measured section area, A’, should be corrected to take into account the 
porosity A’=A·k2 and consequently the corresponding values of the storage and loss 
moduli.  
 
As control sample films of neat EVA were prepared by hot pressing in a heat 
compression machine. 
The morphology of the materials, as well as the adhesion of the E. coli cells, was 
studied by scanning electron microscopy, SEM, using a Philips XL30 scanning electron 
microscope. Besides, microanalyses at specific sites of the materials were done with a 
DX4i coupled energy-dispersive X-ray spectroscopy detector (EDAX). To avoid 
electrostatic charge accumulation on the surface of the material, the samples were gold 
coated by sputtering using a low vacuum coater Leica EM ACE200. The analysis of the 
objects observed by SEM was performed by image analysis using Image J Software. In 
particular, the fibers on images with a magnification of 1500x were analyzed using the 
diameter J plugin of the Image J Software [35]. 
In order to have a better visualization of the fillers within the polymer matrix scanning 
transmission electron microscopy, STEM was carried out using a TENEO field 
emission scanning electron microscope, FESEM (FEI). The acceleration voltage was set 
at 22 kV and the images were built with the signal coming from secondary and 
backscattered electrons collected by an Everhart Thornley detector. The samples were 
directly deposited by SBS on copper gratings for the correct observation by the STEM. 
3D images of the samples were also taken by the use of an optical profilometer 
Olympus dsx500. After the corresponding image analysis, some roughness parameters 
were obtained such as the arithmetic mean height, Ra, and the mean spacing of the 
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profile elements, Sm. These parameters were obtained using the deduced cut-off (λc) 
suggested by the standard UNE EN ISO 4288. In particular, λc was estimated as five 
times the average value of Sm from 10 profiles measured without cut-off, Sm*.  
 
    𝜆𝑐 = 𝑆𝑚

∗ ∙ 5             (2) 
 
The roughness parameters were obtained as the average of the values obtained from 10 
horizontal and 10 vertical profiles taken from the topographic images. (see ANEXO III) 
 
Contact angle measurements based on the drop method were carried out using the same 
equipment, method and protocol, that previous the works. (see section III.2.3.2. of 
chapter III),[36]. 
 

VI.2.4. Cells cultures and cytotoxicity 
 
A strain of the bacteria E. Coli DH5α was used to be cultured on the surfaces of the 
materials prepared following the protocol described in previous works (see section 
III.2.3.3. of chapter III) [32]. In every case, circular specimens of 8 mm of diameter 
were used. After culturing, bacteria fixation and dehydration were performed [32] 
before preparing the samples to be inspected by FESEM (gold coating by sputtering). 
The FSEM images were obtained using a TENEO FESEM microscope (FEI) using 
acceleration voltages of 3 or 5 kV. The bacteria per surface unit were counted by the use 
of the Image J software [37].  
 
On the other hand, epithelial HaCat cells were cultured on the surface of the materials 
under study. HaCaT cells were grown on the surface of the materials that were blow 
spun over glass discs of 12 mm of diameter (Figure 2).  
 

 
 
Figure 2. Samples prepared over glass disks to culture the HaCaT cells to subsequently perform the 
cytotoxicity tests. 

Before culturing the HaCaT cells samples were subjected to a UV radiation for 1 hour 
to kill any other microorganism and finally placed in a sterilized 24 multiwell plate. The 
HaCaT cells were grown up in DMEM (Dulbecco's modified eagle medium) with 10% 
of FBS (fetal bovine serum). After two days, cells were detached and counted. Then a 
suspension of 90000 cells was prepared in 100 µL of DMEM with 10% of FBS. A drop 
of the cells suspension was poured on the materials and incubated at 37ºC, 50% of 

EEVVAA--00%% EEVVAA--11%% EEVVAA--33%% EEVVAA--66%% 
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humidity and 5% of CO2 for 2 hours. After that, 3 mL of a new medium was added and 
incubated for 1, 3 and 7 days, on 3 specimens of each material. As a control, the culture 
was also carried out without the presence of the materials. 
The cytotoxicity tests were carried out using a dye LIVE(calcein)/DEAD(Eth-D-1) ® 
Viability/Cytotoxicity Kit for mammalian cells (Invitrogen ™) and following the 
corresponding supplier protocol [38]. Calcein dye detects the cells alive by excitation 
using an optical filter at 485 ±10 nm and observing the fluorescence emission at 530 
±12.5 nm (green). On the other hand, Eth-D-1 dye points out the dead cells by 
excitation using an optical filter at 530 ± 12.5 nm and looking at the presence of red 
light at 645 ± 20 nm. A multi-reader synergy HTX (BioTek ®) equipment was used to 
quantitatively detect the fluorescence of living and dead cells respectively. Besides, to 
have a qualitative result about the distribution of living and dead cells on the surface of 
the materials optical images were taken using a modular inverted microscope DMi8 S 
platform solution (Leyca®). 
 

VI.3.  Results and discussion 
 
FTIR spectra of all the samples under study (Figure 3) were analyzed in order to see any 
effect caused by the presence of CuNp on the EVA structure. Making use of the 
bibliography the corresponding IR absorption bands assignation was carried out (Table 
2). After overlapping all the FTIR spectra it is easy to see that there are not important 
differences in terms of the position, shape and absorbances ratios of the EVA bands. It 
suggests that the structure of the EVA polymer is not affected by the presence of Cu 
nanoparticles. Furthermore, a lack of signals arisen from molecular vibrations of 
solvents is evidenced, pointing out a complete evaporation of solvents during the SBS 
fabrication process. 

 
 

Figure 3. FTIR spectra of the all materials under study.  
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Table 2. IR bands assignation of the EVA based materials under study [39,40]. 

 

Wavelenght (cm-1) Vibration mode Monomer 
1734 υ C=O 

Vinyl Acetate 1235 υas  C-O-C=O 
1020 υs  C-O-C=O 
606 γC=O 
2918 υas  (CH2) 

Ethylene 
2850 υs  (CH2) 
1464 δs(CH2) (rocking) 
1370 δas(CH2) 
720 βas(CH2) (bending) 

 
In Figure 4 the plots of the weight loss (top) as a function of temperature and their 
corresponding derivatives (bottom) are shown for all the materials under study. The 
thermogravimetric analysis of the as-received EVA40 was also added to the Figure 4 in 
order to see how the processing history affects the thermo-degradation behavior of the 
EVA polymer. 

 
Figure 4. Thermogravimetric curves (top) and their corresponding derivatives (bottom) for all the 
materials under study. 
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Regardless of the material analyzed, two degradation steps are clearly observed (Figure 
4). The first one occurs in the range of temperatures ranging from 275 to 400 ºC, 
corresponds to the deacetylation process of the vinyl acetate, VA, the fraction with the 
corresponding acetic acid release. This degradation process presents the maximum rate 
at about 350 ºC. From the weight loss in this first degradation process, it is easy to 
estimate a VA content of 40%, being in accordance with the specification given by the 
supplier. The second thermo-degradation process takes place from 400 ºC to 500 ºC, 
corresponds to the chain scission of the ethylene co-monomer [41] and at 468ºC its rate 
is the highest. At the end of the whole thermo-degradation process, only a small amount 
of material remains which is nearly coincident with the CuNp content. Other processes 
of weight loss were not observed confirming the absence of solvents arising from the 
SBS process as pointed out the FTIR results. Finally, neither the presence of CuNp nor 
the SBS process changes the position of the main temperatures associated with the 
thermo-degradation processes, suggesting that they do not exert any influence on the 
EVA thermo-degradation. This result is in agreement with the lack of structural 
variations in the EVA polymer as pointed the FTIR spectra.  
On the other hand, the addition of nanoparticles to polymers may affect the dynamics of 
the macromolecular chains as several researchers reported in the form of variations in 
the values of the polymer relaxation temperatures [42,43]. In order to study possible 
changes in the thermal transitions of the EVA polymer under the influence of the CuNp 
DSC thermograms were obtained for all the materials prepared (Figure 5). From the 
first heating scan, it is possible to observe the effect of the processing conditions. A 
change in the heat capacity at about -30 ºC which is usually assigned to the glass 
transition temperature, Tg, of an EVA copolymer with 40% by weight of vinyl acetate is 
clearly observed in the commercial EVA. The glass transition temperature associated 
with the ethylene comonomer was not observed because it is expected to appear at about 
-107 °C [44], out of the scanned temperature range. 
Due to its better visualization, the onset of the glass transition temperature (Onset Tg) 
was chosen for comparisons between the materials under study (Table 3). It seems that 
the glass transition process starts at higher temperature the higher the number of Cu 
nanoparticles. This result suggests that the nanoparticles might restrict the polymer 
chains motion probably due to a constrain effect. This phenomenon was already 
observed in a previous work where conformation changes of macromolecules of 
solution blow spun PMMA seemed to be impeded by the presence of titania 
nanoparticles [45]. 
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Table 3. Thermal transitions data extracted from the DSC traces. 

Sample Tm1 
(°C) 

Tm2 
(°C) 

Tm3 
(°C) 

Onset 
Tg (°C) Tc(°C) Endothermic 

peak (J/g) %χc 

EVA 
Commercial 19.1 51.4 - -44.4 28.0 10.5 3.8 

EVA-0% 18.0 - 44.2 -45.0 28.4 6.1 2.2 
EVA-1% 7.5 - 38.0 -43.8 28.4 11.6 4.2 
EVA-3% 10.7 - 41.0 -39.0 29.9 15.4 5.7 
EVA-6% 9.0 - 40.9 -39.0 30.3 13.4 5.1 

 
On the other hand, within the range going from 0ºC to 70°C the melting process of the 
ethylene crystals in EVA copolymers usually take place [46,47]. In the EVA based 
materials under consideration, apart from the glass transition, two thermal transitions 
were identified: i) one associated to an endothermic shoulder (Tm1) that some authors 
assign to the melting of a semi-ordered structure of the ethylenic parts and ii) an 
endothermic peak at 50 ºC (Tm2) that is usually assigned to the melting point of the pure 
ethylene crystals [46,47]. 
 

 
 
Figure 5. DSC thermograms of the materials prepared. Left, first heating; Right first cooling after erasing 
thermal or processing history. 

Regardless of the material, the same transitions are observed during the first heating 
(Figure 5 left). Only a few differences can be seen. In the blow spun samples, there is a 
decrease of the melting contribution at Tm2 and appears a new peak at a lower 
temperature at around 40 ºC (Tm3). This result might be associated with the crystalline 
structural characteristics induced by the processing method used to prepare the 
materials. In the case of SBS materials, the crystallization occurs from a solution while 
the commercial EVA was prepared from the melt. In the particular case of SBS, 
preferential chains conformations might be induced [45] that in the present case must be 
less stable since appears at low temperature [48]. However, some authors assign the 
appearance of two endothermic peaks to a bimodal lamellar thickness distribution [49]; 
therefore, another explanation to the results obtained may be the consideration of a 
heterogeneous crystallization in terms of the crystallites thickness due to rapid solvent 
evaporation during the solution blow spinning process. In fact, when erasing the 
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processing history (Figure 5 right) there is not any clear difference between the DSC 
thermograms of the EVA based materials as a function of the CuNp content. In all the 
cases only appears an exothermic peak due to the crystallization, Tc (Figure 5).  
 
A possible origin of the endothermic peaks associated with solvents evaporation was 
discarded since the same results were obtained after subjecting the samples to a vacuum 
process at room temperature for one day. This result would be also in agreement with 
the lack of solvent in the SBS samples suggested by the FTIR and TGA analysis. 
 
The crystalline degree, c, of the materials, was calculated from the use of the classical 
ratio of enthalpies, Hs/H100 [41,50] using the areas under the endothermic peaks to 
obtained melting enthalpy of the sample, Hs, and the reported enthalpy of fusion for a 
100% crystalline polyethylene, H100 = 277.1 J/g [41,50]. In Table 3 it is observed that 
although the SBS process seems to decrease the crystallinity degree, the addition of 
CuNp tends to increase it.  
 
The macromolecular dynamics of the materials was also studied by DMA. The storage 
(E’) and loss modulus (E’’) as well as the loss factor, tan δ, are plotted as a function of 
temperature in Figure 6. The curves present the same profile independently of the filler 
amount. At low temperatures E’ remains nearly constant until a temperature of about -
40 ºC, at which there is an important decrease coincident with the increase of E’’. At 
this temperature, the viscous component stars being so important as to consider that the 
glass transition is taking place. In the present work, the values of the maxima of the loss 
factors were taken as the glass transition temperatures (Table 4) [49]. It is observed how 
the values of Tg slightly increase as the amount of Cu nanoparticles increases which is 
in accordance with the DSC results. Therefore, the same interpretation can be done. 
Finally, at higher temperatures there is another relaxation phenomenon were all the 
energy is dissipated because the EVA turns completely to a liquid. 
 



CAPÍTULO VI 
 

VI-90 

 
Figure 6. DMA results obtained for the materials under study. 

 
Since below -40 ºC it can be considered that the EVA based materials can be considered 
in the glass state the corresponding values of E’ should be close to the elastic modulus 
of the materials. In fact, the values of E’ at -40 ºC obtained for the hot pressed neat 
EVA and SBS neat EVA (Table 4) are close each other and to those found in the 
bibliography for the Young's modulus of EVA with 40% by weight of VA [51]. 
However, either at temperatures below or above the Tg the filled samples clearly show 
unexpected lower values of the storage modulus in comparison with the neat EVA. In 
principle, the addition of rigid particles like CuNp should increase the storage modulus 
of EVA as a simple rule of mixture might predict; however, just the opposite was 
observed. A possible reason for these results might be a peculiar morphology induced 
by the presence of the nanoparticles that would difficult the proper load transmission 
along the specimen. In fact, the nanoparticles only could exert an efficient effect of 
stiffness if they are perfectly embedded within the polymer (see the scheme of Figure 
7). If some of the nanoparticles are at the surface of the material and part of them is out 
of the polymer matrix; due to the differences in stiffness, a load applied to the whole 
material should lead to an important decrease of the section area because of the great 
surface to volume ratio (Figure 7). This effect should decrease the stress necessary to 
attain a certain deformation or, in other words, the apparent modulus as it was observed.  
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Figure 7. Scheme about the model to explain the reduction of storage modulus with the presence of 
nanoparticles. a) Nanoparticles embedded within the polymer matrix with an expected increase of the 
storage modulus and b) nanoparticles at the surface of the polymer matrix with an expected reduction of 
the material section area and therefore the corresponding apparent storage modulus. 

Table 4. Storage modulus at two temperatures and Tg obtained from DMA experiments. 

 
Sample E'(25ºC) MPa E'(-40ºC) MPa Tg (ºC) 

EVA HP 2.63 1345 -32.1 
EVA-0% 4.79 1217 -32.4 
EVA-1% 0.99 220 -29.4 
EVA-3% 1.42 252 -30.6 
EVA-6% 0.16 45 -29.3 

 
In order to obtain a first idea of the morphology of the EVA based materials, 3D 
microscopic images were obtained with an optical profilometer. The Figure 8 shows, as 
an example, a representative plane projection of the 3D image for the EVA with 6% by 
weight of Cu nanoparticles. In every case, the morphology consisted of fibers webs 
having in a random way bounds formed by more accumulation of material. In the cases 
of EVA filled with CuNp it is possible to see darker regions where Cu must be 
concentrated; sometimes they coincide with the bounds mentioned and other with 
certain parts along the fibers. However, the optical images have not resolution enough 
as to give the average dimensions of the fibers and to accurately locate the CuNp. 
Therefore, to deeply study the dispersion of the Cu nanoparticles so as their influence 
on the final morphology of the SBS materials, SEM and STEM were used. 
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Figure 8. - Plane projection of 3D optical image of EVA-6% Cu and zoom. 

SEM images obtained from the secondary electrons signal of all the samples under 
study are presented in Figure 9. As an example, and in order to better visualize the 
dispersion of the CuNp the Figure 9f shows a SEM image for the sample of EVA with 
6% by weight of CuNp obtained from the backscattered electrons signal. As can be 
seen, all the materials present a randomly oriented fiber-like morphology similar to that 
described for the optical images. However, due to the higher resolution a deeper images 
analysis in terms of fibers dimensions could be done, obtaining the fiber diameters 
distributions (insets in Figure 9) and their characteristics parameters that were gathered 
in Table 5. It is observed that the mean diameter <D> of the fibers slightly increases 
with the presence of Cu nanoparticles, at least for contents higher than 1% by weight. 
On the other hand, the dispersion in terms of fibers diameter values decreases with the 
amount of nanoparticles as reflect the dispersion ratio, , defined as the ratio between 
the second and the first moment of the distribution (Table 5) which points out more 
uniformity in terms of fibers size.  
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Figure 9. SEM images of all samples under study: a) EVA; b) EVA-1%Cu; c) EVA-3%Cu; d) EVA-
6%Cu; e) EVA-6%Cu and f) BSE image of EVA-6%Cu. 

Table 5. Fibers parameter of all samples. 

 
Sample <D> (µm) Dm (µm) σ (µm)  

EVA-0% 2.4 1.47 1.9 1.57 
EVA-1%  2.4 1.47 1.7 1.50 
EVA-3%  2.9 1.93 1.8 1.37 
EVA-6%  2.7 1.70 1.6 1.36 

 
 
For the image obtained by BSE (Figure 9f) grey fibers with bright spots are observed. In 
principle, regions with higher signal intensity should correspond to locations where 
heavier elements can be found. EDX microanalysis performed at those bright regions 
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(Figure 10a) confirmed the presence of copper. As can be seen in the Figure 9f the 
brightness of the white regions sometimes indicates the proximity of the CuNp to the 
surface, finding some of them even at the proper surface. This observation would be the 
required experimental evidence to justify the model used (Figure 7) to explain the 
mechanical properties of the SBS nanocomposites. Besides, the bright spots appear 
quite well dispersed in the EVA polymer and along the fibers, mainly having sizes of 
about 500 nm which would suggest the aggregation of several nanoparticles (70 nm). 
Therefore, it can be concluded that SBS allows obtaining fibers of EVA polymer filled 
with Cu nanoparticles that seem to be trapped along the fibers when they are created 
during the time of flight associated to the SBS process [33]. Observations by STEM 
were also made in order to ensure the different locations of the CuNp within the fibers. 
Figure 10b shows a scanning transmission electron image of a SBS EVA with 1% by 
weight of Cu nanoparticles. Tinny black regions (100 nm) could be observed pointing 
out the existence, within the fibers at different distances respect to the surface, of 
particles with higher capacity of dispersing the electrons as for example the Cu 
nanoparticles (confirmed by EDX microanalysis, Figure 10b). 
 

 
. 
Figure 10. a) SEM image obtained from the BSE signal and EDX analysis of a sample of EVA-1 % Cu 
sample; b) STEM image (left) with a zoomed region and EDX microanalysis (right) of a sample of EVA-
1 % Cu (the arrows point out the regions where the microanalyses were performed). 

In terms of topography, the optical profilometer was able to give the values of several 
parameters associated with the roughness such as those gathered in Table 5. In general, 
when the CuNp are added to the EVA polymer the roughness increases that may be the 
consequence of a slight increase of the fiber size (Table 6) leading to a lower number of 
fibers for a certain mass of material which will be also in accordance with higher values 
of Sm.  
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Table 6. Roughness parameters of the materials prepared obtained from the optical profilometer. 

 
Sample Ra (m) Sm (m) 

EVA-0% 4.8 ± 2.4 46.6 ± 13,8 
EVA-1% 8.6 ± 2.3 64.4 ± 20 
EVA-3% 6.0 ± 1.5 41.0 ± 13.9 
EVA-6% 8.3 ± 2.5 87.9 ± 45.9 

 
Apart from making a characterization about the morphology and topography of the 
materials, in order to understand the cell adhesion, information about physicochemical 
properties of the surface is necessary. Thus, contact angle measurements were carried 
out in order to have data about wettability of the materials prepared. It is well known 
that the wettability of solid is mainly governed by the physicochemical properties of the 
materials surfaces and the topography considered at different scales [52–55]. However, 
in the case of SBS EVA-Cu nanocomposites, the changes in the surface properties 
should be mainly governed by the morphology and topography of surface represented 
by the roughness, since none structural changes are expected to take into account the 
FTIR and TGA results. Hence, it is expected the wettability of the materials should be 
directly influenced by roughness and the small amount of CuNp in the outer part of the 
surface. In general, high contact angles were observed for all the materials studied 
(Figure 11 and Table 7) which reflect a solvophobic behavior which seems to be due to 
the special morphology and topographies obtained from the SBS process. In fact, taking 
into account the size of the drops, three orders of magnitude higher than the diameter of 
the fibers, the nature of the surface of the materials should not be the most important 
contribution to the values of the contact angles. Therefore, the contribution to the cell 
adhesion process should be more related to the capacity of the material to spread out the 
culture solution more than the proper interaction between the material and the cells. 
 
 



CAPÍTULO VI 
 

VI-96 

 
 
Figure 11.- Representative water drops on the surfaces of the materials under study: a) EVA; b) EVA-1% 
Cu; c) EVA-3% Cu and d) EVA-6% Cu. 

Table 7.- Values of the contact angles obtained on the different materials using three test liquids. 

Contac Angle (°) 

Sample Water Glycerol Diiodomethane 

EVA-0% 130.9 ± 3.7 135.8 ± 2.5 106.4 ± 6.8 

EVA-1%  132.8 ± 2.6 131.2 ± 3.5 110.3 ± 3 

EVA-3%  133.6 ± 2.9 136.7 ± 2 102.1 ± 8.8 

EVA-6%  132.7 ± 2.9 136.4 ± 3.8 113.8 ± 4.6 
 
The E. Coli adhesion was studied by SEM inspection imaging the bacteria that 
remained over the materials surfaces after the fixation process (Figure 12). Regardless 
of the amount of Cu nanoparticles added to the EVA polymer, a lot of bacteria can be 
observed on the materials uniformly spread out on the whole surface. After a careful 
process of counting the average number of bacteria and their corresponding standard 
deviation are gathered in Table 8. There are no important differences between the 
adhered bacteria per surface unit on the different materials suggesting that the presence 
of Cu nanoparticles exerts a weak effect on the E. Coli adhesion on EVA-40 based 
materials. However, when observing the bacteria biofilms (insets in Figure 12) there is a 
less clearly defined bacteria contour in the case of absence of Cu nanoparticles (Figure 
12 top left). This observation must be an indication of more extracellular polymeric 

a) 130.9 ᵒ b) 132.8 ᵒ

c) 133.6 ᵒ d) 132.7 ᵒ
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substances (EPSs) that might impede the observation of sublayers of bacteria leading to 
an erroneous counting by the defect. In the case of the materials with CuNp, the lack of 
these EPSs could be due to its deterioration by the effect of copper [28] facilitating its 
removal during the sample preparation for the SEM observation. Besides, as can be 
observed in Figure 12, for the samples with CuNp there are small regions where 
bacteria do not adhered. It seems clear therefore that the presence of CuNp is exerting 
an antibacterial effect, at least, against the E. Coli DH5. 
 
 

 
 
Figure 12. SEM images of the E. Coli DH5. remaining on the materials after the culture and fixation 
processes. The insets show zoomed areas of each sample to offer a better visualization of bacteria 
contour. 

Table 8. Number of E-Coli cells per surface unit. 

 

Sample Average number x 105 
(bac/mm2) 

Standard Deviation x 104 
(bac/mm2) 

EVA-0% Cu 2.27 4.89 
EVA-1 % Cu 2.37 4.91 
EVA-3 % Cu 2.21 4.91 
EVA-6 % Cu 2.20 2.62 

  
 
 
 

EVA-0 % EVA-1 %
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In Figure 13 a high-resolution colored SEM image is presented where the morphology 
of bacteria on the surface of SBS EVA with 3% wt of CuNp is shown. In general, it is 
observed the polymer matrix formed by grey fibers, bright spots which would represent 
the presence of CuNp (confirmed by EDAX microanalysis and can be seen in the Figure 
13d) and bacteria with cylinder-like shapes. Two different morphologies of the bacteria 
can be seen (Figure 13a, b and c); most of them have a cylinder shape with a smooth 
surface (green) and other present cylinder-like disrupted morphology (magenta), 
suggesting that the CuNp modified EVA material is someway affecting the cellular wall 
of the E. Coli DH5. 
 

 
 
Figure 13. a) Colored SEM image of EVA-3% Cu. Magenta represents damaged bacteria and green 
undamaged bacteria. b) and c) present details about the different morphologies found for the bacteria on 
CuNp modified EVA materials. a) EDAX microanalysis at the bright spots. 

One of the most common bactericide mechanisms described for the copper is based on 
the so-called bacteriolytic effect that consists on releasing copper ions that may interact 
with the organic groups of the membrane proteins, leading to the membrane 
denaturalization and therefore the cell wall destruction [28,56]. As can be observed in 
Figure 13 only on the regions where clear bright spots (CuNp) are observed there are 
not bacteria or, in the best of the cases, they present a disrupted morphology. In 
principle, one would expect that result since only in those regions the Cu would have 
the ability to release copper ions with a certain probability to reach the bacteria to attack 
them. Sheikh et al. reported similar results in the case of polyurethane nanofibers 
containing copper nanoparticles [57]. 
Therefore, the presence of the nanofiller does not seem to affect the bacteria 
development in terms of induced changes in the material morphology or topography and 
therefore in terms of bacteria adhesion. The presence of CuNp affects the development 
of E. Coli. in terms of a simple bactericide effect affecting the EPS and the proper 
metabolism o the bacteria.  
 

a) b) c)

d)

In
te

n
si

ty
(u

.a
.)

Energy (eV)



CAPÍTULO VI 
 

VI-99 

Finally, to investigate the biocompatibility of the EVA based materials, cytotoxicity 
assays for 1, 3 and 7 days of cell culture were carried out studying the proliferation and 
adhesion of HaCaT epithelial cells. In order to know how the HaCaT cells grow as a 
function of time, a control culture was taken into account. Calcein fluorescence was 
measured at different culture times (Figure 14a). As expected for a typical HaCaT cells 
proliferation, fluorescence increases almost proportionally as culture time increases 
(Figure 14a). 
 

 
Figure 14. a) Calcein fluorescence intensity from control cells as a function of culture time and b) 
percentage of cells proliferation at different culture times. 

In order to evaluate the cell growth on the samples surfaces, Calcein fluorescence was 
also measured on the materials under study (Table 9). As expected these values of 
fluorescence are quite lower than those obtained for the control (Table 9). Therefore, 
regardless of the amount of Cu nanoparticles the sole presence of the materials prevents 
or decelerate the cell proliferation, being this effect slightly enhanced with the amount 
of CuNp. On the other hand, the higher the amount of CuNp is, the lower the calcein 
fluorescence signal, or lower amount of cells alive. Furthermore, values of EthD-1 
fluorescence signal for the different materials under study are shown in Table 10. In 
general, there is a correspondence between the signal coming from the living cells and 
the fluorescence signal coming from the dead cells simply suggesting that the more 
number of cells grown the more probability to find dead cells. 
 
Table 9: Values of calcein fluorescence signal for the different materials under study. 

 
Calcein 

Live Control EVA-0 % EVA-1 % EVA-3 % EVA-6 % 
1 Day 2532 111.0 51.0 19.7 27.7 
3 Days 3629 155.3 124.0 50.0 71.3 
7 Days 4385  165.5 114.3 108.7 61.0 
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Table 10. Values of EthD-1 fluorescence signal for the different materials under study. 

EthD-1 
Dead EVA-0 % EVA-1 % EVA-3 % EVA-6 % 
1 Day 15.3 3.3 2.3 2.3 
3 Days 10.7 8.7 4.0 8.7 
7 Days 56.0 5.7 7.3 4.3 

 
To express quantitatively the proliferation cells on the materials surface with respect to 
the amount of CuNp, the following expression was used. 
 

  %𝐶𝑒𝑙𝑙 𝑃𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐹(𝐶𝑎𝑙𝑐𝑒𝑖𝑛)𝑠𝑎𝑚𝑝𝑙𝑒 

𝐹(𝐶𝑎𝑙𝑐𝑒𝑖𝑛)𝐸𝑉𝐴
∙ 100         (3) 

 
Where F(calcein)sample is the signal of calcein fluorescence when using Cu modified 
EVA and F(calcein)EVA is the signal of calcein fluorescence in the case of neat EVA. 
 
The Figure 14b shows the results of the percentage of cell proliferation of all the 
samples as a function of culture time. It can be observed that the cells proliferation 
decreases as a function of the filler amount, indicating therefore that Cu nanoparticles 
avoid or at least delay the cell growth.  
 
On the other hand, the percentage of cell viability was also calculated. Taking into 
account that the sum of both fluorescence signals is directly related with the total 
amount of cells, the cell viability could be expressed by the following expression. 
 
  % 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝐹(𝐶𝑎𝑙𝑐𝑒𝑖𝑛)

𝐹(𝐶𝑎𝑙𝑐𝑒𝑖𝑛)+𝐹(𝐸𝑡ℎ𝐷_1)
∙ 100           (4) 

 

Results of cell viability are represented in Figure 15. As can be seen, the viability of 
cells is high, regardless of the sample considered and the culture time. Although it is 
well reported in the literature that copper nanoparticles have certain toxic effect on the 
human cells [56,58–60], in the materials under consideration this effect must be very 
low, probably because the concentration of CuNp directly in contact with the cells is 
also very low respect to the size of the cells.  
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Figure 15. Percentage of cell viability as a function of the type of materials and culture time. 

Finally, representative images of HaCaT cells on the surfaces of the materials under 
study are showed in Figure 16. The green points represent the living cells (dyed with 
calcein) while the red points represent dead cells (dyed with EthD-1). It is observed at 
the first stages of the cell proliferation (for 1 day of culture time) that the cells growing 
seems to be more heterogeneous when CuNp are present. At a culture time of 3 days, 
only the samples with 0% and 1% of CuNp present the whole optical image covered by 
cells and it is necessary to reach culture times higher than 7 days to observe certain 
homogeneity in the optical image for the materials under study. Therefore, again it is 
observed how the presence of CuNp is affecting someway the HaCaT cells growth 
delaying the process the higher the amount of Cu. 
 

1 Day 3 Days 7 Days
0

20

40

60

80

100

120

140

 

 

%
 C

e
ll 

V
ia

b
ili

ty

Culture time

 EVA-0%

 EVA-1%

 EVA-3%

 EVA-6%



CAPÍTULO VI 
 

VI-102 

 
 
Figure 16. Fluorescence microscopy images (10x) of live/dead HaCat cells on all the materials at 
different culture times. Live cells (green) and dead cells (red).  
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VI.4. Conclusions  
 
Solution blow spinning, SBS, allowed preparing mats of EVA based materials formed 
by fibers with a mean diameter of about 2.5 m with good dispersion of copper 
nanoparticles, CuNp. Neither the presence of CuNp nor the SBS process induced 
structural changes or variations in the thermo-degradation phenomena of EVA based 
samples. DSC revealed that the dynamics of the EVA polymer was only slightly 
affected by changes mainly induced by the SBS process due to a preferential orientation 
of the polymer chains that seemed to be enhanced by the presence of Cu nanoparticles. 
The presence of CuNp in the EVA polymer exerted an antibacterial effect, at least, 
against the DH5 E. coli; firstly, because of an action on the EPCS and secondly, due to 
a direct action on the bacterial metabolism. Finally, it was observed how the presence of 
CuNp affects the HaCaT cells growing, delaying the process at higher the amounts of 
Cu, however, the viability did not seem to be affected. 
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CAPÍTULO VII. Preparation and Characterization of Mats of EVA Filled with Ag 
Nanoparticles 
 

Abstract 
 
Solution blow spinning (SBS) was used to produced microfibrillar mats of 
nanocomposites based on Poly (ethylene-co-vinyl acetate), EVA, filled with silver 
nanoparticles (AgNp). The SBS method was demonstrated to be very effective to 
uniformly disperse the AgNp within the EVA fibers. Different nanocomposites were 
prepared by simply changing the composition in terms of the AgNp content (0, 1, 2, 3 
and 6 % by weight of Ag). This work was focused on preliminary results about the 
characterization of the nanocomposites. The influence of the nanofiller on the materials 
morphology was studied using scanning electron microscopy, SEM, while the structure 
was studied using Fourier transformed infrared spectroscopy, FTIR. The thermal 
behavior of the nanomaterials was investigated by differential scanning calorimetry, 
DSC and TGA, and dynamic-mechanical analysis, DMA. Finally, a surface 
characterization was carried out from roughness and contact angles measurements. 
 
Keywords: EVA; Solution Blow Spinning; Ag Nanoparticles; Nanocomposites. 
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VII.1.  Introduction 
 
One of the novel techniques to produces fiber mats that might be usful for membranes, 
scaffolds or wound dressing, is the so called Solution Blow Spinning (SBS). This 
process was developed by Medeiros et al, and it allows generous production of fibers in 
the form of mats, without the need of an electric field, and with the easiness to produce 
the materials in situ [1]. This process is based on the “ventury effect” as it happens in a 
conventional airbrush. The fibers are produced by the ejection of a polymer solution 
throughout a concentric nozzle with the help of a gas flow. With the use of the SBS 
method several authors reported the fabrication of materials in the form of mats with 
potential use in the biomedical field [2,3]. Besides, this technique usually allows 
obtaining a good dispersion of nanofillers within different polymers matrices, as it has 
been demonstrated in several works [4,5]. Therefore, fabrication of nanocomposites by 
SBS should be a good way to obtain mats with special properties that might be good 
candidates to be use in the biomedicine field.  
In terms of the base material the copolymer poly (ethyl-co-vinyl acetate), EVA, is very 
interesting for biomedical application. In fact, there exist several examples of its use in 
that field so as in  the agriculture and food packaging industry [6]. EVA polymer is a 
thermoplastic with an acceptable mechanical strength, barrier properties, good 
biocompatibility and high adhesiveness [7]. 
However, many times the materials use in biomedicine must avoid the proliferation of 
microorganism. In principle, EVA by itself has not that property. For this reason, 
modifications with several inorganic fillers with antibacterial properties, as for example, 
TiO2, Cu, Ag, ZnO, may be  may be a possibility to overcome that EVA lack [8]. In 
fact, nanocomposites with this kind of filler has been produced with the same purpose 
[9–11]. Silver nanoparticles are widely used in the biomedical field due to their good 
bactericidal properties [12,13]. However, there are few works that used silver 
nanoparticles in mats produced by SBS focused on biomedical applications. In general, 
polymer filled with silver nanoparticles are usually produced thinking on electrical 
applications [14–16].  
In this work, nanocomposites based on EVA filled with different percentages of silver 
nanoparticles (Ag) were produced using SBS. The fabrication of EVA/AgNp 
nanocomposites in the form of mats is interesting in terms of obtaining materials for 
antimicrobial wound dressing due to the antibacterial behavior given by the presence of 
silver. This work corresponds to a preliminary study focused on understanding the 
influence of the silver nanofiller on several characteristics of the materials: the 
morphology, the structure and thermal and mechanical properties. 
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VII.2.  Experimental 
 

This secction is similar to the experimental section of the chapter VI, because the 
polymer matrix, fabricatrion process and the instrumental techniques were the same.(see 
section VI.2. of chapter VI). Only one main difference can be found corresponding to 
the matrials used. In this work as the filler, Ag nanoparticles were used with diameters 
ranging from 30 to 50 nm, 99,9% of purity and supplied by Hongwu International 
Group LTD. In the Figure 1, a SEM image of the AgNp and their corresponding XRD 
difractogram is showed. It is possible to see that the nanoaperticles form aggregates 
around 500 nm (Figure 1 left). 
 

 
 
Figure 1.  SEM images of the silver nanoparticles and their corresponding XRD diffractogram. 

 

VII.3.  Results y discussion 
 
FTIR spectra of all the samples under study are plotted in the Figure 2, and the 
corresponding bands assignation is shown in the Table 1. It can be observed that there 
are not clear changes when comparing the spectra of the different materials. However, if 
the absorbance ratios are considered it seems there is certain effect due to the presence 
of the Ag Np, at least, the ratio between the band associated to crystals of ethylene 
(1464 cm-1) and the bands associated to the amorphous regions (2918 and 2850 cm-1), 
[17]. The Figure 3 shows these ratios as a function of filler amount. It is observed how 
the absorbance due to the asymmetric bending of the methyl group decreases with the 
presence of the silver nanoparticles. It could mean that silver nanoparticles hinder the 
chain movement. 
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Figure 2.- FTIR spectra of all the materials under study.  

 
Table 1.- FTIR bands assignments. 
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Figure 3. As a function of the nanofiller content, comparative plots corresponding to the band ratios 
A1464/A2918 and A1464/A2850 and to the temperature at the maximum degradation rate of ethylene. 

The influence of the fabrication process (SBS) and the presence of Ag nanoparticles in 
the thermal stability of EVA was studied by TGA. In Figure 4 the plots of weight loss 
(top) and the corresponding derivatives (bottom) are shown for all samples under study. 
As a reference, the TGA curve corresponding to the commercial EVA40 was also added 
to the Figure 4. 
 
 

 
Figure 4.- Thermogravimetry curves and their corresponding derivative for all the samples under study. 
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In every case, the two typical sharp drops of the EVA polymer are observed (Figure 4). 
The first one occurs in the range between 275ºC to 400ºC, it corresponds to the 
deacetylation process of the vinyl acetate units, VA, with the corresponding acetic acid 
release, and with a temperature of maximum degradation rate at 350 ºC. The second 
important weight lost appears in the range between 400 ºC to 500 ºC, which corresponds 
to the ethylene chain scission [18]. The derivative plots show more clearly that this 
second thermal degradation is shifted to higher temperatures when the AgNp are added 
to the polymer. The temperatures at the maximum degradation rates of this second 
degradation process are represented as a function of the nanoparticles content in the 
Figure 3. Is observed almost the opposite trend compared with the representation of the 
bands ratios (Figure 3). This result is pointing out that ethylene chain degradation might 
be favored by the ethylene chain motion. When the AgNp are within the polymer some 
specific interactions, reflected in the absorbance ratios changes, might inhibit the 
polymer chains motion and therefore their thermal degradation. 
 
The absence of solvents in the samples was also confirmed by FTIR and TGA since 
their corresponding characteristics IR bands are not observed in the FTIR spectra 
(Figure 3) and in addition there is not any weight loss due to solvent evaporation or 
degradation. Finally, after the TGA analysis the residual mass agrees with the filler 
content in the composites. 
 
To understand any change in the thermal transitions of EVA polymer, DSC curves of 
the SBS EVA based materials were compared with that of the commercial EVA40 
(Figure 5). Considering the heating scan, the glass transition temperature (Tg) of the VA 
units around -30°C can be clearly identified for the commercial EVA40. The glass 
transition temperature of amorphous polyethylene is not possible to observed because it 
appears at lower temperatures -107°C than the lowest limit of the scan (Figure 5). 
Within the range from 0 to 70°C, the melting transition of ethylene crystals appears. In 
this range, an endothermic shoulder (Tm1) is observed that can be related with the 
melting point of a semi-ordered structure of ethylene molecules (Figure 5, left). 
Furthermore, at around 50 ºC the endothermic peak (Tm2) corresponding to the melting 
point of the pure ethylene crystals is observed [19,20]. The SBS process seems to lead 
to a decrease in the enthalpy peak of ethylene while the presence of a new endothermic 
process at lower temperature (Tm3) appears. This result may be associated to the 
presence of a new crystalline phase induced by the SBS process when the fibers are 
formed. 
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Figure 5. First heating plot (left) and first cooling plot (right). 

 
On the other hand, when AgNp are added to the polymer the presence of this 
endothermic peak at Tm3 is even favored, pointing out a possible confinement effect 
enhanced by the presence of the nanofiller. Therefore, the nanoparticles might force a 
particular macromolecular conformation leading to the new crystalline phase. Values of 
melting and crystallization temperatures, and the crystallinity degree (c) are gathered in 
Table 2. The values of crystallization temperatures (Tc) indicate that after the full 
melting of the samples a subsequent cooling lead to similar crystallization processes 
which might indicate that some of the crystals which melts during the first heating must 
come from especial macromolecular arrangement induced by the SBS process. Besides, 
the similar values of Tc so as c points out that the addition of AgNp does not seem to 
exert any nucleating effect. 
 
Table 2 Values of melting and crystallization temperatures, and crystallinity degree, c. 

 
Sample %χc Tm2(°C) Tm3(°C) Tc(°C) 

EVA Commercial 4.9 51.0 - 28.5 
EVA-0% 4.3 50.9 - 28.7 
EVA-1% 5.4 - 43.9 29.1 
EVA-2% 5.0 - 44.4 28.8 
EVA-3% 5.5 - 44.6 28.4 
EVA-6% 5.6 - 44.6 29.1 

 
 
The possible effect of silver filler in the thermomechanical properties of the 
nanocomposites was studied by DMA. In the Figure 6, the storage modulus (E’), the 
loss modulus (E’’) and tan δ, are plotted as a function of temperature. Regarding the 
Tan δ, at low amounts of AgNp (1 and 2 % wt) there is a shift to higher temperatures of 
the relaxation peak usually ascribed to the glass transition of the materials (Table 3). 
This result was already observed in a previous work where Cu nanoparticles were used 
instead of AgNp [5]. It may be explained considering that the presence of AgNp 
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enhances the effect of SBS respect to the orientation of the polymer chains during the 
fabrication process. On the contrary, when the filler amount is higher (3 and 6 % wt), 
there is high probability to form aggregates of nanoparticles, increasing the distance 
between the inorganic regions and therefore facilitating the free flow of the polymer 
chains which should lead to less order after solidification. This could be the reason why 
the values of the glass temperature for these more loaded samples are closer to the value 
of the unfilled and hot-pressing samples. 
 

 
Figure 6. DMA results for all the samples under study. 

 
In terms of the storage modulus (Table 3), it can be said that the hot-pressing films and 
the unfilled SBS samples show values of the same order of magnitude and when AgNp 
are added the values of E’ decreases by at least one order of magnitude in a wide range 
of temperatures. It could mean that the fabrication process does not alter the mechanical 
properties of the polymer. However, in filled samples a high decrease in the values of 
storage modules is observed. It is contradictory within the frame of nanocomposites 
materials, because in general, if the filler has high young modulus than the matrix, it 
should improve the stiffness of the matrix. The same behavior was observed in the 
previous Chapter VI. Thus, the same explanation of this phenomenon could be 
considered. Therefore, the particles placed on the matrix surface could produce an 
important decrease in the area section, that it leads a non-proper load transfer.  
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Table 3. Storage modulus at two temperatures and Tg from obtained from de DMA curves. 

Sample E'(25ºC) MPa E'(-40ºC) MPa Tg (ºC) 
EVA HP 2.63 1345 -32.1 
EVA-0% 4.79 1217 -32.4 
EVA-1% 0,65 118,03 -28.40 
EVA-2% 0,32 18,42 -28.30 
EVA-3% 0,37 102,33 -33.56 
EVA-6% 0,35 118,05 -34.94 

 
The Figure 7 shows the SEM micrographs of all the samples under study. It is possible 
to observe that independently of the amount of filler samples show mainly fibrillar 
morphology. However, doing a deep inspection it is possible to identify another kind of 
peculiarities in the images, such as bundles of fibers and beads (pointed out on the 
images of the Figure 7). Furthermore, it is interesting to highlight that those kinds of 
beads seem to appear more frequently with the presence of the silver nanoparticles. In 
other words, the morphology of the samples tends to be more heterogeneous as a 
function of the filler amount. One explanation of this phenomenon could be different 
solvent evaporation rates as it was reasoned in a previous work about solution blow 
spun of PVDF-TiO2 nanocomposites [21]. Therefore, in terms of mechanical behavior, 
high morphological heterogeneity of the samples can be lead to an easier deformation of 
the materials.  
 

 
 
Figure 7: SEM (250x) images of all the samples under study: a) EVA; b) EVA-1%Ag; c) EVA-2% Ag; 
d) EVA-3% Ag; e) EVA-6% Ag. 
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Another important aspect to be considered in this kind of nanocomposites, is the filler 
dispersion within the polymer matrix. The Figure 8 shows the SEM images obtained by 
the use of the signal from BSE of the filled samples. In principle brighter spots should 
correspond to heavier elements as silver as it was confirmed by an EDX analysis from 
the XRD spectra as the one shown in the figure 9. As can be seen (Figure 8) silver 
nanoparticles are quite well dispersed within the EVA polymer, being mainly 
distributed along the SBS fibers. However, some aggregates of nanoparticles of about 
500 nm, can be also indentified (pointed out by arrows in the Figure 8). 
 

 
 
Figure 8: BSE SEM (600x) images of the EVA polymer filled with different amounts of AgNp: a) EVA-
1%Ag; b) EVA-2% Ag; c) EVA-3% Ag; d) EVA-6% Ag. 

 

 
Figure 9: Example of XRD spectrum obtained on a bright spot observed in the image EVA-6% Ag of the 
Figure 8. 
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From the SEM images the values of different morphological parameters were obtained 
by the use of the Image J Software. These values are gathered in the Table 4. The mean 
diameter of the fibers, <D>, decreases when the AgNp are added to the EVA polymer. 
Besides, in general it seems that <D> slightly decreases as a function of the silver 
amount. Furthermore, the dispersity in terms of the fiber diameter () decreases with the 
presence of low amounts of nanofiller (1 and 2 % Ag), while when the amount is high 
enough, from 3% by weight, it increases. Again, a possible explanation might be the 
consideration of important amount of aggregates that may alter not only the morphology 
but also its homogeneity. 
 
Table 4. Fibers parameter of all samples 

 
 
 
 
 
 
 
 
Taking into account that these materials can be a good candidate to applications in the 
field of biomedicine and food packaging, it is important to study their surface 
properties. It is well known that the adhesion phenomena are greatly influenced by the 
surface characteristics. Thus, roughness measurements were performed from the 
analysis of 3D optical images. The Table 5 gathers the data corresponding to the 
common roughness parameters Ra and Sm, with their corresponding standard deviation. 
It can be observed that there are not much difference between the materials under study. 
Therefore, the silver nanoparticles do not seem to lead to changes in the roughness of 
the materials, regardless the slight changes observed in the morphology. 
 
Table 5. Roughness results. 

Sample Ra (m) Sm (m) 
EVA 4.8 ± 2.4 46.6 ± 13,8 

EVA-1% 5.7 ± 1.7 56.9 ± 23.2 
EVA-2% 4.6 ± 1.2 44.5 ± 17.6 
EVA-3% 4.4 ± 1 57 ± 25.6 
EVA-6% 4.2 ± 1 50.45 ± 26.3 

 
Finally, continuing with the surface characterizations, contact angles measurements 
were carried out employing three different test liquids, water, glycerol and 
diiodomethane. The average value of the contact angles and their corresponding 
standard deviation are gathered in the Table 6. 
 
 

Sample <D> (µm) σ (µm)  
EVA 2.44 1.85 1.57 

EVA-1%  1.53 0.94 1.37 
EVA-2%  2.10 1.20 1.33 
EVA-3%  1.95 1.21 1.39 
EVA-6%  1.89 1.46 1.60 
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Table 6. Contact angle results. 

 
 Contact Angle (°) 
Sample Water Glycerol Diiodomethane 

EVA 130.9 ± 3.7 135.8 ± 2.5 106.4 ± 6.8 
EVA-1%  127.1 ± 2.1 119.9 ± 7.3 106.3 ± 4.6 
EVA-2%  127.7 ± 3 120.3 ± 5.4 107.3 ± 5.1 
EVA-3%  129.3 ± 1.9 122.2 ± 2.8 109.3 ± 2.8 
EVA-6%  130.7 ± 3.3 120.5 ± 6.6 106.9 ± 4.3 

 
High values of contact angles are obtained for all liquids and for each sample (Table 6), 
that means a solvophobic behavior of the materials. These results are already observed 
in the previous chapter VI about EVA40-Cu system. It seems that, also for this system, 
the presence of the nanoparticles does not alter the wettability of the EVA polymer. 
Therefore, it is reasonable to think that wettability is mainly controlled by morphology 
and topography promoted by the fabrication process. 
 

VII.4.  Conclusions 
 
It is possible to conclude that the use of SBS process, allows obtaining good silver filler 
distribution, where nanoparticles are placed mainly inside and along the fibers. Besides, 
silver nanoparticles seem to produce slight changes in the EVA structure and thermo-
degradation phenomena, as FTIR and TGA results show. From DSC results, it was 
observed that the fabrication process and the presence of the filler do not produce great 
changes in the crystallinity of the polymer. Furthermore, DMA results showed that 
morphology induced by the SBS process and the presence of the filler seem have an 
important role in the mechanical behavior. Finally, the surface characterization 
evidenced that silver nanoparticles do not seem alter the surface characteristics of 
materials.  
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CAPÍTULO VIII. Reflexiones, conclusión general y propuestas futuras 
 
Esta tesis doctoral ha servido como inicio de una nueva línea de investigación dentro 
del grupo de materiales compuestos poliméricos e interfases (GMCPI) de la 
Universidad Carlos III de Madrid. En concreto, se optimizaron las condiciones para 
realizar “solution blow spinning”, SBS, con diversos polímeros utilizando simples 
aerógrafos comerciales y a partir de los resultados obtenidos se pudo conseguir 
información suficiente como para diseñar, construir y poner a punto un dispositivo para 
la fabricación de materiales mediante SBS. Todo lo anterior, ha servido, entre otras 
cosas, para adquirir los conocimientos necesarios para optimizar en un futuro la 
preparación mediante la utilización de dicho método de procesado cualquier tipo de 
sistema polimérico soluble y nanocompuesto. 
 
Se ha podido demostrar que el método de fabricación denominado “Solution Blow 
Spinning”, permite obtener materiales con morfología fibrilar de varios polímeros 
termoplásticos y nanocompuestos. En particular, tras muchas pruebas, se han 
encontrado condiciones adecuadas para obtener materiales en forma de “mats” de 
microfibras de cada sistema estudiado. De todo este trabajo experimental se puede 
concluir que la morfología final de los materiales se debe fundamentalmente a las 
condiciones de trabajo, entre las que cabe destacar, la concentración de la disolución 
polimérica, la presión de salida del gas propelente y la distancia de trabajo. Cabe 
destacar concretamente la morfología inducida por las condiciones de trabajo y la 
composición de los sistemas influyen en las características superficiales de los 
materiales obtenidos, así como en otras propiedades como pueden ser las mecánicas, 
mojabilidad y por tanto en la adhesión. 
 
Por otro lado, los estudios de caracterización realizados en los materiales 
nanocompuestos fabricados, han mostrado que cuando se incluyen nanopartículas en los 
sistemas no dan lugar a grandes cambios estructurales en los polímeros matriz, ni 
variaciones importantes las transiciones térmicas de estos. En otras palabras, no parecen 
afectar en gran medida a las propiedades de las matrices poliméricas. Sin embargo, si se 
ha podido observar que la presencia de las nanopartículas tiene un efecto apreciable en 
la morfología final de los materiales. Las nanopartículas se distribuyen de manera 
uniforme en todos los materiales, aunque cuando el contenido es alto se han observado 
la formación de algunos agregados, siendo esta la causa de mayores cambios o 
alteraciones de la morfología final.  
 
En general, las nanopartículas se emplazan dentro y a lo largo de las fibras, aunque 
también se han encontrado zonas donde se sitúan en las superficies de las fibras. Es en 
este último caso, parece que pueden llegar a tener un efecto significativo en las 
propiedades mecánicas asi como en las características superficiales de los materiales, 
como puede ser la rugosidad, la mojabilidad o incluso la adhesión bacteriana.  
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En cuanto a los ensayos con bacterias, se ha podido tener una idea del efecto que tiene 
la morfología fibrilar de los materiales y la propia presencia de partículas con efecto 
bactericida en la adhesión y proliferación bacteriana. Concretamente el efecto 
bactericida de las nanopartículas se ha podido observar cuando éstas se sitúan 
fundamentalmente en la superficie de las fibras, ya que, al existir un contacto directo 
con las bacterias, el comportamiento bactericida se hace efectivo. Por otra parte, 
respecto a los cultivos con células epiteliales, se pudo deducir que los materiales 
empleados presentan una baja toxicidad, aunque retrasan le proliferación celular. 
 
Cabe destacar que los sistemas nanocompuestos estudiados a lo largo de este trabajo, 
son posibles candidatos en aplicaciones dentro del marco de la biomedicina, ya sea 
cómo soportes “scaffolds” para la ingeniería de tejidos o apósitos para heridas cutáneas. 
También son buenos candidatos para aplicaciones dentro de la industria del 
empaquetado de alimentos. No obstante, para ambas áreas de aplicación se requeriría 
optimizar aún más los materiales, fundamentalmente en relación a su comportamiento 
frente a bacterias o células. 
 
Por último, como líneas futuras, se puede plantear optimizar en términos morfológicos 
los materiales nanocompuestos empleados u otros sistemas, para cada cantidad de 
nanorrelleno. Es decir, ajustar las condiciones del proceso de fabricación para cada 
porcentaje de nanopartículas de tal manera que exista mayor homogeneidad en términos 
de tamaños de fibras e incluso que dicho tamaño se pueda crear a la carta, obteniéndose 
fibras de los distintos materiales que vayan de unos pocos nanómetros hasta pocos 
micrómetros de diámetro medio. Con ello se podría controlar aún mas la morfología 
final de los materiales y por tanto sus prestaciones finales o comportamiento en 
servicio.  
 
Finalmente, existe una línea muy novedosa en la que el GMCPI de la UC3M ya ha 
empezado a trabajar que consiste en la fabricación de sistemas multicomponentes de 
varios polímeros en los que existan diversos tipos de estructuraciones como por ejemplo 
en forma de fibras coaxiales. En este sentido, en el grupo se acaba de diseñar un nuevo 
dispositivo para fabricar este tipo de materiales que en este momento está en proceso de 
registro como invento a patentar. 
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Reflexions, General Conclusion and Futur Works 
 
This PhD thesis has been the starting point of a new research line within the group of 
polymer composite materials and interfaces (GMCPI) of the University Carlos III of 
Madrid. Specifically, conditions were optimized to perform "solution blow spinning", 
SBS, from the study of several polymers based systems (polyvinylidene fluoride, 
polysulfone and poly (ethylene-co-vinyl acetate)). For that purpose, it was began with 
the use of simple commercial airbrushes. After that, from the results obtained it was 
possible to obtain enough information to design, build and set a device for 
manufacturing materials through SBS. All the above mentioned served to acquire the 
necessary knowledge to optimize in the future the preparation of any type of 
thermoplastic polymer system and nanocomposite. 
 
It has been possible to demonstrate that the method of manufacturing called "Solution 
Blow Spinning", allows to obtain several thermoplastics and thermoplastic based 
nanocomposites with fibrillar morphology. In particular, after many tests, suitable 
conditions were found to obtain materials in the form of "mats" of microfibers of every 
system studied. 
 
From this experimental work it could be concluded that the final morphology of the 
materials is mainly due to the working conditions. Among them, we can point out the 
concentration of the polymer solution, the pressure of the propellant gas and the 
working distance. Particularly, it is noteworthy that the morphology induced by the 
working conditions and the composition of the systems had an influence on the surface 
characteristics of the obtained materials, as well as other properties such as mechanical 
properties, wettability and therefore the adhesion. 
 
On the other hand, the characterization studies carried out on fabricated nanocomposite 
materials shown that included nanoparticles in the systems neither provoke great 
structural changes in the matrix polymers, nor important variations in the thermal 
transitions of them. In other words, they did not seem to greatly affect the properties of 
polymer matrices. However, it was observed that the presence of nanoparticles had an 
appreciable effect on the final morphology of the materials. Nanoparticles were 
uniformly distributed in all the materials, although when the content was high the 
formation of some aggregates was observed, being this the cause of major changes or 
alterations of the final morphology. 
 
In general, nanoparticles were located within and along the fibers, although areas where 
they were located on fiber surfaces had also been found. In the latter case, it seemed that 
they could have a significant effect in the mechanical properties and on the surface 
characteristics of the materials, such as roughness, wettability or even bacterial 
adhesion. Regarding the tests with bacteria, it was possible to obtain an idea of the 
effect of the fibrillar morphology of the materials and the presence of particles with a 
bactericidal effect, on bacterial adhesion and proliferation. Specifically, the biocidal 
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effect of the nanoparticles was observed when they were located mainly on the surface 
of the fibers, since there was direct contact with the bacteria, becoming the biocidal 
behavior effective. On the other hand, considering the epithelial cells cultures, it could 
be deduced that the materials under study had low toxicity, although they delayed cell 
proliferation. 
 
It should be noted that the nanocomposite systems studied during this work are possible 
candidates in applications within the framework of biomedicine, either as "scaffolds" 
for tissue engineering or dressings for wound dressing. They are also good candidates 
for applications in the food packaging industry. However, for both areas of application 
it would be necessary to further optimize the materials, mainly in terms of their 
behavior against bacteria or cells. 
 
Finally, as future works, it can be proposed to optimize the nanocomposite materials 
used or other systems in terms of morphology. In other words, to fit the conditions of 
the manufacturing process for each percentage of nanoparticles in such a way that there 
is greater homogeneity in terms of fiber sizes and that fibers size can be even easily 
tailored. It would be possible to obtain fibers of the different materials with mean fiber 
diameter from few nanometers to a few micrometers. With this, the final morphology of 
the materials and therefore their final performance or behavior in service could be even 
more controlled.  
 
Furthermore, there is a very innovative research line recently opened by the GMCPI of 
the UC3M. This new researching line is focused on the manufacture of multicomponent 
systems of several polymers in which there are several types of morphologies for 
example coaxial fibers. In relation to this, the group has just designed a new device to 
manufacture this type of materials. Here it is interesting to highlight that this new device 
is currently in process of being registered as an invention to be patented. 
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ANEXO 

ANEXO I. Nozzle Draw 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BB

SECTION B-B

A

Ø 0,5

Ø 1

Ø 0,7

Ø 0,75

70

8,8

4

C

DETAIL A

2

8

45

5,
5 9
,5

Glass tube

0,
75 1

DETAIL C



ANEXO 

ANEXO-128 

ANEXO II. Copper nanoparticles 
 
The XRD pattern of the commercial Cu nanoparticles showed diffraction peaks at 2θ = 
43,39 º, 50,53 º, 74,2 º, 90 º and 95,25 º, which can be indexed to (111), (200), (220), 
(311) and (222) planes of pure copper (compared to standard powder diffraction card of 
ICDS) (copper file No01-089-2838). Besides a diffraction peak appears at 36,51 º, that 
could be correspond with the most intense plane (111) of Cu2O, (compared to standard 
powder diffraction card of NIST) (copper file No.03-065-3288). Particle size was 
estimated by using the Debye-Scherrer equation [1], resulting a mean diameter of 71,2 
nm. In Figure 1, a micrograph obtained by scanning electron microscopy SEM (FEI’s 
Teneo SEM, FEI Europe Ltd., Eindhoven, The Netherlands) is shown to illustrate the 
presence of aggregates of approximately 300-400 nm of the ‘as received’ copper 
nanoparticles.  

 
Figure 1. SEM image of nanoparticles and their corresponding DRX analysis. 

Table 1. Diffraction angles and theirs corresponding atom planes and elements 

2ϴ hkl Substance/element 
36.51 111 Cu2O 
43.39 111 

Cu 
50.53 200 
74.19 220 
90.03 311 
95.25 222 

 
Reference 
 
[1] J.I. Langford, A.J.C. Wilson, Scherrer after sixty years: A survey and some new 

results in the determination of crystallite size, J. Appl. Crystallogr. 11 (1978) 
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ANEXO III. Profiles of Roghness measurements 
 

 
 
 

10 profiles to obtain roughness parameter




