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In this paper, we merge the unique properties of cotton and silver in order to obtain antimicrobial cotton fibers. The
sorption properties of cotton were improved by selective TEMPO-mediated oxidation, i.e. oxidation with sodium
hypochlorite, sodium bromide and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), and evaluated by
determination of moisture sorption and water retention. Increases of up to 1.55 and 4.7 times were obtained for
moisture sorption and water retention value, respectively. The antimicrobial properties were achieved by incorporation
of silver into TEMPO-oxidized cotton by combination of Ag* chemisorption from aqueous AgNO; and reduction of
Ag" to Ag0 by cellulose itself. The amount of incorporated silver was in the range from 0.102 to 0.806 mmol/g fibers.
The antimicrobial activity of the obtained fibers against pathogens C. albicans, S. aureus and E. coli was evaluated. An
attempt has been made to explain the roles of the introduced functionalities and changes in the sorption properties of
the TEMPO-oxidized cotton on silver deposition.
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INTRODUCTION

Cotton fibers are deemed as the backbone of
the textile industry, and considered as the
foremost commercially important natural fiber in
the world. Predictions are that the world’s cotton
consumption for 2014/15 will be of 24.5 million
tons." Due to its excellent properties, such as
softness, affinity to skin, hygroscopic property,
regeneration, biodegradation, dyeability and
strength, cotton is widely used in clothing
fields.>® As a raw material, cotton fibers are used
for preparing numerous products on the basis of
cellulose, such as paper, chemicals, food
additives, some cosmetic ingredients etc.*® In
some medical applications, the use of cotton
fibers goes back to ancient times, and even today
cotton fibrous materials cannot be replaced by any
others. For specific applications of cotton fibers in
the medical field or health services, the use of
cotton fibers on organic tissue surface
(external/non-implantable), such as for
antimicrobial materials, gauzes, wound dressing,

bandages, surgical covers, nappies, tampons etc.,
it is necessary to obtain fibers with improved
sorption properties.”®

In this work, the sorption properties of cotton
fibers were improved by selective TEMPO-
mediated oxidation, i.e. oxidation with sodium
hypochlorite and a catalytic amount of sodium
bromide and 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO). According to the literature,” ™
catalytic  TEMPO-mediated oxidation, using
stable and water soluble nitroxyl radicals, such as
2,2,6,6-tetramethylpyperidine-1-oxyl radical
(TEMPO), under aqueous conditions, has been
proposed as one of the most promising methods
for cellulose functionalization, where aldehyde
and carboxyl functional groups can be effectively
introduced into solid cellulose under aqueous and
mild conditions.

Together with the introduction of aldehyde and
carboxyl groups into cellulose, by the TEMPO-
mediated oxidation, the fibrous morphology of
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cellulose fibers has been changed, depending on
the oxidation conditions.”'*"> Changes in the
chemical composition, crystallinity and void
system (diameter, volume and inner surface of
voids)'® of cellulose during TEMPO-oxidation
affect the sorption properties. In this paper, the
sorption properties of TEMPO-oxidized cotton
fibers were evaluated by determining their
moisture sorption and water retention value.

The antimicrobial properties were achieved by
the incorporation of silver into oxidized cotton
fibers by chemisorption from aqueous silver
nitrate solution. Silver was selected as an
antimicrobial agent due to its strong inhibitory
and bactericidal effects, as well as its broad
spectrum of antimicrobial activities.'’
Furthermore, silver is one of a few antimicrobial
agents, which possess both antibacterial and
antifungal activity, and bacteria are not able to
develop resistance to silver, as in the case of
antibiotics.™ The antifungal activity of the
TEMPO-oxidized cotton fibers with incorporated
silver was tested against fungi from the Candida
family, C. albicans (ATCC 24,433), and the
antibacterial activity was assessed for two strains:
S. aureus (ATCC 25,923) and E. coli (ATCC
25,922).

EXPERIMENTAL
Materials

Cotton fibers: Russian, I class, 32/33 mm. TEMPO,
sodium bromide and 13% sodium hypochlorite
solution, and other chemicals obtained from
commercial sources were p.a. grade.

Methods
Preparation of TEMPO-oxidized cotton fibers

The oxidation procedure was based on the
methodology described in the literature."**' In brief,
cotton fibers (10 g) were suspended in water (750 mL)
containing TEMPO (0.025 g) and sodium bromide
(0.25 g). Subsequently, a definite amount of NaClO
solution  containing 13%  available chlorine,
corresponding to 0.30, 2.42, 4.84 and 9.67 mmol/g
fibers, was added to the cellulose slurry under
continuous stirring. The pH of the slurry was
maintained at 10.5 at room temperature by adding
0.5M NaOH for 1-4 h. After stirring for a definite time,
the oxidation was quenched by adding ethanol (ca. 5
mL). The oxidized cotton fibers were washed
thoroughly with water and then ethanol on a filter
paper set in a Buchner funnel, and dried at room
temperature for 48 h.

Silver deposition on TEMPO-oxidized cotton fibers

Silver was incorporated into previously TEMPO-
oxidized cotton fibers under conditions that were
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optimized earlier.”> The change in the concentration of
silver after sorption was determined by NH,SCN
titrations, employing Fe(NH,)(SOy4), as an indicator
according to Volhard’s method.**”

Determination of carboxyl group content in TEMPO-
oxidized cotton fibers

For determining the carboxyl content in oxidized
cotton fibers, the calcium-acetate method described by
Kumar and Yang,25 and Yackel and Kenyon,26 and
recently modified by Praskalo et al.,'* was applied.

Determination of aldehyde group content in TEMPO-
oxidized cotton fibers

The aldehyde content in water-insoluble fractions
was measured according to the method described in the
literature.*"*’

Determination of moisture sorption

Moisture sorption of oxidized cellulose fibers was
determined according to standards (ASTM D, 2654-76,
1976).%® Fibers were exposed to standard atmosphere:
20 + 2 °C, 65 * 2% relative humidity, for 24 h (ASTM
D, 1776-74, 1974).29 Moisture sorption was calculated
as weight percentage of absolute dry material.
Reported values are the mean values of three separate
determinations. Variation among analyses was less
than 8% in all cases.

Determination of water retention value

Water retention of cellulose fibers was determined
in triplicate by the standard centrifuge method (ASTM
D, 2402-78, 1978).30 The variation coefficients were at
the level of 10%.

Surface morphology and elemental composition —
scanning electron microscopy with energy dispersive
X-ray analysis (SEM-EDX)

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 antimicrobial activity of TEMPO-
oxidized cotton fibers with incorporated silver

The agar diffusion test’'*? was used to assess the
antimicrobial activity of the TEMPO-oxidized cotton
fibers with incorporated silver. Three test organisms
were used: Gram-positive S. aureus (ATCC 25923),
Gram-negative E. coli (ATCC 25922), and the yeast C.
albicans (ATCC 24433).

RESULTS AND DISCUSSION

It is known that catalytic oxidation using
water-soluble and stable nitroxyl radicals, such as
2,2,6,6-tetramethylpyperidine-1-oxyl radical



(TEMPO), under aqueous conditions, has become
one of the interesting routes to introduce carboxyl
functionalities into polysaccharides.”'>”> The
TEMPO-mediated oxidation of cellulose was
described as causing selective oxidation at C6 of
the anhydroglucose units to carboxyl groups via
the intermediate aldehyde stage. The nitroxyl
radical affects the oxidation from the alcohol to
the aldehyde oxidation state, while the
hypobromide generated in situ from hypochlorite
and bromide performs the further oxidation of the
aldehyde to the carboxyl groups.'™” Thus,
oxidized cellulose contains both aldehyde and
carboxyl groups.

The introduced carboxyl groups were used as
reactive sites, i.e. the hydrogen atom present in
carboxyl groups could be easily replaced with
another cation, in this case, with silver ions (Fig.
1). Silver was incorporated into previously
TEMPO-oxidized cotton fibers by chemisorption
from aqueous silver nitrate solution, and after the
ion-exchange process,”* the reduction of the silver
salt on the surface of the TEMPO-oxidized cotton
fibers can lead to the formation of fine silver
particles.”

In our previous article,"* correlations between
NaClO concentration, oxidation time and

H_ TEMPO-mediated _COONE"  AgNO,in HO
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Cell Cell-Na*
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carboxyl groups introduced into TEMPO-
oxidized cotton fibers were shown in detail. In
this paper, we discuss the relationship between
oxidation conditions and silver sorption capacity,
as well as the effect of structural changes, i.e.
introduced functional groups, on the silver
sorption capacity.

The effect of oxidation time and amount of the
primary oxidant (NaClO) on silver sorption
capacity of the TEMPO-oxidized cotton fibers is
shown in Figure 2. The unmodified cotton fibers
sorbed the lowest amount of silver (0.024 mmol/g
fibers). In all other cases, where TEMPO-
mediated oxidation was applied, the increase in
the silver sorption by modified fibers was
obtained, ranging from 0.102 to 0.806 mmol/g
fibers. The obtained results show that silver
sorption by modified cotton fibers increased with
increasing either primary oxidant concentration or
the duration of oxidation. The effect of reaction
time on the silver content is more pronounced
than the effect of the concentration of primary
oxidant, especially in the case of higher NaClO
concentrations (4.84 and 9.67 mmol NaClO/g
fibers).

COOAg" i COOH
o) reduction 0O
HOCAy 0 HOL\ 0~ + Ag
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Figure 1: Scheme of TEMPO-mediated oxidation and synthesis of silver particles on
TEMPO-oxidized cotton fibers™
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Figure 2: Relationship between oxidation time (h) and silver content (mmol/g fibers) of TEMPO-oxidized cotton fibers,
where 0.30, 2.42, 4.84, and 9.67 mmol NaClO (per gram of fibers) was applied to the cellulose slurry, at RT and pH

10.5

To better understand the obtained results, we
tried to determine the relationship between

structural changes, introduced functional groups
and silver sorption capacity of TEMPO-oxidized
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cotton fibers. Depending on the oxidation
conditions of TEMPO-mediated oxidation,
together with the introduction of functional
groups, the chemical composition and fibrous
morphology of cotton fibers were changed.'**'
The structural changes between unmodified
cotton fibers (a) and those modified by varying
amounts of oxidative agent (b-e) may be seen in
the SEM images shown in Figure 3. With
increasing oxidative agent concentration, on the
surface of modified fibers more pronounced
ridges and cracks are observed, and the surface

SEM HV: 20 kV WD: 8.31 mm
View field: 43.3 ym Det: SE [10um
SEM MAG: 5.00 kx _ Date(midly]: 07724113

SEM HV: 20 kV. WD: 8.90 mm

View field: 43.3 ym Det: SE [10um
SEM MAG: 5.00 kx | Date(midly): 07724113

SEM HV: 20 kv WD: 8.70 mm
View field: 43.2 ym Det: SE [10um
SEM MAG: 5.01 kx | Date[m/diy): 07/24113
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presents signs of fibrillation (c, d). Rigorous
oxidative conditions lead to damage, harm and
fiber breakage (d).

The obtained morphological changes of the
TEMPO-oxidized cotton fibers, together with the
introduced hydrophilic carboxyl groups, cause
changes in their sorption properties, which are
very important for further fiber modification
and/or application, in our case for silver sorption
and possible application of oxidized fibers with
sorbed silver in wound treatment.

SEM HV: 10 kv wp:899mm |
View field: 10.8 ym Det: SE [2pm
SEM MAG: 20.0 kx _Date(midiy): 07724113

SEM HV: 20 kV. WD: 8.90 mm
View field: 10.8 ym Det: SE
SEM MAG: 20.0 kx _ Date(midly): 07/24113

SEM HV: 20 kV WD: 8.70 mm
View field: 10.8 ym Det: SE
SEM MAG: 20.0 kx _ Date(m/dly}: 07/24113



SEMHV:20kV |  WD:8.87 mm
View field: 43.3 ym | Det: SE
SEM MAG: 5.00 kx | Date[m/dly): 07/24113

SEMHV:20kV |  WD:8.65mm
View field: 43.3 pym | Det: SE
SEM MAG: 5.00 kx | Date[m/dly): 07/24113

Cotton

SEM HV: 20 kV. WD: 8.87 mm
View field: 10.8 ym Det: SE
SEM MAG: 20.0 kx _ Date(midly): 07/24113

|

SEM HV: 20 kV wo:8.01mm |
View field: 10.8 ym Det: SE [2pm
SEM MAG: 20.0 kx _Date{m/dly): 07124113, el )

Figure 3: SEM images of a) unmodified and TEMPO-oxidized cotton fibers with b) 0.30;
c) 2.42; d); 4.84; and e) 9.67 mmol NaClO (per gram of fibers), during 4 h, at RT and pH
10.5; Bar: 10 um and 2 um

The sorption properties of oxidized cotton
fibers were evaluated by determining the moisture
sorption and water retention value since water
penetrates into the fiber in the form of vapor or in
liquid state. The introduced carboxyl groups and
free hydroxyl groups in the cotton fiber
amorphous regions and on the crystallites’
surfaces are responsible for the moisture sorption
at 20 °C and up to 65% relative humidity, while
higher relative humidity causes physical sorption
due to capillary condensation. The changes in the
moisture sorption of TEMPO-oxidized cotton
fibers (for details see literature'*) reflect changes
in their chemical composition, crystallinity and
pore structure,'™*® all of them influencing the
silver sorption capacity of oxidized cotton fibers
(Fig. 4a). From the results shown, it is obvious
that a linear dependence between the moisture
sorption values (MSV) and the content of
introduced silver in the TEMPO-oxidized cotton
fibers is obtained, with the exception of the
samples modified with the lowest concentration
of NaClO, i.e. with 0.30 mmol NaClO/g fibers.
As we concluded previously, with an increase of

the severity of the oxidation treatment, the
moisture sorption value also increases,'* and as a
consequence of the increase of MSV, together
with other changes that occurred during the
TEMPO-mediated oxidation, the amount of
sorbed silver increased too.

Water retention value is a measure of the
swelling ability and accessibility of fibers to
aqueous baths during wet finishing processes.’’
All water absorbing and holding surfaces, cracks
and cavities are included in the water retention
measurement. From the results shown in Figure
4b, it is evident that, with increased severity of the
treatment, an increase in both water retention
value and silver sorption is obtained. This can be
explained by the fact that when fibers absorb
water, they swell more and the fiber structures
become more accessible for silver sorption.
Additionally, during TEMPO-mediated oxidation,
an effective decomposition of hydrophobic
impurities and natural pigments in cotton fibers
occurs,””*® which, along with morphological
changes of the fibers (see Fig. 3d, e), leads to
additional water and silver sorption into the fibers
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from the aqueous solution. The water retention
value increased from 21.55% to 85.36%, while
the amount of sorbed silver, as mentioned above,
increased from 0.102 mmol/g of fibers up to
0.806 mmol/g of fibers. The sample oxidized with
4.84 mmol NaClO/g fibers, for 4 h, which shows
the maximum amount of sorbed silver (0.806
mmol/g fibers), sorbed 84% of water.

In order to better understand the influence of
TEMPO-mediated oxidation on silver sorption
capacity, we sought a deeper insight into the
relationship between the introduced functional
groups and the amount of silver deposited in the
TEMPO-oxidized cotton fibers. Depending on
oxidative conditions, TEPMO-oxidized cotton
fibers contain both carboxyl and aldehyde
groups.'* The carboxyl groups along the entire
surface of the modified cotton fibers can be used
as reactive hooks to quantitatively introduce silver
metal jons by an ion-exchange reaction,” while
the aldehyde groups on the microfibrils serve as a
reducing agent for silver ions.*

The expected result, that one carboxyl group
reacts with one silver ion by the ion exchange
mechanism in stoichiometry of 1:1,*** was
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obtained for the TEMPO-oxidized cotton fibers
with a lower amount of carboxyl groups. In the
case of TEMPO-oxidized cotton fibers with a
higher amount of COOH groups, the amount of
sorbed silver is smaller than the amount of
carboxyl groups, with the exception of the sample
oxidized with 4.84 mmol NaClO/g fibers, for 4 h,
which showed the maximum amount of sorbed
silver (0.806 mmol silver per gram of fibers) (Fig.
5a). This can be explained by the difference in
affinity of carboxyl groups of cellulose towards
various metal cations, which 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" <
TI' < Ag* < Ca™, Ba™. The applied Ca-acetate
method for the determination of COOH groups
and the stronger affinity of COOH groups for
Ca’ than for Ag" could be the reason for the
obtained results, i.e. the content of sorbed silver
was smaller than the content of carboxyl groups.
Furthermore, the obtained results are in agreement
with the results obtained for silver sorption by
oxidized hemp fibers.*
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Figure 4: Relationships between: a) moisture sorption; b) water retention values; and silver content of
unmodified and TEMPO-oxidized cotton fibers, during 1-4 h, at room temperature and pH 10.5
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Figure 5: Relationships between a) COOH; b) COOH + CHO groups and silver content of unmodified and
TEMPO-oxidized cotton fibers, during 1-4 h, at room temperature and pH 10.5
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The influence of the aldehyde groups,
naturally occurring in cellulose fibers and formed
by TEMPO-mediated oxidation, on the amount of
sorbed silver should not be neglected, since, as we
mentioned, the aldehyde groups can serve as a
reducing agent for silver ions.” The absence of
correlation between aldehyde group content and
deposited silver content (data not shown) can be
explained by the combination of ion-exchange
and reduction of Ag® on cellulose fibers. In
addition, silver exhibits propensity for auto-
catalytic reduction, ie. Ag" reduction is
accelerated in the presence of metallic silver,
which acts as nuclei for further reduction of the

To summarize, the relationship between the
sums of both groups, i.e. carboxyl and aldehyde
groups, and the silver contents is shown in Figure
5b. Two groups of results have been obtained: the
first one for the lowest concentration of oxidative
agent NaClO, i.e. the content of functional groups
less than 0.25 mmol/g, where the data are grouped
without any regularity, and the second for the
samples with the amount of functional groups
higher than 0.5 mmol/g, for which linear
dependence between the content of functional
groups and the content of introduced silver in
TEMPO-oxidized cotton fibers is obtained, but
with a higher slope compared to the data
presented in Figure 5a. The observed
characteristic inflection step is evidence of
mentioned combination of two processes: ion-
exchange and reduction of Ag" on cellulose
fibers. However, it is difficult to determine the
extent of Ag® reduction since, in addition to Ag*
reduction during the sorption,*’ it proceeds further
during and after fiber drying in air.”>***

The surface morphology of the TEMPO-
oxidized cotton fibers with deposited silver was
examined by SEM and the obtained
microphotographs are presented in Figure 6.
Microphotographs clearly show the effects of the
ion-exchange process (Fig. 6a) and reduction of
Ag' to Ag’ by CHO groups (Fig. 6b) on silver
deposition. Due to the presence of a high amount
of COOH groups and a low amount of CHO
groups, silver is present predominantly in the
form of ions, i.e. silver particles are not observed
on the surface of the fibers or they are present to a
smaller extent, although the amount of
incorporated silver is high. For example, the
sample presented in Figure 6a has 0.7950 mmol

Cotton

COOH/g fibers, 0.0907 mmol CHO/g fibers and a
silver content of even 0.7640 mmol/g fibers, with
just a few silver nanoparticles observed on the
fiber surface. For the samples with a high content
of aldehyde groups, the silver dominates in the
form of nanoparticles (Fig. 6b). The elemental
composition of the particles was identified by the
SEM-EDX technique, and results show strong
silver peaks in the spectra of the TEMPO-
oxidized cotton fibers with deposited silver (data
not shown). SEM images recorded under
magnification of 100 000 times show silver
particles (“white dots™), with isometric shapes and
sizes ranging from 10 to 100 nm, which are quite
uniformly distributed on the surface of the
TEMPO-oxidized cotton fibers. Additionally, the
silver particles are also present inside the fiber
structure, as shown in Figure 7. The color of the
TEMPO-oxidized cotton fibers with incorporated
silver changed from cream yellow for oxidized
fibers to brown in response to silver deposition.
According to the literature,” the reduction of
silver ions (Ag") to silver metal (Ago) is often
achieved through the use of chemicals, such as
sodium borohydrate or hydrazine, which are
rather hazardous chemicals.

Safer chemicals, such as sugar or alcohol, can
also be used to reduce Ag* to Ag’, but then the
use of surfactants to stabilize the nanoparticles is
required. However, using cellulose fibers as a
matrix for in situ preparation and incorporation of
silver nanoparticles has the advantage that
cellulose acts both as a reducing agent, due to the
presence of aldehyde groups, and as a stabilizing
agent, due to the steric effect of the cellulose
chains.

Antimicrobial activity of TEMPO-oxidized
cotton fibers with deposited silver

The antibacterial activity of the TEMPO-
oxidized cotton fibers with incorporated silver
was tested against strains: gram  (4)
Staphylococcus aureus (ATCC 25,923) and gram
(-) Escherichia coli (ATCC 25,922), and their
antifungal activity — against fungi Candida
albicans (ATCC 24,433).

The antimicrobial activity for unmodified
cotton fibers, TEMPO-oxidized cotton fibers
(2.42 mmol NaClO/g fibers, 4 h) and silver-
loaded TEMPO-oxidized cotton fibers (0.30, 2.42,
4.84 and 9.67 mmol NaClO/g fibers, 4 h; + silver)
is shown in Table 1. Obviously, no antimicrobial
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activity was observed for untreated and TEMPO-
oxidized cotton fibers, while the incorporation of
silver in TEMPO-oxidized cotton fibers generally
inhibited the growth of the tested microbes.
Among the tested microorganisms, Gram-positive
bacteria strain S. aureus is the most sensitive to
the TEMPO-oxidized cotton fibers with deposited
silver, and the TEMPO-oxidized cotton fibers
containing 0.714 mmol silver/g fibers and 0.806
mmol silver/g fibers were the most effective.
Most of the tested samples showed good
antimicrobial activity against gram (-) strains
Escherichia coli and the fungi Candida albicans.
The obtained results showed that the quantity of
bonded silver, in all cases, is enough to develop
desirable antimicrobial activity in the TEMPO-
oxidized cotton fibers with deposited silver,
although, there is no clear dose dependent

sen an a)

antimicrobial activity. The reason for this is
probably because silver does not attack
microorganisms directly; it operates as a catalytic
agent and moreover, it is not consumed in this
process.”’ According to the literature” the silver
acts in a complex manner, i.e. silver binds to
electron donor receptors, notably disulphide,
amino, imidazole, carbonyl and phosphate
residues on membranes leading to intracellular
absorption. Inactivation of membrane-related
enzymes results in denaturation of the bacterial
cell envelope, which ultimately leads to the lethal
effect on a cell. This mode of antimicrobial action
does not necessarily depend on the quantity of
silver, but rather on the availability of silver in a
cellulose matrix and its ability to reach and react
with microorganism cells.

n;

Figure 6: SEM images of TEMPO-oxidized cotton fibers with deposited silver showing the influence of
two processes: a) ion exchange by COOH groups, in the presence of 0.7950 mmol COOH/g fibers, 0.0907
mmol CHO/g fibers and 0.7640 mmol Ag/g fibers; and b) reduction of Ag* to Ag” by CHO groups in the
presence of 0.3211 mmol CHO/g fibers, 0.5392 mmol COOH/g fibers and 0.3236 mmol Ag/g fibers.
Magnification and bar: 100 000x and 500 nm, respectively

SEMHV: 20 KV

| View field: 10.8 ym | |
SEM MAG: 20.0 kx_ Date(m/dly): 07/24/13

SEM MAG: 100 ko _ Date(mldly): 07/24/13

Figure 7: SEM images of TEMPO-oxidized cotton fibers with deposited silver showing the presence of
silver inside the fiber structure, for the sample with 0.6769 mmol COOH/g fibers, 0.2964 mmol CHO/g
fibers and 0.6620 mmol Ag/g fibers. Magnification and bar: a) 20 000x and 2 um and b) 100 000x and 500

nm
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Table 1

Cotton

Antimicrobial activity of TEMPO-oxidized cotton fibers with deposited silver

Oxidative conditions

Width of inhibition zone after 24 h (mm)

NaClO, Reaction Silver content S aureus E coli C. albicans
mmol/g fibers time (mmol/g fibers) ) ) )
0.00 0 0 0 0 0
242 4 0 0 0 0
0.00 0 0.024 <1.0, IC* <1.0, IC* <1.0, IC*
0.30 4.0 0.324 1.0-1.5 1.0 1.0-1.5
242 4.0 0.446 1.0-1.5 1.0-1.5 1.5
4.84 4.0 0.714 20-25 2.0-2.5 1.5
9.67 4.0 0.806 20-2.5 1.5 1.5

*IC — inhibition in contact, with very small inhibition zone

CONCLUSION

An attempt has been made to explain the roles
of introduced functional groups and changes in
the sorption properties of TEMPO-oxidized
cotton on silver deposition.

Depending on oxidative conditions, TEPMO-
oxidized cotton fibers contain both carboxyl and
aldehyde groups. Carboxyl groups along the
entire surface of modified cotton fibers can be
used as reactive hooks to quantitatively introduce
silver metal ions by an ion-exchange reaction,
while the aldehyde groups on the microfibrils
serve as a reducing agent for silver ions. Changes
in fiber morphology, together with introduced
hydrophilic carboxyl groups, cause changes in
sorption properties of TEMPO-oxidized cotton
fibers. Increases in water retention and moisture
sorption positively affect subsequent silver
sorption by TEMPO-oxidized cotton fibers.

Silver was incorporated into TEMPO-oxidized
cotton fibers by a combination of Ag"
chemisorption from aqueous silver nitrate solution
and reduction of Ag* to Ag” by cellulose itself. In
the case of a high amount of COOH groups and a
low amount of CHO groups, silver is incorporated
predominantly in the form of ions, i.e. silver
particles are not observed on the surface of the
fibers or they are present to a smaller extent,
although the amount of incorporated silver is
high, while in the case of a high content of
aldehyde groups, the silver is predominantly in
the form of nanoparticles. Using cellulose fibers
as a matrix for in situ preparation and
incorporation of silver particles has the advantage
that cellulose acts as both reducing agent and
stabilizing agent. The amount of incorporated
silver (in the form of Ag* and Ag") was in the
range from 0.102 to 0.806 mmol/g fibers.

The antimicrobial activity of the silver loaded
TEMPO-oxidized cotton fibers was confirmed
against different pathogens: C. albicans, S. aureus
and E. coli. The obtained results show that the
quantities of incorporated silver, in all cases, are
enough to develop desirable antimicrobial
activity, although, there is no clear dose
dependant antimicrobial activity.
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