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Abstract: In this study, antimicrobial silver-loaded hemp fibers were prepared 
by selective TEMPO-mediated oxidation, i.e., oxidation with sodium hypo-
chlorite, catalytic amount of sodium bromide and the 2,2,6,6-tetramethylpipe-
ridine-1-oxy radical (TEMPO), followed by silver sorption from aqueous silver 
nitrate solution. The most suitable experimental conditions for the selective 
TEMPO-mediated oxidation were determined by changing the oxidation con-
ditions, i.e., the concentration of sodium hypochlorite and the duration of oxi-
dation. The obtained results showed that the maximum sorption capacity of 
0.703 mmol of silver per gram of modified hemp fibers was obtained for the 
sample oxidized with 9.67 mmol NaClO per gram of fibers for 4 h. SEM Mic-
rophotographs of the modified hemp fibers with incorporated silver showed 
uniformly distributed silver particles on the surface of fibers, with isometric 
shapes and sizes from 10 to 100 nm, despite the fact that silver was sorbed 
from an ionic solution. The antibacterial activity of the TEMPO-oxidized hemp 
fibers with silver particles was confirmed in vitro against two strains: Staphylo-
coccus aureus (ATCC 25923) and Escherichia coli (ATCC 25922), and the 
antifungal activity against Candida albicans (ATCC 24433). The best antimic-
robial activity of silver-loaded TEMPO-oxidized hemp fibers was showed 
against strain S. aureus. 

Keywords: hemp fibers; TEMPO-mediated oxidation; silver sorption; antimic-
robial textile. 

INTRODUCTION 

Microorganisms are part of everyday life. They join humans in different 
forms. Especially the skin is home for many of these organisms. On the other 
hand, textiles are the interface between the skin and the environment and present 
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the tissue with the longest contact with human skin. Therefore, textiles play a 
critical role, especially under skin conditions with an increased rate of pathogens 
infections. Production of materials with antimicrobial properties is constantly in-
creasing. In order to protect customers, fibers with antimicrobial properties should 
disable the growth or directly destroy many pathogens that cause numerous di-
seases and infections in hospital environments as well as in daily life.1,2 

The purpose of this research was to obtain antimicrobial hemp fibers with 
incorporated silver particles and evaluate their antimicrobial activity against dif-
ferent pathogens. The antimicrobial properties were accomplished by incorpo-
ration of silver into modified hemp fibers by chemisorption from aqueous silver 
nitrate solution. Silver was chosen as the antimicrobial agent because of the 
unique properties of silver, such as strong inhibitory, odor control, broad and 
long-term activity, and bacteria are unable to develop resistance to silver, as is 
the case with antibiotics. These properties, together with high thermal stability 
and good fabric compatibility, have been established silver as a topical agent in 
several medical areas of today.3,4 

Furthermore, hemp fibers possess a range of specific properties, quick ab-
sorption of humidity accompanied with quick drying, good thermal and electrical 
properties, high tenacity, biodegradability and protection against UV radiation, 
which make them different from other textile fibers.5 In order to prepare tech-
nical (multicellular) hemp fibers for textile applications, i.e., to remove non-cel-
lulosic substances (lignin, pectin, hemicelluloses)6 and improve the sorption pro-
perties of hemp fibers,7 selective TEMPO-mediated oxidation, i.e. oxidation with 
sodium hypochlorite, a catalytic amount of sodium bromide and the 2,2,6,6-tetra-
methylpiperidine-1-oxy radical (TEMPO), was applied. TEMPO-mediated oxida-
tion causes the conversion of the C6 primary hydroxyl groups of hemp fibers into 
carboxyl groups via C6 carbonyl groups. The introduced carboxyl groups were 
used as reactive positions in the further reaction, i.e., for the incorporation of sil-
ver ions, because the hydrogen atom present in carboxyl groups can easily be re-
placed with silver ions. The advantages of this TEMPO-mediated oxidation of 
polysaccharides are the following: highly regioselective oxidation of the primary 
hydroxyl groups in polysaccharides to carboxyl groups can be achieved under 
mild aqueous conditions at around room temperature at pH 10–11.8,9 

The content of functional groups, moisture sorption and water retention were 
used to assess the changes in hemp fibers due to the oxidation. The influence of 
the oxidation conditions on the amount of sorbed silver, and thus on the degree of 
antimicrobial activity, was also determined. Changes in surface morphology and 
elemental composition of the TEMPO-oxidized silver-loaded hemp fibers were 
systematically investigated using Scanning Electron Microscopy–Energy Dis-
persive X-Ray analysis (SEM–EDX). The antimicrobial activities of silver-loaded 
hemp fibers against different pathogens: Staphylococcus aureus (ATCC 25923), 
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Escherichia coli (ATCC 25922), and Candida albicans (ATCC 24433) were eva-
luated in vitro. 

EXPERIMENTAL 
Materials 

Domestic water-retted long hemp fibers from Bački Brestovac (Serbia) were used in this 
investigation. The chemical composition of these fibers was α-cellulose, 76.10 %; lignin, 8.50 %; 
hemicelluloses, 11.90 %; pectin, 1.55 %; fats and waxes, 1.60 % and water-solubles, 0.35 %. 
All chemicals were obtained from commercial sources and were of p.a. grade. 
Preparation of TEMPO-oxidized hemp fibers 

Hemp fibers (10 g) were suspended in water (750 mL) containing TEMPO (0.025 g) and 
sodium bromide (0.25 g). A 13 % NaClO solution (0, 0.30, 2.42, 4.84 and 9.67 mmol per 
gram of fibers) was added to the cellulose slurry under continuous stirring.10 The pH of the 
slurry at room temperature was maintained at 10.5 by addition of 0.5 M NaOH during 1–4 h. 
After stirring for the designated time, the oxidation was quenched by addition of ethanol (ca. 
5 mL). The oxidized hemp fibers were washed thoroughly with water and then with ethanol 
on filter paper using a Büchner funnel. The thus obtained water-insoluble fractions were then 
dried at room temperature for 48 h.  
Determination of the content of carboxyl groups in the TEMPO-oxidized hemp fibers  

The carboxyl groups of the oxidized hemp fibers react with the salts of weaker acids 
such as calcium acetate, forming a salt of the oxidized cellulose fibers and releasing an equi-
valent amount of the weaker acid. Based on this and a modification of the calcium acetate 
method11 for determining the acidity in modified hemp fibers, the following method of car-
boxyl group estimation was developed. Hemp fibers (0.5 g) were treated with 0.01 M HCl for 
1 h and then washed thoroughly with water. In the next step, 50 mL of distilled water and 30 
ml 0.25 M of calcium acetate solution were added to the oxidized hemp fibers. After standing 
for 2 h with frequent shaking to facilitate completion of the interchange, 30 mL portions of the 
liquid were titrated with 0.01 M sodium hydroxide using phenolphthalein as indicator.12 
Determination of the content of carbonyl groups in the TEMPO-oxidized hemp fibers  

The content of carbonyl groups in the oxidized hemp fibers was measured according to a 
method described in the literature.10,13 The oxidized hemp fibers were further oxidized with 
sodium chlorite at pH 4−5 to selectively convert the carbonyl groups in the samples to car-
boxyl ones, and then the total content of carboxyl groups was determined by the calcium 
acetate method described above. Thus a cellulose slurry with 10 % consistency was prepared 
and then this slurry (20 g) was added to a mixture containing NaClO2 (1.81 g), 5 M 
CH3COOH (20 g), and water (57 mL). Oxidation was performed by stirring the mixture at 
room temperature for 48 h, followed by washing thoroughly with water and filtration. The 
carboxyl groups formed by the NaClO2 oxidation were regarded as carbonyl groups present in 
the original oxidized hemp fibers. 
Determination of moisture sorption 

Moisture sorption of oxidized hemp fibers was determined according to the standard 
ASTM D 2654-76, 1976.14 Fibers were exposed to a standard atmosphere (20±2 °C and 65±2 % 
relative humidity) for 24 hours (ASTM D 1776-74, 1974).15 The moisture sorption was cal-
culated as the weight percentage relative to absolute dry material. 
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Determination of water retention value 
The water retention of the hemp fibers was determined by the standard centrifuge me-

thod. ASTM D 2402-78, 1978.16 
Silver sorption by TEMPO oxidized hemp fibers 

Silver ions were incorporated into the previously TEMPO-oxidized hemp fibers and 
control ones by chemisorptions under the following previously optimized conditions:17 fibers 
(0.1 g) were immersed in 100 mL of 0.01 mol dm-3 AgNO3 solution and shaken at room 
temperature for 240 min in the dark. The concentration of Ag+ after sorption was determined 
by NH4SCN titration employing Fe(NH4)(SO4)2 as an indicator, according to the Volhard 
Method.18 
Surface morphology and elemental composition – scanning electron microscopy with energy 
dispersive X-ray analysis (SEM–EDX) 

Investigation of the fiber morphology was investigated by scanning electron microscopy 
using a JEOL JSM 6610LV microscope operating at 20 kV after sputtering the samples with 
gold. The elemental composition was analyzed using an INCA Energy 350 Dispersive X-ray 
Microanalysis System. 
Determination of the antimicrobial activity of the silver-loaded TEMPO-oxidized hemp fibers 

The agar diffusion test19 was used to assess the antimicrobial activity of the TEMPO-
oxidized hemp fibers with incorporated silver particles. Three test organisms were used: 
Gram-positive S. aureus (ATCC 25923), Gram-negative E. coli (ATCC 25922), and the yeast 
C. albicans (ATCC 24433). The agar diffusion test consists in placement of 1.0 cm×1.0 cm 
samples (0.05 g of parallelized and pressed fibers) onto an agar support inoculated with the 
test microorganisms and, after 24 h incubation at 37 °C, measuring the width of the zone of 
inhibition (clear) or suppression (diffuse) of growth against the indicator organisms in com-
parison to a control sample. 

RESULTS AND DISCUSSION 

Obtaining silver-loaded hemp fibers 
The hemp fibers were first oxidized by TEMPO-mediated oxidation in order 

to prepare fibers for silver deposition, i.e., to improve the sorption properties by 
introduction of functional groups, which are necessary for silver sorption. Several 
oxidations with different concentration of sodium hypochlorite (0.30, 2.42, 4.84 
and 9.67 mmol per gram of fibers) and different oxidation time (1–4 h) were 
investigated. The influences of the oxidation time and concentration of NaClO on 
the amount of introduced carbonyl and carboxyl functional groups, and silver 
sorption are shown in Fig. 1.  

As can be seen Figs. 1a and 1b, the TEMPO-mediated oxidation with the 
lowest concentration of NaClO (0.30 mmol per gram of fibers) caused a slight 
decrease in the content of both the CHO and COOH functional groups, compared 
with corresponding value for the unmodified hemp fibers. The reason for these 
decreases could be the consumption of most of the oxidizing agents on oxidation 
and removal of lignin, hemicelluloses, and other accompanying components in 
hemp fibers, while the remaining amount of the oxidizing agent was not suffi-
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cient to enable significant conversion of hydroxyl groups to carbonyl and further 
to carboxyl groups.7 

 
(a) 

 
(b) 
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(c) 

Fig. 1. Relationship between the amount of NaClO (0.30, 2.42, 4.84, and 9.67 mmol g-1 
fibers) used in TEMPO-mediated oxidation of hemp fibers and a) carbonyl group content, 

b) carboxyl group content and c) silver sorption. The oxidations were performed 
for 1–4 h at room temperature and pH 10.5. 

Oxidation in the presence of higher concentrations of NaClO (2.42–9.67 mmol 
per gram of fibers) led to slight increases in the carbonyl and significant increases 
in the carboxyl group content. Obtained increase of the content of functional groups 
is predictable results, because TEMPO-mediated oxidation presents the selective 
oxidation at C6 of the anhydroglucose units of cellulose to carboxyl groups via 
the intermediate carbonyl stage, finally producing water-soluble polyglucuronic 
acids. The carboxyl groups introduced by the TEMPO-oxidation are present on 
the crystal surfaces and in disordered regions of celluloses, without any intro-
duction inside of the cellulose crystallites. The nitroxyl radical affects the oxida-
tion from the alcohol to the carboxyl oxidation state, while the hypobromite ge-
nerated in situ from hypochlorite and bromide performs further oxidation of the 
carbonyl to the carboxylic acid.8,9 The maximum carbonyl (0.415 mmol per 
gram of fibers) and carboxyl group content (0.815 mmol per gram of fibers) were 
obtained for the hemp fibers oxidized under the most severe conditions (4 h, 9.67 
mmol NaClO per gram of fibers). 

The hydrophilic carboxyl groups present in the TEMPO-oxidized hemp fi-
bers enable the incorporation of silver, which was realized in the present study 
from aqueous silver nitrate solution. These groups are reactive sites for the 
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incorporation of silver and the predicted mechanism is that one COO– group re-
acts with one Ag+ by the ion-exchange process; i.e., by partial cation exchange of 
H+ (from the COOH groups) by Ag+.20 According to the protocol proposed by 
Ifuku et al.,21 after the ion-exchange process, reduction of the silver salt on the 
surface of the TEMPO-oxidized fibers can lead to fine silver particles (Fig. 2). 

 
Fig. 2. Synthesis of silver particles on TEMPO-oxidized cellulose fibers.21 

If Figs. 1b and 1c are compared, it is obvious that in the case of modification 
with higher concentrations of NaClO (2.42–9.67 mmol per gram of fibers), in-
creases in both the carboxyl group content and silver sorption were obtained. 
However, for each sample, the number of sorbed silver ions was smaller than the 
number of introduced hydrophilic carboxyl groups, i.e., Ag+ < COO–. According 
to the literature,22 a difference in the “affinity” of various metal cations for the 
carboxyl groups of cellulose was noted by Heymann and Rabinov, and examined 
in detail by Davison. The order of increasing affinity found by this author was 
N(CH3)4+ < Li+ < Na+ < K+ < Tl+ < Ag+ < Ca2+, Ba2+. The applied Ca-acetate 
method11 for the determination of COOH groups and the stronger affinity of 
COOH groups for Ca2+ than for Ag+ could be the reason for the obtained result 
that the number of Ag+ sorbed was smaller than the number of COO–.  

In spite of the fact that number of silver ions incorporated was smaller than 
the number of introduced COOH groups for all the TEMPO-oxidized hemp fi-
bers, the amount of silver sorbed increased from 0.1273 to 0.7026 mmol silver 
per gram of fibers with increasing NaClO concentration used in the oxidation of 
the hemp fibers. The corresponding value for the unmodified sample is 0.0743 
mmol silver per gram of fibers. Additionally, in the case of silver sorption, it was 
noticed that duration of TEMPO-mediated oxidation had a greater influence on 
amount of sorbed silver than the reaction time had on the amount of introduced 
COOH groups. To clarify this statement, the oxidation with 4.84 mmol NaClO 
per gram of fibers is given as an example. When the modification was performed 
with 4.84 mmol NaClO per gram of fibers, the amounts of introduced COOH 
groups were 0.633 and 0.690 mmol per gram of fibers for oxidation times of 1 
and 4 h, respectively, while the corresponding silver sorptions increase from 0.433 
to 0.648 mmol per gram of fibers, respectively. 

All these above-mentioned results infer that, besides the introduced of COOH 
groups, the TEMPO-mediated oxidation caused other changes in the hemp fibers 
that had an influence on silver deposition. 
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During the TEMPO-mediated oxidation, together with the introduction of 
functional groups, the chemical composition and fibrous morphology of hemp 
fibers changed, depending on the oxidation conditions. The TEMPO-mediated 
oxidation removes non-cellulosic substances and makes the hemp fibers finer, 
cleaner, softer, and more suitable for further processing and textile applica-
tions.9,12,23,24 Changes in the crystallinity and void system (diameter, volume 
and inner surface of voids)25 of hemp fibers caused by TEMPO-mediated oxida-
tion affect their sorption properties. In a previous article,7 the influence of 
TEMPO-mediated oxidation on the properties of hemp fibers were given in de-
tail. In order to understand the influence of changes in fiber structures and pro-
perties caused by TEMPO-mediated oxidation on silver sorption better, the rela-
tionship between silver sorption and the sorption properties of TEMPO-oxidized 
hemp fibers is presented herein. Sorption properties of oxidized hemp fibers were 
evaluated by determination of water retention power and moisture sorption. 

From the correlation between the content of incorporated silver into TEMPO-
oxidized hemp fibers and their water retention values (WRV) given in Fig. 3, it is 
obvious that, generally, with increasing water retention values, the silver sorption 
also increased. Sample oxidized under the most severe conditions (9.67 mmol of 
NaClO per gram of fibers for 4 h) exhibited maximum values for both, i.e., a 
sorption capacity for Ag ions of 0.703 mmol per gram of fibers and a WRV of 
125.41 %. The obtained correlation, i.e., increase in both Ag sorption and WRV, 
can be explained by the fact that when fibers sorb more water, they swell more 

 
Fig. 3. Relationship between the water retention value, %, and silver sorption, mmol g-1, 

on TEMPO-oxidized hemp fibers. The oxidations were realized using 
0.30–9.67 mmol NaClO g-1 fibers, for 1–4 h at room temperature and pH 10.5. 
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and the fiber structures become “open” and accessible for Ag sorption. Addi-
tionally, in the case of hemp fibers, an effective elimination of hydrophobic im-
purities from the surface of the fibers and morphological changes of the fibers 
lead to additional water sorption into the fibers, as well as silver ions from aque-
ous solution.7 For the samples oxidized with the highest amount of NaClO for 
1–4 h, the relationship between the moisture sorption values and the Ag+ sorption 
capacity for TEMPO-oxidized hemp fibers is shown in Fig. 4. 

 
Fig. 4. Relationship between moisture sorption, %, and silver sorption, mmol g-1, by TEMPO-
oxidized hemp fibers. The oxidations were performed using 9.67 mmol NaClO g-1 fibers for 

1–4 h at room temperature and pH 10.5. 

The surface morphologies of the TEMPO-oxidized hemp fibers modified with 
the highest concentration of 9.67 mmol NaClO per gram of fibers for 2 h both 
without and with loading of Ag+ were examined by SEM and the obtained micro-
photographs are presented in Figs. 5a and 5b, respectively. The SEM analysis re-
vealed a large number of small and evenly distributed particles on the surface of 
the silver-loaded TEMPO-oxidized hemp fibers that were not present before the 
loading. A careful study of these two samples using the SEM–EDX technique 
was performed in order to identify elemental composition of the particles. The 
EDX spectra acquired for the before and after silver loading, presented in Figs. 
5c and 5d, respectively, clearly show that the “white dots” present on the surface 
of the silver-loaded TEMPO-oxidized hemp fibers have strong silver peaks, 
while no silver observed on the unloaded sample. An EDX analysis over a 2 
µm×2 µm area of the silver-loaded sample showed the presence of silver on the 
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fiber surface in a concentration of about 8 %. Gold peaks (Au) are present in the 
EDX spectra because the samples were gold-sputtered before SEM analysis. 

   
 (a) (b) 

 
(c) 

 
(d) 

Fig. 5. SEM Images and EDX spectra of the TEMPO-oxidized hemp fibers modified with 
9.67 mmol NaClO g-1 fibers for 2 h (a and c) and silver loaded TEMPO-oxidized 

hemp fibers under the same conditions (b and d). Magnification: 3500×; bar: 5 µm. 
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SEM Images (Fig. 6) recorded under higher magnification (13000, 50000 
and 100000 times) were employed to determine the dimensions of the silver par-
ticles. Silver particles, with isometric shapes and sizes ranging from 10 to 100 
nm, were uniformly distributed on the surface of the silver-loaded TEMPO-oxi-
dized hemp fibers, despite the fact that the silver deposition was realized from an 
aqueous silver nitrate solution by the ion-exchange technique, without any sub-
sequent reduction step. According to the literature,21 cellulose fibers represent 
unique nanoreactors for in situ synthesis of metal nanoparticles from ionic solu-
tion using mild reducing agents. This ability of cellulose is the consequence of its 
specific morphology and available oxygen-rich functional groups on the surface 
of the fiber. The important role of cellulose and the reducing groups in formation 
of silver nanoparticles was also demonstrated by Pinto et al. and Jiang et al.26,27 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. SEM Images of the silver loaded 
TEMPO-oxidized hemp fibers modified with 
9.67 mmol NaClO g-1 fibers for 2 h. Mag-
nification, bar: a) 13000×, 1µm; b) 50000×, 
0.5µm; c) 100000×, 0.1µm. 

In the present study, the direct synthesis and growth of nanoparticles from an 
ionic solution (without the use of any kind of reducing agent) can be explained 
by the formation of highly reductive aldehyde groups, as an intermediary product 
in the TEMPO-oxidation, which were able to reduce silver ions to metallic silver. 
This statement is supported by the fact that more severe oxidation conditions 
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resulted in both higher numbers of aldehyde groups (Fig. 1a) and higher amounts 
of more evenly distributed nanoparticles (Fig. 7). The color of the silver-loaded 
TEMPO-oxidized hemp fibers changed drastically from cream yellow for 
oxidized fibers to brown in response to silver particle deposition. 

    
 (a) (b) 

Fig. 7. SEM Images of the silver loaded TEMPO-oxidized hemp fibers modified with 
9.67 mmol NaClO g-1 fibers for a) 2 and b) 4 h. Magnification: 30000×; bar: 0.5 µm. 

Antimicrobial activity of TEMPO-oxidized hemp fibers with incorporated silver 
particles 

Antibacterial activities of the TEMPO-oxidized hemp fibers with incorpo-
rated silver particles were tested against the Gram-positive bacterium S. aureus 
(ATCC 25923) and the Gram-negative bacterium E. coli (ATCC 25922), and the 
antifungal activity was tested against a fungus from the Candida family, C. al-
bicans (ATCC 24433). From the results presented in Table I, it could be seen that 
the TEMPO-oxidized hemp fibers with incorporated silver particles generally 
inhibited the growth of all the tested pathogens. S. aureus was more sensitive 
than strain E. coli. For the bacterium S. aureus, the silver-loaded hemp fibers 
containing 0.433 and 0.648 mmol Ag per gram of fibers (entries 7 and 9, in Table 
I) were the most effective, whereas for the bacterium E. coli, the sample with 
0.262 mmol Ag per gram of fibers (entry 3) was the most effective. Most of the 
tested samples showed good antifungal activity against the fungus C. albicans. 
The sample with the maximum amount of sorbed silver (0.703 mmol Ag per 
gram of fibers) (entry 12) did not show maximum antimicrobial activity against 
any of the tested microorganisms. The obtained results showed that there was no 
clear correlation between the amount of sorbed silver and antimicrobial activity. 
However, the quantity of incorporated silver particles was, in all cases, sufficient 
to inhibited the growth of tested pathogens, probably because, according to the 
literature,28 silver does not attack microorganisms directly; it operates as a cata-
lytic agent and moreover, it is not consumed in this process. 
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TABLE I. Antimicrobial activity of TEMPO-oxidized hemp fibers with incorporated silver 
particles 

Oxidative conditions 
Entry No. 

Width of the inhibition zone 
after 24 h, mm 

cNaClO / mmol g-1 
of fibers 

Reaction 
time, h 

Sorbed silver, mmol 
per gram of fibers S. aureus E. coli C. albicans 

0.00 0 0.074 1 1.0–1.5 1.0–1.5 1.0–1.5 
0.30 4 0.214 2 1.0–1.5 1.5 1.0–1.5 
2.42 1 0.262 3 2.5–3.0 2.5–3.0 2.5–3.0 

2 0.322 4 3.0 1.0 2.5–3.0 
3 0.350 5 2.5 1.0–1.5 3.0 

 4 0.404 6 2.5–3.0 1.0–1.5 3.0 
4.84 1 0.433 7 3.5–4.0 1.0–1.5 2.5–3.0 

3 0.600 8 3.0 1.0–1.5 2.5–3.0 
4 0.648 9 4.0 1.5–2.0 3.0–3.5 

9.67 1 0.498 10 2.5–3.0 1.0 2.0 
3 0.660 11 2.0 1.0 2.5–3.0 
4 0.703 12 3.0 1.0 2.0 

CONCLUSIONS 

The introduced hydrophilic carboxyl groups (0.278–0.815 mmol per gram of 
fibers) and other changes in hemp fibers caused by TEMPO-mediated oxidation 
influence an increased silver sorption. The amount of sorbed silver onto the mo-
dified hemp fibers was in the range 0.214–0.703 mmol per gram of fibers. SEM 
microphotographs of the modified hemp fibers with sorbed silver showed uni-
formly distributed silver particles on the surface of the fibers, with isometric shapes 
and sizes from 10 to 100 nm, and the EDX spectra showed the presence of silver 
at a concentration of about 8 %. The obtained direct synthesis and growth of 
nanoparticles from ionic solution (without the use of any kind of reducing agent) 
could be explained by the formation of highly reductive aldehyde groups, as an 
intermediary product in the TEMPO-oxidation, which are able to reduce silver 
ions to metallic silver. The TEMPO-oxidized hemp fibers with sorbed silver 
showed good antibacterial activity against the tested bacterium strains: S. aureus 
(ATCC 25923) and E. coli (ATCC 25922), and the fungus C. albicans (ATCC 
24433), while the best antimicrobial activity of the silver-loaded TEMPO-oxi-
dized hemp fibers was shown against the Gram-positive bacterium S. aureus. 
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И З В О Д  

АНТИМИКРОБНА TEMPO-ОКСИДИСАНА ВЛАКНА КОНОПЉЕ СА 
ИНКОРПОРИСАНИМ ЧЕСТИЦАМА СРЕБРА  

ЈОВАНА МИЛАНОВИЋ, ТАТЈАНА МИХAИЛОВИЋ, КАТАРИНА ПОПОВИЋ и МИРЈАНА КОСТИЋ 

Технолошко–металуршки факултет, Универзитет у Београду, Karnegijeva 4, 11120 Београд 

Циљ овог рада је добијање антимикробних влакана конопље са сорбованим сре-
бром. Модификовање влакана конопље у циљу повећања сорпционих својстава, а тиме и 
што бољег сорбовања сребра, постигнуто је селективном ТЕМПО-оксидацијом, тј. окси-
дацијом помоћу катализатора 2,2,6,6-тетраметилпиперидин-1-окси радикала (TEMPO) у 
систему натријум-хипохлорит/натријум-бромид, док је сребро сорбовано из раствора 
сребро-нитрата. Променом параметара оксидације, тј. концентрације натријум-хипо-
хлорита и времена оксидације, одређени су најпогоднији услови извођења TEMPO-окси-
дације. Добијени резултати показали су да је максимални сорпциони капацитет (0,703 
mmol сребра по граму влакна) модификованих влакана конопље добијен код узорка који 
је оксидисан помоћу 9,67 mmol NaClO по граму целулозе, током 4 сата. SEM микро-
фотографије модификованих влакана конoпоље са сорбованим сребром показале су, на 
површини влакана, равномерну дистрибуцију честица сребра изометричног облика и 
нано величине (од 10 до 100 nm), упркос чињеници да је сребро сорбовано из јонског 
раствора. Антибактеријска активност TEMPO-оксидисаних влакана конопље са инкорпо-
рисаним честицама сребра тестирана је in vitro на две врсте бактерија: грам-позитивна 
Staphylococcus aureus (ATCC 25923) и грам-негативна Escherichia coli (ATCC 25922), док је 
антифунгална активност испитана према гљивици Candida albicans (ATCC 24433). Нај-
бољу антимикробну активност TEMPO-оксидисана влакна конопље са инкорпорисаним 
честицама сребра, показала су према грам-позитивној бактериjи S. aureus. 

(Примљено 18. октобра, ревидирано 10. децембра 2012) 
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