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Abstract
A method was developed for the preparation of chitosan staple fibres containing silver 
nanoparticles. An aqueous colloidal solution of PVA-encapsulated metallic silver with a 
particle size of 50-60 nm was admixed to the chitosan-containing spinning solution. From 
the mixed spinning solution, the fibre was spun by a wet method. The mechanical, electrical, 
antibacterial, morphological and structural properties of the silver-containing chitosan 
fibre are highlighted. With a silver content greater than 51 mg/kg, the fibre possessed an-
tibacterial activity. The silver content did not deteriorate the tenacity of the fibre or cause 
a change in the molecular mass distribution. The impact of spinning conditions on the 
morphological properties was assessed by scanning electron microscopy (SEM) and atomic 
force microscopy (AFM). X-ray radiography (WAXS) showed the influence of spinning con-
ditions on the supermolecular structure of the fibre. 
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the mechanical and morphological prop-
erties as well as crystalline structure.

n	 Materials 
The following materials were used:
n	 Chitosan derived from the northern 

shrimp (Pandalus borealis) provided 
by Primex, Norway. The properties 
are listed in Table 1.

n	 A colloidal solution of metallic silver 
nanoparticles (Hydrosilver1000) pro-
duced by AMEPOX, Łódź, Poland. 

n	 Glycerol (pure for analysis) was pro-
vided by Sigma-Aldrich, Germany. 
Acetic acid  (pure for analysis) and 
sodium hydroxide were provided by 
POCh S.A., Gliwice, Poland.

n	 Methods
Spinning of chitosan fibres with silver 
nanoparticles
A 5.25% solution of chitosan was pre-
pared in a 3.0% aqueous acetic acid solu-
tion [11]. During the 60 minute period re-
quired to dissolve the chitosan, a colloidal 
solution of the silver nanoparticles was 
added in amounts of 2.0 - 167.3 mg/kg  
and 10% glycerol was added (based on 
the volume of chitosan). Fibres were 
spun from the spinning solution on an 
experimental line equipped with a spin-
ning head holding a platinum -rhodium 
spinneret (150 holes, 80 µm diameter 
each). The fibre was formed in a coagu-
lation bath at 30 °C containing 27 g/l of 
sodium hydroxide in water. The fibre was 
one-step drawn, rinsed first with water 
at 40 °C and then with 60% ethanol, cut 
to a staple length of 38 mm and dried. 
Spinning conditions were: speed of 17.0 

Metal nanoparticles are prepared by 
chemical reduction of metal ions [22] or 
by laser treatment, yielding a particle size 
of 5 to 50 nm [23]. To prevent aggrega-
tion, either water or an aqueous NaCl so-
lution is used. Silver nanoparticles in a 
water solution may be directly added to 
an aqueous solution of chitosan. Silver 
forms a durable complex with chitosan in 
the solution and further on in the course 
of coagulation. Chitosan-metal complex-
es possess well-known antibacterial and 
anticancer properties [24], to a greater 
extent than chitosan or its salts [25].The 
chitosan-copper complex has anticancer 
properties, particularly at an amount of 
0.11 moles of copper to 1 aminoglucose 
radical [26]. Even at low concentrations, 
nanosilver exerts much more pronounced 
antibacterial activity than silver ions [27]. 
Silver nanoparticles surpass penicillin in 
terms of activity against Escherichia coli 
(ATCC 10536) and Staphylococcus au-
reus (ML 422) [28, 29]. Silver and cop-
per nanoparticles show similar activity 
against Escherichia coli, Bacillus sub-
tilis and Staphylococcus aureus at very 
low concentrations. In combination with 
nanocarbon and nanosilica, these metals 
may exert even stronger action [30 - 33]. 

An aqueous colloidal solution of PVA-
encapsulated metallic nanosilver with a 
grain size of 50 to 60 nm has been used in 
the preparation of antibacterial chitosan 
fibres for widespread use.

The aim of this work was to prepare an-
tibacterial chitosan fibres by introduc-
ing a colloidal nanosilver solution to the 
chitosan spinning solution. The impact 
of the nanosilver content and the fibre 
forming conditions was investigated on 

n	 Introduction
Owing to their biodegradability, bi-
oresorbability and ability to accelerate 
wound healing, chitosan fibres have uses 
in a new generation of biomaterials and 
composites [1]. Wet spinning of fibres 
from polymer solutions is a technique 
which offers the opportunity to prepare 
thin and short fibrous materials, so-called 
microfibrids [2] or strong continuous 
multifilament yarns [3 - 5]. A variety of 
functional additives can be introduced 
to the spinning solution, notably carbon 
nanotubes (CNT) [6-8], nanosilver [9], 
nanoparticles of calcium phosphate [10 - 
12] or other protein polymers like fibroin, 
keratin or collagen [13 - 15]. To enhance 
functionality, chitosan fibres are often 
coated with other biomaterials like col-
lagen or calcium phosphate [16] or can 
be used to reinforce composite implants 
containing hydroxyapatite [17]. Calcium 
phosphate is well-known as a highly com-
patible and osteo-conductive substance 
that is easily absorbed by the human 
body and has applications in composite 
dental implants [18], and, in combination 
with chitosan, in artificial bones [19].  

The addition of metallic nanoparticles to 
the polymer matrix of chitosan fibre is 
equally attractive, enabling a change in 
the fibre’s optical, magnetic and bioactiv-
ity properties [20]. A further possibility 
of modifying the fibre properties arises 
from the ability of chitosan to form com-
plexes with metals like silver, copper and 
gold, to name the most frequently report-
ed ones [21]. Colloidal water suspensions 
of these metal nanoparticles are useful in 
processing as they are easy to introduce 
into the spinning solution. 



25FIBRES & TEXTILES in Eastern Europe  2012, Vol. 20, No.  6B (96)

Table 1. Chitosan properties. 

Parameter Value
Viscometric average molecular mass,  
kD 342

Water content, % 5.58
WRV, % 43.5
Dynamic viscosity, 1% chitosan in  1% 
acetic acid at 20oC, cP 63.1

Deacetylation degree, % 83.2
Ash content, % 0.40
Nitrogen content, % 6.84

- 50.4 m/min, as-spun draw ratio of 26 - 
108% and draw ratio of 8.0 - 65.7%.

Analytical methods
The distribution of the molecular mass 
of chitosan was determined by gel chro-
matography (GPC/SEC). The function 
of mass distribution (MMD), average 
molecular mass (Mn, Mw) and polydis-
persity (Mw/Mn) were determined as de-
scribed elsewhere [15]. The results were 
calculated by the universal calibration 
method with parameters a and K in the 
Mark-Houwinek equation amounting 
to: a = 0.625, K = 62×10-5 ml/g for the  
PEO/PEG standards, and a = 0.76,  
K = 74×10-5 ml/g for chitosan [34].

Rheology of the silver-containing chi-
tosan solutions was estimated using 
a Brookfield LVT model RV DV-II + 
viscometer with Rheocalc V3.1-1 soft-
ware at temperatures of 20, 25, 30, 35  
and 40 °C.

Morphology of the fibre was inspected 
with the use of a Nova NanoSEM230 
scanning electron microscope (FEI Co.; 
electron guntype field emission, FEG), 
with the detector of secendary electrons. 
The parameters were: low vacuum at 70 
Pa, acceleration voltage (HV) 10 kV, 
with a secondary electron detector.

40 kV and anode current of 30 mA. An 
X’Celerator semiconductor meter served 
as the detector. WAXSFIT software 
was applied for the analysis of differ-
ences in the supermolecular structure 
of the polymeric materials tested; this 
enables a qualitative and quantitative 
assessment of changes in the crystal-
line phase and in the average size of the 
crystalline areas. The diffraction pat-
terns were analysed using the Hindeleh 
and Johnson method in which the theo-
retical and experimental curves were 
matched by the addition of peaks re-
flecting the diffraction of X-rays in the 
crystalline and halo amorphous areas.  

The determination of the theoretical 
curve enabled the calculation of the area 
below the curves of the crystalline and 
amorphous components and, in turn, the 
determination of the crystalline phase 
content (Xc-crystallinity degree) [37]. 
The measure of the diffraction peak 
width and Scherrer equation served to 
calculate the size of the crystalline areas.

Examination of electrical resistivity of 
the silver-containing chitosan fibres was 
performed by direct electrometric meas-
urements in a large-size Feutron KPK 
600 climatic chamber at 23 ± 1 °C and 
RH of 25 ± 5% according to standard 
PN-91/P-04871. 

n	 Results and discussion
Rheology of the chitosan spinning 
solutions
Two chitosan solutions were examined: 
Chit/Ag 54 with a nanosilver content 
of 129.5 mg/kg and Chit/Ag 55 with 
167.3  mg/kg of silver on chitosan. The 
solutions were tested at temperatures of 
20, 25, 30, 35 and 40 °C to compare their 
properties and define the adequate spin-
ning temperature. Figure 1 present the 

Atomic force microscopy (AFM) was 
performed using a MultiView 1000 ap-
paratus (Nanonics Imaging Ltd.). The 
working parameters were: tapping mode, 
gold-plated glass cutting edge (Nanon-
ics Co. type SuperSensorTM), radius 
of curvature φ = 20 nm and frequency  
f0 = 47 kHz. The WSxM 5.0 software 
was used in the analysis [35]. 

Mechanical properties of the fibre 
were tested according to standards 
PN-ISO-1973:1997 and PN-EN ISO 
5075:1999. Measurements were done 
at an RH of 65 ± 4% and  temperature  
of 20 ± 2 °C.

Silver content was determined directly 
in a mineralised sample by the flame 
atomic absorption spectrometry (FAAS) 
method at a wavelength of 328.1 nm. 
The fibre was first incinerated at 575 °C 
and then mineralised in 75% HNO3 in a 
microwave oven. A SCAN-1 atomic ab-
sorption spectrometer (Thermo Jarrell 
Ash Co.) was used in the analysis. The 
background was corrected by the Smith-
Hiettje method [36]. 

Antibacterial activity of the chitosan 
fibre against Staphylococcus aureus 
ATTC 6538 and Escherichia coli was es-
timated by the quantitative test according 
to standard JIS L 1902:2002. The number 
of live bacteria grown in the tested fibre 
sample and in a standard substrate (regu-
lar chitosan fibre) was determined after a 
24-hour incubation. 

Structural investigation was performed 
by the X-ray diffractometry (WAXS) 
reflection method. The investigation per-
mitted differentiation of the samples with 
respect to supermolecular structure. The 
examination was performed on an X’Pert 
PRO diffractometer (PANalytical Co.) 
with application of CuKα(λ = 0.154 nm)  
radiation and with the following lamp 
parameters: acceleration voltage of  

Figure 1. Impact of the shearing rate and temperature on the apparent dynamic viscosity of a chitosan solution with a nanosilver content 
of: a) 129.5 mg/kg  and b) 167.3 mg/kg on chitosan
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impact of the shearing rate and tempera-
ture upon the apparent dynamic viscosity 
of the solutions. The curves were drawn 
at increasing and decreasing shearing 
rates.

Chitosan solutions (Figure 1.a) reveal 
the non-Newtonian fluid nature in which 
the viscosity at temperatures of 20 and 
25 °C decreased with an increase in the 
shearing rate. The solutions showed fea-

tures of a pseudo-plastic fluid (diluted 
by shearing). An increase in temperature 
up to 25 °C caused a distinct drop in the 
apparent dynamic viscosity. At 35 and  
40 °C, the solution viscosity decreased, 
yet, the temperature did not affect viscos-
ity as much as the shearing rate. 

An increase in the silver content of the 
solution (Figure 1.b) had only a slight 
influence on the decrease in viscosity. A 
temperature increase to 40 °C caused a 
further drop in viscosity. The chitosan so-
lution temperature of 30 °C was adopted 
as best suited to the spinning process. 

Impact of nanosilver on the 
mechanical properties of the fibres
For testing the mechanical properties, 
chitosan solutions were prepared with 
a variable silver content. The fibre was 
spun at as-spun draw ratio 78%, draw ra-
tio 10% and spinning speed 34.0 m/min  
(Table 2).

The amount of nanosilver in the inves-
tigated range had a minor impact on the 
tenacity of chitosan fibres formed under 
the given conditions. Fibres with a lower 
silver content showed slightly greater 
elongation. 

For the purpose of a complex examina-
tion of the impact of the spinning con-
ditions upon the mechanical properties, 
and the crystalline and morphological 
structure, the fibre was spun from two 
chitosan solutions: Chit/Ag 51 and  
Chit/Ag 55 with a silver content of  
15.9 mg/kg and 167.3 mg/kg on chitosan, 
respectively, under the following condi-
tions: as-spun draw ratio 26 - 108% and 
draw ratio 8.0 - 65.7%.

The spinning conditions and mechanical 
properties of the fibre are shown in Table 3. 

The positive impact of nanosilver at an 
amount of 167.3 mg/kg was observed, 
particularly at a low as-spun draw ratio 
and low draw ratio (Chit/Ag 55/5). It 
was demonstrated that spinning could 
be performed both at a low (17.0 m/min) 
and a high (50.4 m/min) speed, produc-
ing fibres with variable linear mass and 
a comparatively high tenacity. A spin-
ning speed above 33 m/min seemed ad-
equate for fibres with a silver content of  
167.3 mg/kg, providing higher tenacity 
and elongation values. 

The distribution of the molecular mass of 
chitosan fibres was examined with the na-
nosilver content varied in the range of 2 to 

Table 2. Mechanical properties of the Chit/Ag fibres.

Symbol of fibre
Nanosilver 

content, 
mg/kg

Tensile properties
Linear density, 

dtex
Tenacity,

conditioned cN/tex
Elongation at break

conditioned, %
Chit/Ag 50/1     2.0 4.63 6.88 29
Chit/Ag 51/1   15.9 4.57 6.96 31
Chit/Ag 52/1   51.2 4.76 6.46 26
Chit/Ag 53/1   79.5 4.80 6.38 24
Chit/Ag 54/1 129.5 4.86 6.57 22
Chit/Ag 55/1 167.3 4.70 6.49 23

Table 3. Mechanical properties of Chit/Ag fibres spun at variable conditions; *- no fibre 
obtained, fibre band broken.

Symbol of 
fibre

Spinning conditions Tensile properties

As-spun 
draw ratio, 

%

Draw 
ratio,

%

Spinning 
speed,
m/min

Linear 
density,

dtex

Tenacity
conditioned,

cN/tex

Elongation at break 
conditioned,

%
Chit/Ag 51/1 78 8.1 34.0 4.57 6.96 31
Chit/Ag 51/2 51 38.9 27.8 5.16 7.46 16
Chit/Ag 51/3 38 47.7 22.4 6.80 7.81 14
Chit/Ag 51/4 65 30.6 32.6 4.87 6.49 18
Chit/Ag 51/5 26 65.7 17.0 *- *- *-
Chit/Ag 51/6 108 17.0 50.4 3.35 7.37 16
Chit/Ag 55/1 78 8.1 34.0 4.70 6.49 23
Chit/Ag 55/2 65 30.6 32.6 4.53 7.75 20
Chit/Ag 55/3 51 38.9 27.8 5.27 6.49 12
Chit/Ag 55/4 38 47.7 22.4 6.70 6.06 10
Chit/Ag 55/5 26 65.7 17.0 9.65 6.88 11
Chit/Ag 55/6 108 17.0 50.4 3.05 7.84 17

Table 4. Properties of the chitosan and nanosilver-containing chitosan fibre

Symbol of sample Nanosilver content,
mg/kg Mw, g/mol Polydispersity

(Mw/Mn)
Chitosan - 133099 5.442
Chit/Ag 50/1   2.0   91215 4.185
Chit/Ag 52/1 15.9   92639 4.012
Chit/Ag 53/1 51.2   95958 3.741

Figure 2. Function of molecular mass distribution of chitosan and nanosilver-containing 
chitosan fibres.
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51.2 mg/kg under constant spinning con-
ditions, i.e. spinning speed 33.8 m/min,  
as-spun draw ratio 78% and draw ratio 
10%, (Figure 2, Table 4). 

Chitosan used in spinning was character-
ised by a molecular mass of 33,099 g/mol 
and a relatively high polydispersity of 
5.442. A distinct decrease in the chitosan 
molecular mass was seen in the course of 
preparing the solution and spinning (see 
Chit/Ag 50). With an increased nanosil-
ver content, the decrease in molecular 
mass was lower and the polydispersity 
decreased, leading to a positive effect on 
the mechanical properties of the fibre. 
The decrease in polydispersity was re-
lated to the removal of the low molecular 

As was expected, there was a distinct 
dependence of nanosilver-containing 
chitosan fibre morphology on the spin-
ning conditions. The surface of fibre was 
smooth and even when spun at low speed 
in the range of 17 to 22 m/min and at a 
high draw ratio 46.4 to 65.7%, respective-
ly (Chit/Ag 55/4 and Chit/Ag 55/5). An 
increase in both speed and as-spun draw 
ratio at a draw ratio decreased to 8.0% re-
sulted in characteristic transverse cracks 
and a rough fibre surface (Chit/Ag 55/1).  
It was interesting to determine if the 
amount of nanosilver had an impact on 
chitosan fibre morphology. A series of 
images was taken at the end of the fibre 
spun at 33.8 m/min with a 78% as-spun 
draw ratio and draw ratio of 10.0% from 

fraction of chitosan in the course of chi-
tosan coagulation. 

Examination of fibre morphology by 
scanning electron microscopy (SEM)
The spinning speed is an important pa-
rameter, influencing not only the process 
economy, but also the morphology and 
structure of the chitosan fibre, in particu-
lar that with nanosilver. To consider the 
impact of spinning conditions on fibre 
morphology in all aspects, chitosan fibres 
with 167.3 mg/kg of nanosilver were in-
spected by SEM (Table 3). The photos 
were taken at various magnifications to 
better reveal the details on the fibre sur-
face.

Variable spinning condition                                                               Variable nanosilver content

Figure 3. SEM images of chitosan fibres with a nanosilver con-
tent of 167.3 mg/kg formed under variable conditions; a) Chit/Ag 
55/1, b) Chit/Ag 55/2, c) Chit/Ag 55/3, d) Chit/Ag 55/4, e) Chit/Ag  
55/5, f) Chit/Ag 55/6, and with variable nanosilver content: 
g) Chit/Ag 50/1, h) Chit/Ag 51/1, i) Chit/Ag 52/1, j) Chit/Ag 
53/1, k) Chit/Ag 54/1. 

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

k)
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Figure 4. AFM images of nanosilver- containing chitosan fibre marked: a) Chit/Ag 50/1, b) Chit/Ag 50/1, c) Chit/Ag 52/1, d) Chit/Ag 52/1, 
e) Chit/Ag 55/1, f) Chit/Ag 55/1.

a)

b)

c)

d)

e)

f)
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solutions with variable silver content 
(Figure 3, Table 2). No essential dif-
ferences were found. The fibre surface 
was rough with characteristic transverse 
cracks in the fibres formed at a low draw 
ratio. 

The morphological examination showed 
the surface characteristics of the chitosan 
fibres with variable silver content. The 
SEM inspection revealed differences in 
the structure of fibres designated Chit/
Ag50/1, Chit/Ag51/1 and Chit/Ag52/1 
(the presence of twisting and fibres stick-
ing to each other). The fibres had differ-
ent surfaces, less discernible cracks and 
the surface was rough. The remaining 
fibres had distinct cracks and a smoother 
surface. One may venture the conclusion 
that along with increasing nanosilver 
content, the surface fragments between 
the cracks became smoother and the 
cracks flatter. Considerable differences 
were seen in the morphology of the vari-
ous samples, Chit/Ag50/1 being an evi-
dent example.

Morphological examination by AFM 
AFM was used to complete the analysis 
of the fibre surface. Figure 4 show the 
AFM images of the nanosilver-contain-
ing chitosan fibres and the scanning area.

SEM inspection revealed differences in 
the fibre morphology. Fibres designated 
Chit/Ag 50/1 and Chit/Ag 52/1 had a 
small number of cracks and the least 
twisted was Chit/Ag 55/1; these were 
selected for AFM inspection. Chit/Ag 
50/1 was the only one in which “smooth” 
areas were observed. The surfaces of the 
remaining fibres were either engraved 
or etched. The lack of any difference in 
the phase contrast images indicates the 
absence of materials with profoundly dif-
ferent mechanical or electrostatic proper-
ties compared to the base material. The 
topography was differentiated by the cal-
culation of the RMS index. The highest 
differentiation, i.e. roughness of the sur-
face, was seen in the sample designated 
Chit/Ag 55/1, where the RMS index was 
50 nm.

Electric resistivity of the fibre
One of the main electrical properties 
of the fibre is its ability to conduct or 
to oppose electric current. The latter is 
characterised by electrical resistivity, 𝜌, 
in a given material. Materials are clas-
sified with respect to electrical conduc-
tivity on the basis of an index value. 
Conductors have a volume resistivity  

𝜌 ≤ 104 Ωm, while in semiconductors 
this is in the range of 104 ≤ 𝜌 ≤ 108 Ωm,  
and in non-conductors the value is  
𝜌 > 108 Ωm.

Chitosan fibres with variable amounts 
of nanosilver and fibres with a maximal 
content of nanosilver spun at different 
draw ratios were selected for the exami-
nation of electrical resistivity. The results 
are compiled in Table 5.

The samples tested were connected to 
a voltage of 10 V. In all samples, a vol-
ume resistivity in the range of 106 Ωm 
was registered, characteristic of a non-
conductive material. The low content of 
silver nanoparticles was likely the reason 
for the poor conductivity.

Supermolecular structure of the fibre
The conditions under which the fibre is 
spun influence the supermolecular struc-
ture as well. When comparing chitosan 
fibres with 167.3 mg/kg of silver, spun 

under variable conditions, it was seen 
that highest degree of crystallinity was 
found for the fibre spun at a speed of  
50.4 m/min and 27.8 m/min, with a draw 
ratio of 17.0 and 38.9%, respectively (Ta-
ble 6). 

The structural properties of chitosan fi-
bres with variable amounts of nanosilver, 
spun under the same conditions, were 
close to each other with crystallinity 
around 36% (Table 7). 

Results of the WAXSFIT calculation: 
blue – amorphous background, violet, 
red – crystalline components (Figure 5).

The diffraction patterns of all samples 
were characterised by the presence of 
two peaks: one with lower intensity at  
2θ = 11º and the other with higher intensi-
ty at 2θ = 20º indicating that the fibre ma-
terial may be classified as chitosan type 
2. Based on the outcome of the WAXS 
structural investigation, the samples can 

Table 5. Results of volume resistivity measurements of nanosilver-containing chitosan fi-
bres.

Symbol of fibre Nanosilver 
content, mg/kg R × 10-8, Ω L ×103, m S × 10-6, m2 r ×10-6, Ωm

Chit/Ag 50/1     2.0 6.41 1.66

6.25

2.41
Chit/Ag 51/1   15.9 13.7 2.64 3.24
Chit/Ag 52/1   51.2   9.09 2.25 2.53
Chit/Ag 53/1   79.5 9.62 2.65 2.27
Chit/Ag 54/1 129.5 15.8 1.90 5.20
Chit/Ag 55/1

167.3

17.5 2.09

6.25

5.25
Chit/Ag 55/2 19.5 2.90 4.19
Chit/Ag 55/3 15.4 1.79 5.37
Chit/Ag 55/4 16.4 1.30 7.91
Chit/Ag 55/5 18.5 2.39 4.82
Chit/Ag 55/6 6.25 1.20 3.26

Table 6. Superstructure properties of Chit/Ag fibres with 167.3 mg/kg of nanosilver.

Symbol of fibre Reflex 2θ, º Size of  
crystallite, Å   

Bragg’s  
distance, Å

Crystallinity 
degree, %

Chit/Ag 55/1 20.40 32.67 4.4 38
Chit/Ag 55/2 20.39 32.23 4.4 39
Chit/Ag 55/3 20.42 33.34 4.4 42
Chit/Ag 55/4 20.31 30.76 4.4 35
Chit/Ag 55/5 20.28 31.57 4.4 37
Chit/Ag 55/6 20.38 33.47 4.4 42

Table 7. Structural properties of Chit/Ag fibres with variable amounts of nanosilver  (the 
same spinning conditions).

Symbol of fibre Content of 
nanosilver, mg/kg

Reflex 
2θ, º

Size of 
cystallite, Å

Bragg’s 
distance, Å

Crystallinity 
degree, %

Chit/Ag 50/1     2.0 20.25 33.00 4.4 37
Chit/Ag 51/1   15.9 20.38 33.24 4.4 37
Chit/Ag 52/1   51.2 20.43 32.79 4.3 36
Chit/Ag 53/1   79.5 20.32 31.94 4.4 38
Chit/Ag 54/1 129.5 20.37 32.19 4.4 37
Chit/Ag 55/1 167.3 20.40 32.67 4.4 38
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be classified with regard to supermolecu-
lar structure and depending upon spin-
ning conditions into (Figure 5):
n	 Fibres with higher crystallinity (above 

42%): Chit/Ag 55/3 and Chit/Ag 55/6 
n	 Fibres with lower crystallinity (35%): 

Chit/Ag 55/4
n	 The remaining fibres with crystallinity 

about 38%.

The size of crystallites and Bragg’s dis-
tance were determined for all samples 
at 2θ = 20º. The values are close to each 
other in all samples and amount to about 
33 Å and 4.4 Å, respectively.

Bacteriostatic and bacteriocidic 
activity of chitosan fibres
The bacteriostatic and bacteriocidic ac-
tivity of nanosilver-containing chitosan 
fibres was tested against Gram negative 
and Gram positive bacteria. Bacterio-
static activity was found against Staphy-
lococcus aureus strain for fibres with a 
silver content greater than 15.9 mg/kg 
while bacteriocidity appeared at a silver 
content of 51.2 mg/kg (Figure 6.a). 

The bacteriostatic and bacteriocidic 
properties of the fibre against Escherichia 
coli were similar (Figure 6.b). Chitosan 
fibres with a silver content greater than 

15.9 mg/kg were bacteriostatic and bacte-
riocidic at a silver content of 51.2 mg/kg  
and higher. 

With the nanosilver content in the fibre 
and the bacteriostatic and bacteriocidic 
properties taken into consideration, it 
seems useful to continue the investiga-
tion into the activity in the silver content 
range of 15.9 to 51.2 mg/kg.

n	 Conclusions 
1.	 A method was developed for the wet-

spinning of antibacterial chitosan fi-
bres containing silver nanoparticles.
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Figure 5. Diffraction pattern of chitosan fibres with 167.3 mg/kg of nanosilver; A) - designated Chit/Ag 55/6, B) – designated  
Chit/Ag 55/5.

Figure 6. Antibacterial activity of nanosilver-containing chitosan fibres against: a) Staphylococcus aureus and b) Escherichia coli 
strain.
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2.	 Antibacterial staple chitosan fibres 
with a silver nanoparticle content in 
the range of 51.2-167.3 mg/kg were 
characterised by tenacity of up to7.84 
cN/tex and elongation at breaking in 
the range of 10-30%. 

3.	 The nanosilver contained in the chi-
tosan fibre in the investigated range 
did not affect the mechanical, mor-
phological and structural properties of 
the fibre.

4.	 The spinning conditions (as-spun 
draw ratio, speed and draw ratio) of 
the chitosan fibre exerted a significant 
influence on the morphology and crys-
tallinity of the nanosilver-containing 
fibre. 

5.	 Chit/Ag fibre with a nanosilver con-
tent in the 51.2-167.3 mg/kg range 
showed bacteriostatic and bacterio-
cidic action against Staphylococcus 
aureus and Escherichia coli bacteria.

6.	 The antibacterial chitosan fibre with 
a silver nanoparticle content of 167.3 
mg/kg may be classified in the group 
of non-conductors with volume resis-
tivity in the range of 106 Ωm.

7.	 Antibacterial chitosan staple fibres are 
a potential candidate for the prepara-
tion of medical nonwoven material.
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