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Abstract: This study compares the effect of colloidal silver nanoparticles and
the commercial RUCO-BAC AGP agent with silver chloride as the active com-
ponent on the antibacterial activity of dyed cotton fabrics. Cotton fabrics were
dyed with vat dyes Bezanthren Olive T and Bezanthren Grey FFB. The anti-
bacterial activities of the silver-loaded dyed cotton fabrics were tested against
the Gram-positive bacterium Staphylococcus aureus and the Gram-negative
bacterium Escherichia coli. Unlike RUCO-BAC AGP, the synthesized silver
nanoparticles deposited onto the dyed cotton fabrics provided maximum bac-
teria reduction, independent of the applied dye. The stability of the modified
cotton fabrics was analyzed in artificial sweat at pH 5.5 and 8.0. Approxima:
tely the same amount of silver was released from the differently modified cot-
ton fabrics in artificial sweat. Larger amounts of silver were released in the
sweat at pH 8.0.

Keywords. cotton; silver nanoparticles; RUCO-BAC AGP; antibacterial effi-
ciency; artificial sweat.

INTRODUCTION

Approximately 50 % of textiles today are made of cotton (Co) since these
fibers are particularly suitable for the manufacture of sport and leisure textiles,
medical non-implantables (different bandages, plasters, gauze dressings, lint,
wadding, adsorbent pads) and healthcare/hygiene products (surgical gowns and
hosiers, sheets, pillowcases, uniforms, blankets).1 However, Co fibers may act as
a nutrient, becoming a suitable medium for microorganism growth and thus
frequently antimicrobial properties have to be imparted to cotton products.2
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226 LAZIC et al.

Various agents have been used for supplying textile materials with antimic-
robia properties, but poor efficiency or high toxicity made them unsuitable for
long-term use.3 Silver nanoparticles (Ag NPs) are potent and broad-spectrum
antibacterial agents.4 Ag NPs can be found in room sprays, detergents and wall
paints, as well as in washing machines, refrigerators, vacuum cleaners and air
conditioners. The concept of Ag NPs application to textile materials relies on the
fact that a small amount of deposited nanoparticles can provide the desired anti-
microbia activity with long-term durability and stability without the use of highly
toxic organic compounds. The antibacterial effect of Ag NPs on Co fabrics has
already been studied by several research groups.>-12 However, less attention has
been paid to the synergism between antibacterial finishing with Ag NPs and dye-
ing, which is a very important issue from the technological point of view. Hither-
to, the influence of reactive dyes and direct dyes on the antibacteria efficiency of
Co fabrics treated with Ag NPs was investigated.6:10

In this study, the effect of silver in different forms on the antibacterial pro-
perties and color change of Co fabrics dyed with vat dyes were investigated.
Comparative examination of colloidal Ag NPs that were synthesized without the
employment of any stabilizer and the commercial RUCO-BAC AGP (RB) agent
with silver chloride as the active component was performed. Namely, RB con-
sists of micro-structured titanium dioxide that acts as a carrier of silver chloride.
In the case of moisture (e.g., perspiration), silver ions with antimicrobial effect
are set free from a virtualy infinite deposit. The antibacterial activity of Co fab-
rics was tested against the Gram-negative bacterium Escherichia coli and the Gram-
-positive bacterium Staphylococcus aureus. Additionally, the stability of these
textile nanocomposite materials was studied in artificial sweat at pH 5.5 and 8.0.

EXPERIMENTAL
Materials and methods

Desized and bleached woven Co fabric (168 g m2) was cleaned from surface impurities
as described in a previous study.13 Vat dyes Bezathren Olive T (BO) and Bezathren Grey FFB
(BG), both products of Bezema AG, were used for dyeing the Co fabrics.

The schematic procedure of the dyeing of Co fabricsis shown in Fig. 1. Co fabrics were
dyed in Polycolor (Werner Mathis AG) laboratory beaker dyer in the bath containing 2 % or 4
% (on weight of fabric —o.w.f.) of avat dye and reducing agent Na,S,0, (5 g L1) at aliquor-
to-fabric ratio of 10:1. Subsequently, the fabrics were oxidized in a bath containing H,O, (1.5
g LY, rinsed once with water and treated in a solution of the surfactant Cotoblanc RS (2 g L-1).
After rinsing with water, the samples were dried at room temperature.

Silver nitrate (AgNO;, Kemika) and the reducing agent sodium borohydride (NaBHy,
Fluka) of p.a. grade were used for the synthesis of the colloidal Ag NPs.1415> AgNOj; (8.5 mg)
was dissolved in 250 mL of water and purged with argon for 30 min. Under vigorous stirring,
NaBH, (125 mg) was added to the solution and left for 1 h under an argon atmosphere. The
concentration of the Ag colloid was 50 ppm. The synthesized colloid was comprised of nearly
spherical nanoparticles with an average diameter of 10 nm.13
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Fig. 1. Dyeing procedure for Co fabrics.

One gram of dyed Co fabric was immersed in 45 mL of the colloidal Ag NPs for 5 min
and dried at room temperature. After 5 min of curing at 100 °C, the samples were rinsed twice
(5 min) with deionized water and dried at room temperature.

Dyed samples were aso treated with RUCO-BAC AGP, a highly concentrated hygiene
and freshness system that comply with Oko-Tex Standard 100.16 The recommended concen-
tration of 0.50 % (o.w.f.) was applied. The samples were treated in a bath (liquor-to-fabric
ratio 10:1) for 30 min at 50 °C. The pH vaue of 56 was adjusted using acetic acid. Sub-
sequently, the samples were dried at 130 °C for 4 min.1’

Fiber morphology was followed by scanning electron microscope (SEM, JEOL JSM-
-6610LV). Gold layer was deposited on the samples before analysis.

The color coordinates of the dyed fabrics (CIE L*, a* and b*) were determined with a
Datacolor SF300 spectrophotometer under illuminant Dgg using the 10° standard observer.
Based on the measured CIE color coordinates, the color difference (AE*) was determined as:

AE" = /(Aa*)?+ (ab*)? + (AL*)? 1)

where AL* is the color lightness difference between the treated (dyed Co fabric loaded with
Ag NPs or RB) and the control (dyed Co fabric without Ag) samples; Aa* is the red/green
difference between the treated and control samples; Ab* is the yellow/blue difference between
treated and control samples.

The antibacterial efficiency of the differently modified Co fabrics was quantitatively as-
sessed using the Gram-negative bacterium E. coli ATCC 25922 and the Gram-positive bac-
terium S. aureus ATCC 25923. Bacterial inoculums were prepared in 3 mL of tryptone soy
broth (Torlak, Serbia) as the growing medium and left overnight at 37 °C (late exponential
stage of growth). 70 mL of sterile potassium hydrogen phosphate buffer solution (pH 7.2) was
added to sterile Erlenmeyer flask (300 mL), which was then inoculated with 0.7 mL of a bac-
terial inoculum. One gram of sterile Co fabric cut into small pieces was placed in the flask and
shaken. After 1 h of shaking, 1.0 mL aiquots from the flask were diluted (1:10 and 1:100)
with saline solution and 0.10 mL of the solution was placed onto tryptone soy agar (Torlak,
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Serbia). After 24 h of incubation at 37 °C, zero time and one-hour counts of the viable bac-
teriawere made. The percentage of bacteriareduction (R, %) was calculated using Eq. (2):

R=1002-C @)
0

where Cy (CFU — colony forming units) is the number of bacterial colonies on the control Co
fabric (dyed Co fabric without Ag) and C (CFU) is the number bacteria colonies on the Co
fabric loaded with Ag NPs or RB.518.19

Artificial sweat at pH 5.5 and 8.0 was prepared according to | SO 105-E04:1989E.20 One
liter of acidic artificial sweat (pH 5.5) contained 0.5 g of L-histidine monohydrochloride mo-
nohydrate, 5 g of sodium chloride and 2.2 g of sodium dihydrogen orthophosphate dihydrate.
One liter of alkaline artificial sweat (pH 8.0) contained 0.5 g of L-histidine monohydrochlo-
ride monohydrate, 5 g of sodium chloride and 5 g of disodium hydrogen orthophosphate dode-
cahydrate. The solutions were brought to pH 5.5 and 8.0 with a0.1 M solution of sodium hyd-
roxide. The Co fabrics (0.300 g) were soaked in artificial sweat at a liquor-to-fabric ratio of
1:50. The samples were incubated in a water bath at 37 °C. After 24 h of incubation, the arti-
ficial sweat was collected and the content of released silver was determined using a Perkin-
Elmer 403 atomic absorption spectrometer (AAS). The results were calculated as the total
amount of silver released into the artificial sweat and normalized with respect to the weight of
the fabric sample. In order to determine the total amount of silver on the Co fabric, the samp-
les were burnt and dissolved in nitric acid. The amount of silver was also measured by AAS.

The color fastness of the Co fabrics that had been exposed to artificial sweat was deter-
mined spectrophotometrically.

RESULTS AND DISCUSSION

The changes in fiber surface morphology after deposition of Ag NPs onto
dyed Co fabric was assessed by SEM. The SEM image of the Co fiber dyed with
2 % BO and loaded with Ag NPs is shown in Fig. 2. It can be noticed that the
surface of the Co fiber modified with Ag NPs was mainly covered with NP ag-
gregates of dimensions around 100 nm.

Fig. 2. SEM Image of Co fiber dyed

SEl 30KV - . X50,000  0.5um

UB-RGF - with 2 % BO and loaded with Ag NPs.
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The color difference between the Co fabrics loaded with Ag NPs or RB and
the control fabric (only dyed Co fabric) was expressed via the CIE L*, a* and b*
color coordinates. The colorimetric data for the control Co fabrics and the Co
fabrics loaded with Ag NPs or RB after dyeing with BG or BO are presented in
Tablel. The results clearly indicate that treatment of the dyed Co fabrics with RB
caused a color change that could not be visually detected since the color diffe-
rence (AE*) was lower than one. The deposition of Ag NPs onto the Co fabrics
dyed with BG also did not significantly affect the color of Co fabric (AE* < 1).
However, the deposition of Ag NPs onto Co fabrics dyed with BO led to a con-
siderable increase in color change. Thiswas particularly prominent on the sample
that had previously been dyed with 4 % BO.

TABLE I. Colorimetric data for Co fabrics dyed with BG or BO and modified with Ag NPsor RB
Dye Sample L* a* b* AL* Aa* Ab* AE*
BG 2% Control? 3787 031 576 - - - -
CotAgNPs 3756 -018 649 -031 013 0.73 0.80
Co+RB 3830 030 575 043 0.01 -0.01 0.44
BG4 % Control 2962 023 509 - - - -
CotAgNPs 2996 026 561 034 -003 0.52 0.62
Co+RB 3030 034 513 068 -010 0.04 0.69
BO2% Control 4338 4432 -4.06 - - - -
Co+tAgNPs 4331 4281 -325 -0.07 151 0.81 171
Co+RB 4387 4453 416 048 022 -0.09 0.54
BO 4 % Control 3466 4208 -321 - - - -
Co+tAgNPs 3424 -3955 -200 -042 253 121 2.83
Co+RB 3518 4242 -340 052 034 -0.19 0.65
aDyed fabric without Ag NPsor RB

The antibacterial activity of the Co fabrics was tested against the Gram-ne-
gative bacterium E. coli and the Gram-positive bacterium S. aureus. The Co fab-
rics dyed with BG and loaded with Ag NPs reached the maximum bacteria reduc-
tion (Table1). A similar behavior was exhibited by the Co fabrics modified with
RB, although a few bacterial colonies grew in the Petri dishes, leading to a de-
crease in the reduction of S. aureus to 99.8 % in the case of the sample that was
dyed with 4 % BG.

The values of bacteria reduction by the Co fabrics dyed with BO and loaded
with Ag NPs or RB are given in Table Il1. Again, the Co fabrics loaded with Ag
NPs provided the maximum bacteria reduction, irrespective of the BO dye con-
centration and bacteria type. The Co fabrics loaded with RB showed good anti-
bacterid efficiency, but the maximum reduction of S, aureus bacteriawas achieved
only in the case of Co fabric dyed with 4 % BO.

The obtained results indicated that both colloidal Ag NPs and RB could be
used as efficient antibacterial agents for Co fabrics. They aso confirmed that
both forms of silver (nanoparticles and ions) exhibited excellent bactericidal pro-
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perties. However, the mechanism of bactericidal action of Ag NPsisnot yet fully
understood. One group of scientists supports the assumption that Ag NPs in an
aqueous medium release silver ions which are responsible for killing the bac-
teria.21-24 Another approach relies on the finding of Morones et al. who detected
Ag NPs attached to the cell membrane and inside the bacteria.2® It is very likely
that Ag NPs react with sulfur rich proteins in the bacteria cell membrane and the
interior of the cell or with phosphorous-containing compounds such as DNA.26:27
Accordingly, the morphological changes in the bacteria cell membrane and pos-
sible damage of DNA caused by reaction with Ag NPs disturb the respiratory
chain or cell division processes, leading to a cell death.2>

TABLE II. Antibacterid efficiency of Co fabrics dyed with BG and loaded with Ag NPs or RB
Initial number of bac-  Number of bacteria co-

Sample Bacterium terial colonies, CFU  lonies on the fabric, CFU R7%
Control Co (2% BG)  E.cali 6.4x10° 2.3x10° -
Co+Ag NPs <10 99.9
Co+RB 45 99.9
Control Co (4 % BG) 2.0x10° 1.2x10° -
Co+Ag NPs <10 99.9
Co+RB <10 99.9
Control Co (2% BG) S aureus 2.4x104 4.0x10% -
Co+Ag NPs <10 99.9
Co+RB <10 99.9
Control Co (4 % BG) 3.5x10% 2.0x10% -
Co+Ag NPs <10 99.9
Co+RB 60 99.8

TABLE I11. Antibacterid efficiency of Co fabrics dyed with BO and loaded with Ag NPs or RB
Initial number of bac-  Number of bacterial co-

Sample Bacterium terial colonies, CFU  lonies on the fabric, CFU R1%
Control Co (2% BO)  E. coli 2.3x10° 2.2x10° -
Co+Ag NPs <10 99.9
Co+RB 2.8x10? 99.8
Control Co (4 % BO) 8.0x10° 2.5x10° -
CotAg NPs <10 99.9
Co+RB 1.4x102 99.9
Control Co (2% BO) S aureus 2.5x10° 7.4%x10% -
Co+Ag NPs <10 99.9
Co+RB 30 99.9
Control Co (4 % BO) 2.3x10° 6.7x10% -
CotAg NPs <10 99.9
Co+RB <10 99.9

The dlightly better antibacterial activity of the Co fabrics loaded with Ag
NPs can be attributed to the larger amount of silver present, which was detected
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ANTIBACTERIAL ACTIVITY AND STABILITY OF COTTON 231

by AAS (Table IV). The larger amount of silver that was found in the samples
modified with Ag NPs can provide longer antibacterial activity during the ex-
ploitation of textile products. It is aso clear that the silver content in the Co fab-
rics modified with RB was almost constant being independent of the applied dye
and the dye concentration. On the contrary, the total amount of silver in the Co
fabrics loaded with Ag NPs varied with the concentration of the dyes and was
larger in the Co fabrics that were dyed with the higher concentration of the dyes
(4 %), indicating the existence of some interaction between the dye molecules
and Ag NPs.

TABLE IV. Initia silver content and total silver released into artificial sweat
Silver released into Silver released into

Initial silver content

Sample 1 artificial sweat, pH 5.5 artificial sweat pH 8.0
Hag uggt ugg?
Co+BG 2 %+Ag NPs 31.97 13.15 16.35
Co+BG 4 %+Ag NPs 52.41 12.83 18.63
Co+BO 2 %+Ag NPs 32.15 12.40 16.00
Co+BO 4 %+Ag NPs 63.67 12.93 17.35
Co+BG 2 %+RB 18.84 12.48 17.78
Co+BG 4 %+RB 17.36 12.20 16.33
Co+BO 2 %+RB 18.20 12.10 17.93
Co+BO 4 %+RB 18.75 12.13 18.58

The stability of the investigated systems is of major interest for the exploit-
ation and maintenance of textile products. Therefore, the stabilities of the diffe-
rently modified Co fabrics were examined in artificial sweat. Namely, the com-
position of sweat varies between individuals. However it aso depends on the
body region, age, season, diet, degree of acclimation, infection status and level of
activity.28 Hence, the stability of modified Co fabrics was tested in akaline and
acidic artificia sweat. AAS measurements of sweat solutions after 24 hours of
contact with the Co fabrics modified with Ag NPs or RB revealed that silver was
released. The amounts of silver released from the Co fabrics into artificial sweat
are shown in Table IV. Obvioudly, al the investigated samples released amost
the same amount of silver into sweat, independent of the dye type and concen-
tration, as well as of the silver form applied. However, approximately 39 % more
silver was released into alkaline sweat (pH 8.0) compared to acidic sweat (pH
5.5). Although the Co fabrics modified with Ag NPs and RB showed equivalent
trends of silver release, a larger amount of Ag was retained in the Co fabrics
|loaded with Ag NPs.

Additionally, the color fastness of Co fabrics in artificial sweat was studied.
The data on color change and color fastness of the Co fabrics loaded with Ag
NPs and RB after exposure to acidic and alkaline sweat for 24 h are given in
Table V. The color fastness was evaluated in accordance with the ISO 105-A05
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standard and the AATCC standard.29:30 The color changes after 24 h of rinsing in
artificial sweat could not be visually detected as the color difference (AE*) was
lower than one. The only exception was the Co fabric dyed with 4 % BO and
loaded with Ag NPs that was exposed to artificial sweat at pH 8.0. All samples
exhibited good color fastness since the color fastness grades ranged from 4-5 ac-
cording to both standards.

TABLE V. Color change of Co fabrics loaded with Ag NPs and RB after 24-h exposure to
acidic and akaline sweat

Sample AL*  AE*  Color fastness, ISO A0O5 Color fastness, AATCC
pH 5.5
CotBG2%+AgNPs 030 0.71 4-5 45
Co+BG 4 %+AgNPs 0.06 043 4-5 4-5
Co+BO 2 %+AgNPs 030 098 4-5 4-5
Co+BO 4 %+AgNPs 055 0.88 4-5 4-5
Co+BG 2 %+RB 052 055 45 45
Co+BG 4 %+RB 026 034 5 5
Co+BO 2 %+RB 059 094 4-5 4-5
Co+BO 4 %+RB 049 0.70 4-5 4-5
pH 8.0
Co+BG 2 %+AgNPs 025 0.62 4-5 4-5
Co+BG 4 %+AgNPs -030 043 4-5 4-5
Co+BO 2 %+AgNPs 0.09 0.69 4-5 4-5
Co+BO 4 %+AgNPs 0.79 164 4 4
Co+BG 2 %+RB -041 044 4-5 4-5
Co+BG 4 %+RB -0.04 0.10 5 5
Co+BO 2 %+RB 022 073 4-5 4-5
Co+BO 4 %+RB 0.28 0.87 4-5 4-5
CONCLUSIONS

Cotton fabrics dyed with the vat dyes Bezanthren Olive T and Bezanthren
Grey FFB and subsequently loaded with synthesized colloidal silver nanopar-
ticles exhibited excellent antibacterial activity, reaching the maximum possible
bacteria reduction (Gram-negative bacterium E. coli and Gram-positive bacte-
rium S. aureus). Although the dyed Co fabrics modified with commercial RUCO-
-BAC AGP agent with silver chloride as an active component aso provided good
antibacterial properties, the maximum bacteria reduction was not always achieved.
The better antibacterial properties of the Co fabrics modified with the silver na
noparticles could be due to the larger amount of silver in these samples, which
was confirmed by atomic absorption spectroscopy. The larger amount of silver in
these Co fabrics could provide longer antibacterial activity during the exploit-
ation. The treatment with RUCO-BAC AGP did not significantly affect the color
of the cotton fabrics. However, the cotton fabrics dyed with Bezanthren Olive T
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underwent considerable color change after the treatment with colloidal silver na-
noparticles.

The results also indicated that silver was released from the cotton fabrics
during 24-h long exposure to sweat at pH 5.5 and 8.0. All the studied samples
released almost the same amount of silver into the sweat, independent of the dye
type and concentration, as well as of the silver form applied. However, about 39 %
more silver was released into the akaline sweat compared to the acidic sweat.
The color fastness of the cotton fabrics exposed to sweat was satisfactory.

Acknowledgement. This study was supported by the Ministry of Education and Science
of the Republic of Serbia — Projects 45020 and 172056. We gratefully acknowledge Dr A.
Pacevski (University of Belgrade, Serbia) for providing the SEM measurements.

U3BOJI

NCITUTUBAKBE AHTUBAKTEPUJCKE AKTUBHOCTU 1 CTABMJIHOCTU OBOJEHE
ITAMYYHE TKAHWUHE MOAU®UKOBAHE PA3JIMYUTUM ®OPMAMA CPEBPA

BECHA JIA3WUR?, 30PAH LIATOIURZ, BECHA BOJHUKZ CY3AHA JUMUTPUIEBURS, [IETAP JOBAHUMR?,
JOBAH HEJIEJbKOBUR? 1 MAJA PAJIETUR?

! Kaitiedpa 3a iwiekcitiuano unxcervepcitigo, Texnonouko—meiiarypuru gaxyaitieit, Kaprnezujesa 4, 11120 Beozpao,
Uncmuimiyim 3a nykaeaphe Hayke Bunua, . iip. 522, 11001 Beozpad u’Kaitiedpa 3a Guounnersepcitieo u
ouoitiexnonozujy, Texnoaowko—meitiarypuiku gaxyaitieiti, Kapnezujesa 4, 11120 beozpao

VY oBoM pany ce nopene epexTH KOJIOMIHUX HAHOYECTHLA cpebpa M KOMEpPLHjaJHOI aHTH-
mukpo6Hor areica RUCO-BAC AGP ca cpebpo-xJ1opuaoM Kao akTHBHOM KOMIIOHEHTOM Ha aHTH-
GaKTEpHjCKy aKTHBHOCT OojeHe MamydvHe TKaHWHE. [lamydyHe TKaHMHE Cy 0OjeHe peayKIHOHHM
6ojama Bezanthren olive T u Bezanthren green FFB. Antu6akTepujcka akTHBHOCT cpebpa je Tec-
Tupana npema ['pam-nozutuBHOj OakTepuju Staphylococcus aureus u I'paM-HeratuBHOj OakTepuju
Escherichia coli. 3a pasmuky on RUCO-BAC AGP, cunrerucane HanodecTure cpedbpa JemnoHo-
BaHe Ha 000jeHy MaMyd4Hy TKaHHHY Cy 00e30eanmie MakCUMyM OakTepHjCcKe PeAyKIHje He3aBHCHO
ol npuMemeHe 0oje. CTaOMIHOCT MOIU(UKOBAHHMX MaMy4HHX TKaHWHA je aHAIW3UpaHa y Bell-
TaykoM 3Hojy tipu PH 5,5 u 8,0. ['oToBO HcTa KoMMUKMHA cpebpa ce ociobala ca pa3nuyuTo MOIu-
(UKOBaHUX MaMy4YHHX TKaHHHA y BELITA4yKOM 3HOjy. Behia konnunHa cpebpa ce ociobaha y 3HOjy
mpu pH 8,0.

(TTpumsbeno 5., peenanpano 31. maja 2011)
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