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Abstract

Present nanofiber technology is one of the most 

important objects in the recent research topics. 

Electrospinning is a unique technology that can pro-

duce non-woven fibrous materials with interesting 

characteristics such as diameters ranging from sub-

micron to several nanometers, high surface to volume 

ratio, high porosity and small interfibrous pore size. 

Polymer nanofibres have great potential for technical 

applications in filtration, composites and electronics. 

Nanofibers are also of importance in many different 

applications as the drug delivery, biomaterials and 

tissue engineering. For these applications there is a 

great need for polymer nanofibers with well defined 

surface properties. In this field, plasma surface treat-

ment has been applied in the textile industry for the 

modification of polymer nanofibers. 

In this study, chitosan nanofibers were prepared by 

modified electrospinning method called NanospiderTM 

and treated with plasma in the presence of methane 

gas. The surface characteristics of the nanofibers after 

plasma treatment were examined using contact angle 

measurements, SEM and XPS analysis.
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Introduction

Nanoscale materials have attracted great academic and 

industrial interest in recent years. In this field, electrospinning 

is a straightforward method to produce fibers with nano/

micro scaled diameters [1,2]. This is a simple and highly 

effective technique for the preparation of polymer fibers in 

the form of individual fibers or of non-woven fiber mats [3]. 

Microstructural properties of this material include high poros-

ity with very small pore size, interconnectivity and control-

lable mesh thickness. All these properties, together with the 

large surface area to volume ratio make the nonwoven fiber 

mats a suitable material for different applications such as 

biosensor/chemosensor [4,5], reinforced nanocomposites 

[6] electronic and semi-conductive materials [7,8] and filters 

[9]. Moreover, electrospun fiber mats can be a promising 

material for many important biomedical applications, includ-

ing artificial blood vessels [10], wound dressings [11], the 

drug delivery and scaffolds for tissue engineering [12].

Especially from the point of view of the biomedical ap-

plications, there is a significant need and demand for the 

polymer nanofiber mats with well defined surface proper-

ties. In this case, it seems that the most important aspect is 

hydrophilicity/hydrophobicity balance. Currently gas plasma 

treatment processes are extensively used to increase the 

hydrophilicity of hydrophobic nonwoven fiber mats. It has 

been reported that the hydrophilicity of silk fibroin nanofibers 

or nanofibers made of poly(ε-caprolactone) was increased 

meaningly after an O2 plasma treatment. Such modification 

of these materials resulted in an improved fibroblasts ad-

hesion and proliferation [13,14]. On the other hand, CF4 or 

CH4 plasma treatment increased the hydrophobicity of the 

nanofibers made of poly(3-hydroxybutyrate-co-3-hydroxy-

valerate) or poly[bis(2,2,2-trifluoroethoxy)phosphazene], 

respectively [15,16]. Hydrophobicity is an important property 

of a surface of different materials for practical applications 

[17]. Superhydrophobic surfaces have great attention due 

to their interesting properties, such as their self-cleaning, 

and antifouling properties. Kitahara et al. modified the cotton 

fibres with plasma in the presence of hydrocarbon gas and 

investigated the antibacterial activities of the modified sam-

ples. It has been established that plasma modified samples 

had antibacterial property in contact with Staphylococcus 

aureus and Klebsiella pneumoniae [18].

Many of the scientific facts mentioned above have per-

suaded the authors of this paper to modify the chitosan 

nonwoven nanofiber mesh with plasma in the presence 

of methane gas. Chitosan is a biosynthetic polysacharide 

comprising of deacetylated chitin. Chitin is a naturally oc-

curring β-1,4 linked polymer of 2-acetamido-2-deoxy-β-D-

gluco-pyranose polysacharide that can be extracted from 

crustacean exoskeletons or generated via a fungal fermenta-

tion process. Chitosan is a β-1,4 linked polymer of 2-amino-

2-deoxy-β-D-gluco-pyranose that is soluble in an aqueous 

solution of acids. Past research has shown that chitosan is 

biocompatible and biodegradable and does not induce any 

strong immune response. Additional positive features are its 

low cost due to abundance and diverse methods that enable 

the chemical processing of this polymer [19].

In this study the chitosan nanofiber mats with a hy-

drophilic character were prepared by modified electrospin-

ning method called NanospiderTM and treated with plasma 

in the presence of methane gas. The surface properties of 

the plasma-treated nanofibers were characterized by water 

contact angle (WCA), scanning electron microscopy (SEM) 

and X-ray photoelectron spectroscopy (XPS).

Materials and methods

Materials and preparation of solution for electrospinning

Chitosan-5 was purchased from Wako Pure Chemi-

cal Industries. PEO with a molecular weight (Mw) 900 kD 

and surfactant Triton®X-100 were obtained from Aldrich. 

Deionized water with sodium chloride was used to pre-

pare PEO solution. Sodium chloride was used by adding 

salt together with a water solution of 5 wt% PEO solution 

in concentrations 0.24 mol/L. Chitosan was dissolved in  

10 wt% citric acid to achieve a polymer concentration of 

8 wt%. PEO was dissolved in water with sodium chloride 

to achieve a polymer concentration of 5 wt%. Chitosan 

solutions and PEO solutions were prepared separately.  
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temperature overnight in the volume ratios 9/1 (chitosan/

PEO). The surfactant Triton®X-100 was added in concentra-

tion 2 wt% into solution.

Electrospinning of nanofibers 

Chitosan nanofibers have been prepared by modified 

electrospinning method called NanospiderTM. The scheme 

of NanospiderTM system is shown in FIG. 1. 

The metal roller (1), which serves as the positive 

electrode, raises a thin film of polymer solution (2). The 

so-called Taylor cones (4) are then formed due to the ef-

fect of applied high voltage. The method is based on the 

possibility of creating Taylor cones from a thin layer of 

polymer solution. The cones cleave into fibers (5), which 

are carried onto the negative electrode (8) and retained on 

the polypropylene non-woven fabric (6). During this process, 

the solvent evaporates and the fibers become stretched at 

either ambient or elevated temperature. The reservoir (3) is 

filled with 20 ml of polymer solution and rotation of the metal 

roller (1) ensures its perfect coating with the solution. The 

Taylor streams are formed next to each other, throughout 

the entire length of the metal roller, resulting in the high 

production capacity of nanofiber sheet (7). Electrospinning 

of mixture of chitosan/PEO solutions is in this study carried 

out at a voltage of 50-55 kV, distance of electrodes 10 cm 

and air temperature 22oC.

Optimal conditions for heat treatment of nanofiber sheet 

prepared from chitosan/PEO solution after electrospinning 

were investigated [20]. A temperature of 130-140°C applied 

for 30 min was found to be optimal. In other case, nanofiber 

sheet was dissolved in water.

Plasma treatment

For the plasma treatment a laboratory scale plasma 

system was used. The vacuum chamber was 345 mm in 

diameter and 360 mm in height. The system was equipped 

with a radio frequency generator operating at 13.56 MHz, 

connected with the inner electrode through an impedance 

matching unit. The substrates were mounted on the water 

cooled RF electrode, plasma reactor was evacuated, and 

methane gas was introduced into the reactor. In order to 

remove any other gases from inside the reactor, chamber 

was flushed with methane gas for 5 min. The negative self-

bias voltage was varied in the range from 100 to 600 V.

Characterization

Contact angles of all samples were measured at room 

temperature using a home-made apparatus equipped with 

a digital camera, which is connected to a computer. Meas-

urements were performed by the sessile drop method with 

distilled water as test liquid. The volume of the water droplet 

for each measurement was kept at 3x10-9 m3. For each 

sample, six different measurements were taken and the 

average values for contact angles were calculated.

The morphology of the electrospun chitosan nanofibers 

was observed on a scanning electron microscope (SEM) 

(TESCAN – VEGA XMU) after gold coating.

The XPS measurements were performed with the hemi-

spherical analyzer operated in FAT mode (Phoibos 100 from 

Specs). The photoelectron spectra were referenced to the 

aliphatic C1s peak at 285 eV. The elemental composition 

was calculated from survey spectra. The high resolution 

spectra were acquired to understand the chemical bonds 

on the surface of the samples.

Results and Discussions

Changes in contact angles of chitosan nanofibers treated 

with the methane plasma as a function of negative self-bias 

voltage are shown in FIG. 2. The plasma treatment leads 

to hydrophobization of the originally hydrophilic chitosan 

nanofiber mats. The untreated film has water contact angle 

of 0o (the water drop was immediately absorbed into the 

sample) which increases and reaches a maximum value 

of 126o for the plasma treated sample at 400 V of negative 

bias. Further voltage increase resulted in the decrease of 

contact angle of the nanofiber mats. Hydrophobization of the 

chitosan nanofiber mats can be explained by the formation 

of hydrophobic moieties on nanofibers surfaces after the 

methane plasma treatment.

SEM images of both the modified and the non-modified 

chitosan fiber mesh were shown in FIG. 3. It can be seen 

that morphology of the nanofibers was not changed by 

methane plasma as the used negative self-bias voltage was 

varied in the range from 100 to 200 V.  When voltage was 

changed from 200 to 600 V, the surface roughness of the 

nanofibers increased. This observation can be attributed to 

the etching effect of the plasma treatment and deposition 

of carbon from methane plasma on the surface of chitosan 

nanofibers. Strong interaction between the plasma and the 

surface of nanofibers can be observed in FIG. 3e.

FIG. 1. The scheme of NanospiderTM system.

FIG. 2. Water contact angle of chitosan nanofibers 
versus negative self-bias voltage.
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XPS survey spectra for non-modified and methane plasma 

-modified (with the negative self-bias voltage 600 V) chitosan 

nanofiber mats are shown in FIG. 4. The only elements 

detected were carbon, oxygen and nitrogen. The 1s (C1s, 

O1s and N1s) peaks were used for the quantification. The 

C1s high resolution spectra were acquired to provide more 

detailed information about the bonding on the nanofiber mats 

surface. The unmodified chitosan shows elemental composi-

tion, which could be expected from the chitosan chemical 

structure. Slightly higher carbon content can be explained 

by the small amount of PEO in the nanofiber network or by 

the carbon contaminants from the ambient atmosphere. 

The plasma treatment results in a significant decrease of 

the oxygen amount. Possibly the OH groups are detached 

from the polymer chain due to interaction with the plasma 

active species (this can also be the reason for the higher 

hydrophobicity of the treated samples) or the CHx thin film 

can be deposited on the surface (the information depth of 

XPS is 10 nm at the most). Probably both processes take 

place. As the negative bias voltage changes to 600 V, the 

C/O ratio increases.      

FIG. 3. SEM images of the chitosan nanofibers: a) non-modified and modified with methane plasma at  
b) - 100 V, c) - 200 V, d) - 400 V, e) - 600 V.

FIG. 4. XPS survey spectra of chitosan nanofibers: a) unmodified, b) plasma-modified with methane at - 600 V. 
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to the disposal of oxygen by atomic hydrogen via chemical 

reaction [21]. The elemental composition after plasma treat-

ment identified by the XPS spectra is presented in FIG. 5.

The changes in the chitosan structure are also observed 

in the C1s high resolution spectra (FIG. 6). The untreated 

chitosan shows three main components. The component A 

is attributed to C-C or C-H bonds. Based on [22-24] the com-

ponent B can be related to C-O, C-OH or C-N bonds. This 

component significantly decreases after plasma treatment 

and almost disappears for higher negative bias voltages. 

As it had been already proposed – this is probably related 

to cleavage of the OH groups from the polymer chain or to 

covering of the nanofiber surface by the CHx thin film. The 

last component is usually attributed to carboxylic groups or 

to O-C-O and O=C-N groups. The O-C-O is the most prob-

able of them as it is present in the chitosan structure; also 

the O-C-OH should be taken into account (as it is present at 

the ends of the chitosan polymer chains). This component 

again disappears with the plasma treatment. 

Conclusions

In this study electrospun chi-

tosan nanofibers were modified with 

plasma in the presence of methane 

gas and the surface characteristics 

of the modified and unmodified na-

nofibers were investigated. It was 

found that the chitosan nanofibers 

have hydrophobic properties after 

methane plasma treatment. SEM 

analyses of the unmodified and 

plasma-modified chitosan nanofibers 

indicate that plasma treatment can 

induce physical changes on the sur-

face of the nanofibers. The changes 

in the chitosan surface chemistry 

caused by the plasma treatment are 

documented by the XPS measure-

ments. The amount of oxygen on the 

nanofiber surface decreases with the 

plasma treatment. The oxygen con-

tent further drops with increased bias 

voltage. The high resolution spectra 

deconvolution also supports the pos-

sible explanation of the hydrophobic-

ity changes (less OH group – higher 

hydrophobicity).
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FIG. 6. XPS high resolution spectra of plasma-treated chitosan nanofibers 
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treated chitosan nanofibers surface at different 
applied negative self-bias voltages.
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