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The aim of this work was to examine composite 

membranes obtained by means of phase inversion 

from a synthetic stable polymer – polyvinylidene 

difluoride (PVDF). The piezoelectric polymer was 

modified with 0.5-1wt% addition of commercial carbon 

fillers: graphite oxide (GO, 1wt%), multiwalled carbon 

nanotubes (CNT, 1wt%) and functionalized nanotu-

bes (CNT-COOH, 0.5wt%). The membranes were 

obtained by solidification of nanocomposite solutions 

in coagulation bath (CH3OH). The obtained series 

of materials differed in surface porosity (P), electric 

proved that presence of carbon nanoadditive influen-

ced microstructure of the membranes: the mean size 

of pores in the membrane rose in the following order: 

-

picted the influence of the filler on the membrane stru-

nanocomposite systems, the PVDF modified with 

0.5wt% CNT-COOH displayed the most advantageous 

electric properties. These nanocomposite membrane 

(PVDF/CNT-COOH) could be used as a low-voltage 

electrodes in biomedical application. Yet, taking into 

account the other physicochemical, mechanical and 

structural properties, the membranes modified with 

1wt% CNT and 1wt% GO were also interesting.
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The use of polymer conductive composites and na-

CNF etc.) was found to be greater in many electrical (i.e. 

-

cial muscles, drug release) and engineering elements (i.e. 

ferroelectric random access memory) [1-5]. Different form of 

-

chanical properties, and electromagnetic interference (EMI) 

shielding effectiveness of the composites [4-9]. When the 

threshold, the dielectric constant of composites can dramati-

cally increase. The literature shows that direct connection 

-

ties suitable for biomedical and engineering applications  

[12-14]. Some of the authors reported that electrical thresh-

-

characterized by good dispersion and high crystallization 

with organoclay [16-18]. The results suggested that carbon 

changes conductivity of the nanocomposite (if dispersion 

-

biomedical engineering particularly for biomaterials, which 

can be used for implants manufacturing. More and more 

frequently neurology and neurosurgery employ materials 

that facilitate nerve regeneration processes and restoration 

of proper nerve conductivity. In the case of peripheral nerve 

are applied to provide the regenerating tissue with a proper 

environment. These materials may be scaffolds themselves 

(cases, tubes), facilitating the directional guidance of nerve 

improve cell growth and adhesion) [21]. Some of the bio-

e.g. Neurolac and NeuroGen.

The other group of promising materials are hydrogels. 

They are insoluble hydrophilic polymers with high level of 

-

Chitosan, alginate, collagen and hyaluronan belong to this 

group. The latter material is applied in the form of a gel in 

microsurgical reconstructions of peripheral nerves and it is 

-

als application in neurosurgery is to facilitate nerve regenera-

It was shown that electro-stimulation modulates changes 

-

nal, resulting in acceleration of regenerative processes [27]. 
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electro-stimulation Schwann cells increase the speed 

of conducting the action potential down the nerve [26].  

are both biocompatible and stable during electro-stimulation 

-

ments there are composites, nanocomposites and inert 

-

is why the frequent additives are carbon nanotubes (CNT). 

Even though their biocompatibility is a controversial issue 

The last group of materials applied in neurosurgery are 

substrates used for in vitro cultures of nerve cells. In these 

cases biomaterials must be endowed with such properties 

that will imitate or guarantee the environment similar to 

on the presented literature data, the aim of this study is to 

of nanocomposite membranes were produced by means of 

the phase inversion method, using methanol as a coagu-

lant. The obtained porous systems were tested to establish 

their mechanical, physicochemical and electric properties.  

The impact of nanoadditives on the structure and micro-

structure of the materials was also assessed.

Commercially available polymer - polyvinylidene dif-

 

The third carbon additive used in the study was graphene 

 

 

as a solvent, while methanol (CH

-

were homogenized in DMF by means of ultrasounds 

 

 

The microstructure of the membranes was observed us-

ing scanning electron microscope (Nova NanoSEM, FEI). 

size of pores were also assessed. The water contact angle 

-

say was based on establishing the resistivity value of the 

tested membrane (Ohm’s law) and dependence of resistivity 

was assessed upon the analysis of DSC curves (Netsch 

atmosphere: nitrogen). The impact of modifying additives 

on the behaviour of the polymer chain was established by 

wavelength. The mechanical properties of the membranes 

carbon nanoforms depends largely on the coagulant itself. 

In the literature there are reports of using other non-solvents 

that contribute to the process of spherulitic crystallization of 

-

tion and thus it facilitates spherulite crystallization. The size 

of spherulites in the tested systems also depends on the 

formation of spherulites (they reduce chain mobility, FIG. 1b). 

In SEM images a higher number of tiny spherulites is ob-

FIG. 1a). In turn, addition of CNT promotes formation of 

crystallites (FIG. 1c-d). Nanotubes, particularly the surface-

 

of interconnected spherulites is observed. The estimated 

size of surface pores in the tested membranes decreases in 

 

obtained by means of a bubble point method, it was stated 

-

amined membranes: the nanocomposite membranes with 

1wt% of CNT–COOH (48%). In reference to the literature 

data they are porosity values suitable for neurosurgical 

applications – they promote selective transfer of cells and 

Material Morphology 
Tensile strength Electric conductivity 

GO

CNT
diameter 1-5 nm 

CNT-COOH
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Crystallinity of the membrane materials was de-

typical effects i.e. melting point of the crystalline phase 

(Tm

by the reorganization of the chains to improve their order. 

-

lites, that is why the crystalline phase share increases  

is, the more slowly crystallinity increases. In the case of 

During the precipitation polymer chains form lamellas 

 

membrane membrane membrane membrane

62.8 58.7 46.5

[%]
57.9 55.8 44.2

Tm 

[ C]
157.5

Tr 

[ C]
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d
2

d 
2 and  

p
2

free energy of the membrane, while sustaining its 

d p). 

It is not a surprising phenomenon: a slight amount 

-
2, for 

2

highly hydrophobic (FIG. 2a). It seems that carbon 

-

rounded with polymer chains (thus bigger spherulites 

-

ymer membranes, contrary to the membranes modi-

-

membranes). The materials may be also used as 

materials in question. The membranes with CNT 

addition endowed with well-developed spherulitic 

with carbon additive is based on so-called “hopping” in lamel-

lar or spherulitic structures, provided that the nanoadditive 

 

The microstructure with higher crystallinity and better-

addition provides more conductive paths.  

The Raman spectroscopy analysis showed that in the 

-

615 cm-1, 795 cm-1

-1 -1). The other 

cm-1 -1

membranes with carbon additives there are bands typical for 
-1), 

-1 -1) [18, 41]. 

 



6

by the absence of disordering that results from the sp  hy-

bridization which is not present in graphite (there is only sp2). 

Comparing the intensity of bands D and G for membranes 

with carbon additives the better interaction between the 

D G>1.1). The opportunity to 

-

membrane formation (precipitation with methanol). Thus the 

obtained membrane is a more stable system with a higher 

degree of crystallinity and increased electric conductivity. 

 

affects the mechanical properties of the membranes  

(E) value and the tensile strength (RM), as compared to the 

membrane made of pure polymer. It is not a surprising re-

sult when confronted with the increased surface porosity of 

polymer-carbon membranes. However, this parameter does 

for peripheral nerve regeneration nor coatings modifying 

the surfaces of electrodes require higher values of E or RM. 

-

enables the formation of interconnected spherulites. These 

forms are characterized by high crystallinity and strong 

-

particles and crystallization from the solution also increases 

systems display conductive properties. The effect depends 

(GO) displays the least electric conductivity, low crystallinity 

and surface porosity, while sustaining the surface wettabil-

ity and energy on the level comparable to the properties of  

a pure membrane. It results from the behaviour of a poly-

crystallinity and destabilizing the membrane morphology 

values of electrical conductivity, surface porosity and size of 

distinctly, which will probably hinder the adhesion and pro-

with CNT are better coatings for low-voltage electrodes, due 

to their stability of microstructure, high electric conductivity 

and low wettability. 

To sum up, the use of methanol and a selected carbon 

improvement of structural, electrical and surface properties 

neurosurgical applications.

This study was performed within the framework of fund-

Ceramics (11.11.160.616).

membrane  membrane membrane membrane

187.8 ±2.5 164.8 ±1.9

Mechanical strenght
RM

Conductivity -6
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nanocomposites: effect of 1-octadecanol  functionalization  of  car-

conductivity of carbon nanotube (CNT)-polymer nanocomposites. 

-

trical properties and highly efficient electromagnetic interference 

-

-

electrical properties of carbon nanotubes based polysulfone nano-

Covalent polymer functionalization of graphene for improved dielec-

 

platelet adhesion studies on fluorocarbons prepared by plasma-

 

-

-

-

[18] Chiu F.C.: Comparisons of phase morphology and physical 

681-692.

in peripheral nerve repair. International Review of Neurobiology 87 

-

-

nervous system versus the central nervous system and the relevan-

membrane surface to improve survival of cultured cerebellar granule 

 

 

-

formation of microporous polyvinylidene difluoride membranes by 

fluoride) asymmetric membranes: Effects of the solvent, additive, 

., Zhang X.F.

efficacy. .

approaches in tissue engineering for peripheral nerve regeneration. 

aspect ratio of carbon nanotubes on crystalline phases and dielectric  

poly (vinylidene fluoride) nanocomposites: Role of high molecular 

 


