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Abstract: The possibility of in situ photoreduction of Ag* using colloidal TiO,
nanoparticles deposited on the surface of polyamide fabric in the presence of
the amino acid alanine and methanol is discussed. The presence of TiO.,/Ag
nanoparticles on the polyamide fabric was confirmed by FESEM and ICP
analyses. The antibacterial activity of the fabric was tested against the Gram-
-negative bacterium Escherichia coli and the Gram-positive bacterium Saph-
ylococcus aureus. The TiOo/Ag nanoparticles fabricated on the surface of the
polyamide fabric provided maximum bacterial reduction and thus, excellent
antibacterial activity. In spite of silver leaching from the fabric during washing,
the impregnated polyamide fabric preserved the maximum reduction of E. coli
colonies. The antibacterial activity against S. aureus was slightly decreased
after ten washing cycles, but still the antibacterial activity could be considered
as satisfactory. In addition, the presence of TiO,/Ag nanoparticles ensured
better UV protection efficiency, which belonged to the UV protection category
very good.

Keywords: TiO,/Ag nanoparticles; polyamide; photoreduction; antibacterial
activity; UV protection.

INTRODUCTION

Growing interest for the exploitation of silver nanoparticles (Ag NPs) in the
production of medical and healthcare textiles due to their extraordinary anti-
microbial activity has initiated broad research in this field.14 Many efforts have
been made to develop simple routes for the manufacture of stable and durable
antimicrobial nanocomposite textile materials with Ag NPs.4 Hitherto, major
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706 MILOSEVIC et al.

research was focused on the application of Ag NPs to cotton and polyester
fibers.4-16 Polyamide (PA) fibers were less investigated despite their share in the
production of healthcare and non-implantable medical textiles. 101724 |n addi-
tion, good biocompatibility with different human cells and tissues make PA a
very attractive material for implants.24 Dip-coating techniques were the most
commonly employed methods for the impregnation of PA materials with Ag
NPs.1019-23 Dybas et al. proposed an interesting approach based on layer-by-
layer deposition whereby a thin film with antibacterial properties was formed on
PA fibers by the sequential dipping of the fibers into solutions of poly(dialyl-
dimethylammonium chloride) (PDADMAC) and Ag NPs caped with poly(meth-
acrylic acid) (PMA).18 Sonochemical coating of Ag NPs onto PA fabrics was
also reported as an aternative method for the impregnation of PA fabrics with
Ag NPs.13 However, to the best of our knowledge, in situ fabrication of Ag NPs
on the PA fabrics has not been reported.

The use of various reducing agents and organic compounds that control the
formation, size, shape and stability of Ag NPs seems to be great disadvantage of
conventional procedures for the fabrication of colloidal Ag NPs. These organic
compounds can diminish or even inhibit the antimicrobia action of Ag NPs and
they often have a negative environmental impact. The problematic use of strong
reducing agents and stabilizers could be overcome by a previously proposed pro-
cedure.2526,

Recent research indicated that in situ photoreduction of Ag* using TiO> NPs
deposited on the surface of polyethylene terephthalate (PET), cotton and cot-
ton/PET fabrics in the presence of the amino acid alanine and methanol could be
aviable alternative to conventional routes for the fabrication of Ag NPs.25.26 The
proposed treatment is acceptable from the environmental point of view as it does
not involve any aggressive chemicals or reducing agents. On the other hand, it
provides large amounts of evenly distributed Ag NPs on the fiber surface and
thus, excellent antimicrobial efficiency. The approach relies on the fact that sur-
face modification of TiO> NPs smaller than 20 nm with aanine results in the
replacement of hydroxyl groups on the surface of Ti0,.27:28 This further facil-
itates the coordination of surface Ti atoms with a carboxyl group and the simul-
taneous binding of Ag*.2728 When TiO5 is exposed to UV light with an energy
that matches or exceeds its band gap, the formation of electron/hole pairs occurs.
These charges can participate in different oxidation and reduction processes on
the TiO, NPs surface, but their fast recombination appears as a serious limitation.
In addition to improved adsorption of Ag* before UV illumination, surface modi-
fication of TiO> NPs with amino acids results in enhanced charge separation and
thus, elevated photocatalytic activity of photogenerated electrons.2728 Photo-
generated electrons are utilized for the photoreduction of adsorbed Agt and
hence fabrication of TiO2/Ag NPs.
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Methanol has been exploited as an efficient hole-scavenger
(E®(CH30H/*CH20H) = 1.2 V), which ultimately provides an increase in the
yield of trapped electrons.29 Electrochemical oxidation of methanol results in the
formation of the electron-donating methanol radica (E°("CH,—OH/CH20) =
= -0.95 V), meaning that from one photon of absorbed light, two electrons are
generated.30 This phenomenon, known as a current-doubling effect, brings about
an enhanced photoreduction rate of Ag*.31 The methanol radical is also able to
reduce Ag* ("CH,0OH, -0.95 V).

The current study was aimed at highlighting whether the proposed method
could be efficient in the impregnation of PA fabric with TiOo/Ag NPs. The PA
fabric impregnated in this manner was characterized by field emission scanning
electron microscopy (FESEM) and ICP atomic emission spectroscopy analyses.
The antibacterial activity of the deposited TiOo/Ag NPs was tested against the
Gram-negative bacterium Escherichia coli and the Gram-positive bacterium Sa-
phylococcus aureus. In order to explore the stability of the fabricated nanocom-
posite system, washing fastness and perspiration fastness in artificial sweat under
acidic and akaline conditions were examined. The release of silver during wash-
ing and 24-h long incubation in artificial sweat was also monitored. The presence
of TiO2 NPs on the PA fabric surface was the essential motive to evaluate the
UV protection efficiency of the impregnated PA fabric.

EXPERIMENTAL
Materials and methods

Desized and bleached polyamide (PA 6.6, 150 g m™2) fabric was cleaned in a bath con-
taining 0.5 % the nonionic washing agent Felosan RG-N (Bezema) at a liquor-to-fabric ratio
of 50:1. After 15 min of washing at 50 °C, the fabric was rinsed once with warm water (50
°C) for 3 min and three times (3 min) with cold water. The fabric was then dried at room
temperature.

The colloid consisting of TiO, NPs was synthesized by acidic hydrolysis of TiCl, in a
manner aready described in detail in the literature.?8 Most of the synthesized TiO, NPs were
single crystalline and irregularly shaped with average dimensions of 6 nm.32 The electron
diffraction pattern and Raman spectroscopy measurements indicated the formation of the
anatase crystal structure.32

Impregnation of PA fabric with TiO, NPs (PA+TiO,) was performed by immersion of
the samplein 0.1 M TiO, colloid at aliquor-to-fabric ratio of 30:1 for 30 min. After squeezing
at a pressure of 2 kg cm?2, the sample was dried at room temperature. Subsequently, the
sample was cured at 100 °C for 30 min, double rinsed with deionized water and dried at room
temperature.

Alanine (0.1333 g) was dissolved in 40 mL of Milli-Q deionized water. PA fabric imp-
regnated with TiO, NPs was immersed in this solution for 10 min. AgNO5 solution (1.5 mL,
¢ = 0.015 mol L-Y) and methanol (0.4 mL) were added into 58 mL of HNO; solution (1x10°3
M, pH 3). This solution was added to the alanine solution and mixed. After purging with
argon for 30 min, the system was illuminated with an Ultra-Vitalux lamp (300 W, Osram) for
30 min under exclusion of air. The applied lamp simulated sun-like irradiation with a spectral
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radiation power distribution at wavelengths between 300-1700 nm. The PA fabric was
removed from the solution, dried at room temperature, rinsed in Milli-Q deionized water for
15 min and dried at room temperature. The fabricated textile nanocomposite was denoted as
PA+TiO,/Ag.

The morphology of the PA fibers was analyzed by a Mira3 Tescan field emission scan-
ning electron microscope (FESEM). The samples were coated with a thin layer of Au/Pd
(85/15) prior to analysis.

The total content of Ag and Ti in the impregnated PA fabrics was determined using an
ICP Emission Spectrometer: ICAP 6000 series (Thermo Electron Corporation). 40 mg of
sample immersed in 60 mL of concentrated sulfuric acid was moderately heated for 5-10 min.
Subsequently, 2 mL of nitric acid (1:1) was added and after short heating, a clear solution was
obtained.

The reflectance spectra of the PA fabrics were recorded using a Datacolor SF300
spectrophotometer. The color coordinates of untreated PA fabric, PA+TiO, and PA+TiO./Ag
fabric (CIE L*, a*, b*) were determined under illuminant Dgs using a 10° standard observer.
Based on the measured CIE color coordinates, the color difference (AE*) was calculated as:

AE* =\/(Aa*)2 +(AD¥)2 + (AL¥)? )

where: AL* is the color lightness difference between the PA+TiO,/Ag fabric and the control
PA fabric; Aa* isthe red/green difference between the PA+TiO,/Ag fabric and the control PA
fabric and Ab* is the yellow/blue difference between the PA+TiO,/Ag fabric and the control
PA fabric.

Transmission spectra of the samples were measured using a Cary 100 Scan UV-Vis
spectrophotometer (Varian). The UV protection factor (UPF) values were automatically
calculated based on the recorded data in accordance with the Australia/New Zealand standard
ASINZS 4399:1996 using a Startek UV fabric protection application software version 3.0
(Startek Technology).

The antibacterial activity of impregnated PA fabrics was assessed against Gram-negative
bacterium E. coli ATCC 25922 and Gram-positive bacterium S. aureus in accordance with the
standard test method ASTM E 2149-01.3% The percentage bacteria reduction (R / %) was
calculated using the following equation:

C,-C
Co
where Cq (CFU — colony forming units) is the number of bacterial colonies on the control PA
fabric (untreated PA fabric without TiO,/Ag NPs) and C (CFU) is the number of bacteria

colonies on the PA fabric loaded with TiO,/Ag NPs.

Washing fastness of impregnated PA fabrics was tested after five and ten washing cycles
in Polycolor (Werner Mathis AG) laboratory beaker dyer at 45 rpm. The samples were
washed in the bath containing 5 g L1 Society of Dyers & Colourists (SDC) standard detergent
and 2 g L'1 Na,CO; at a liquor-to-fabric ratio of 80:1. After 30 min of washing at 40 °C, the
fabrics were soaked twice in cold distilled water. The samples were afterwards held under the
tap water for 10 min, squeezed and dried at 70 °C. The percentage of bacterial reduction after
five and ten washing cycles was calculated according to Eq. (2). The concentration of silver
released from the PA fabrics into washing bath after each washing cycle was measured using
a Spectra AA 55 B (Varian) atomic absorption spectrometer (AAS).

R=100 %)
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The perspiration fastness of the impregnated PA fabrics was analyzed in artificial sweat.
The artificial sweat at pH 5.5 and 8.0 were prepared according to 1SO 105-E04:1989E.34 The
acidic artificial sweat (pH 5.5) contained: 0.5 g L1 of L-histidine monohydrochloride mono-
hydrate, 5 g L1 of sodium chloride and 2.2 g L1 of sodium dihydrogen orthophosphate dihyd-
rate. The akaine artificial sweat (pH 8.0) contained: 0.5 g L1 of L-histidine monohyd-
rochloride monohydrate, 5 g L1 of sodium chloride and 5 g L-1 of disodium hydrogen ortho-
phosphate dodecahydrate. The solutions were brought to pH 5.5 and 8.0 with a0.1 M solution
of sodium hydroxide. PA fabric (0.300 g) was rinsed in artificial sweat at a liquor-to-fabric
ratio of 50:1. The samples were incubated in a water bath at 37 °C for 24 h. The artificial
sweat was collected and the concentration of released silver was determined by AAS.

RESULTS AND DISCUSSION

The presence of Ag and Ti on the PA+TiO,/Ag fabric was confirmed by ICP
measurements. It was found that one gram of impregnated PA fabric contained
0.49+0.01 mg of Ag and 3.40+0.04 mg of Ti. These results clearly indicate that
three times larger amount of Ag was detected on PA fabric than on PET fabric
impregnated in the same manner.25> EDX anaysis of a single TiO,/Ag nano-
particle deposited on the cotton and cotton/PET fibersin a previous study implied
that metallic silver was formed exactly on the deposited TiO, NPs.26 This was
also confirmed by XPS mapping.26 A thorough analysis of he FTIR spectra of
pure alanine, alanine after binding to Ag*, after adsorption on the surface of TiO»
NPs, and after adsorption on TiO, NPs and binding to Ag*™ suggested that an
interaction between TiO»,, alanine and silver was established, i.e., the carboxyl
group of aanine bridges the surface Ti and Ag*.26 Therefore, this is the argu-
ment to denote the PA fabric impregnated in described manner as a PA+TiOy/Ag
fabric in the further text.

The morphology of PA fibers was analyzed by FESEM. A characteristic
smooth surface of untreated PA fibers could be observed in Fig. 1a. On the other
hand, Fig. 1b reveals that after the photoreduction process, the surface of the PA
fibers became impregnated with TiOo/Ag NPs. It is evident that agglomerates
ranging from approximately 80 to 230 nm were randomly grouped over the sur-
face of PA fibers(inset in Fig. 1b).

Antibacterial efficiency of PA+TiOo/Ag fabrics was tested against E. coli
and S aureus bacteria. The results presented in Table | demonstrate that maxi-
mum bacterial reduction (R = 99.9 %) was obtained for both bacteria. It is well
established that TiO> NPs exhibit antibacterial properties but only when they are
exposed to UV light.32:3536 Taking into account that these tests were conducted
in the dark, the excellent antibacterial activity of the impregnated PA fabric are
attributable only to the generated Ag NPs on the surface of the deposited TiO»
NPs. Maximum reduction of bacteria E. coli was preserved after 10 washing
cycles, indicating good washing fastness. In contrast, although the maximum
reduction of S aureus colonies remained after five washing cycles, after 10
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washing cycles, bacterial reduction dightly decreased (R = 99.5 %). Still, the
obtained antibacterial activity could be considered as satisfactory.

@ (b)
Fig. 1. FESEM images of: a) untreated PA and b) PA+ TiO,/Ag fabrics.

TABLE |. Antibacteria activity of the PA+TiO,/Ag fabric before and after washing

Sample Bacterium Number of bacterial colonies, CFU R/ %
Before washing

Control PA E. coli 1.6x10°

PA+TiO,/Ag <10 99.9

Control PA S aureus 2.1x10°

PA+TiO,/Ag <10 99.9
After 5 washing cycles

Control PA E. coli 2.5x10°

PA+TiOJ/Ag <10 99.9

Control PA S aureus 8.0x103

PA+TiO./Ag 10 99.9
After 10 washing cycles

Control PA E. coli 1.9x10°

PA+TiO,/Ag 140 99.9

Control PA S aureus 2.1x10°

PA+TiO,/Ag 1.0x108 99.5

The growth of bacterial colonies on the PA+TiOy/Ag fabric after 10 washing
cycles is suggested to be due to a decrease in Ag content after washing. AAS
measurements of the Ag content in the washing bath after each washing cycle
indicated that, particularly in the first four washing cycles, large amounts of
silver had been released from the PA+TiOo/Ag fabric. The results from Table 11
demonstrated that in each subsequent washing cycle, leaching of silver was less
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pronounced. After the first washing cycle, the amount of silver was halved.
However, in the last three washing cycles, the content of silver in washing bath
was below the detection limit. Bearing in mind that initial silver content was
around 490 pg g1 as well as that approximately 413 ug g1 of silver was
released during washing, obviously sufficient amount of silver remained on the
PA fabric surface to provide the desired level of antibacterial efficiency.

TABLE II. Silver release from the PA+TiO,/Ag fabric during washing

Number of washing cycles Silver release, ug g1
254.4+22.6
100.8+6.8
33.6+3.4
10+1.7
44417
6.8+2.8
2.8+0.6
Below the detection limit
Below the detection limit
0 Below the detection limit

P OO~NOUOITA,WNPE

The photoreduction of Agt was followed by the color change of PA fabric,
which turned from white to yellowish/gray. However, the color was paler after
washing due to silver leaching. The reflectance measurements in the visible
region of the spectra revealed that there was no significant difference in the ref-
lectance intensity between untreated PA fabric and PA fabric impregnated with
TiO2 NPs (Fig. 2). However, after generation of TiOx/Ag NPs, the reflectance

SU- P - [ . R LRI
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w0l T s
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- - PASTIO /Ag
0t - ST PA+TIO /Ag (after 5 washing cycles)
--- - PA+TiO fAg (after 10 washing cydles)
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400 450 500 550 600 650 700
»/nm
Fig. 2. Reflectance curves of the PA fabric, PA+TiO, fabric and PA+TiO,/Ag fabrics
before and after washing.
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curve changed its shape, which was preserved after five and ten washing cycles,
but the reflectance intensities decreased due to silver release. The color differ-
ences between PA fabrics impregnated with TiO>/Ag NPs and control fabric
(untreated PA fabric), expressed via AE*, AL*, Aa* and Ab* values, are pre-
sented in Table I11. In general, the color differences (AE*) greater than one can
be visually detected. It is evident that after impregnation of PA with TiOo/Ag
NPs, AE* drastically increased indicating a large color change, which declined
after five and particularly after ten washing cycles.

TABLE 111. Color change of the PA+TiO,/Ag fabric after washing

Sample L* a* b* AL* Aa* Ab* AE*  Description
PA 9091 066 202 - - - - -
PA+TIO /Ag 7140 135 941 -1951 201 7.39 2098 Darker,less
green, yellow
PA+TiO,/Ag 7834 227 923 -1257 293 721 1479 Darker,less
(after 5 washing cycles) green, yellow
PA+TiO,/Ag 8147 243 6.65 944 309 4.63 1098 Darker, less
(after 10 washing cycles) green, yellow

The perspiration fastness of the PA+TiO, fabric in acidic and akaline arti-
ficial sweat was also evaluated. The results showed that silver release occurred at
both pH. Namely, 9.25 and 20.2 ug g1 of silver leached from the PA+TiO,/Ag
fabric at pH 5.5 and 8.0, respectively. Severa reports revealed that silver is
released to alarger extent under alkaline conditions,25:26,37,38

Bearing in mind the ever-increasing warning on ozone layer depletion and
potential health risks, much more attention has recently been paid on UV pro-
tective finishing of textile goods. Although many organic finishing agents have
been conventionally used for UV protection of textiles, lately TiO»> NPs appeared
as a very attractive aternative since a small amount of TiOo, NPs efficiently
imparts the desired levels of UV protection.32:35,36,39,40 The present study also
confirmed that TiO2/Ag NPs could significantly enhance the UV protective pro-
perties of PA fabric. The UPF values and UPF ratings of untreated and impreg-
nated PA fabric before and after washing are given in Table V. As expected, the
PA fabric exhibited poor UV protection with a UPF rating of only 10. The
deposition of TiO> NPs on the PA fabric led to an increase in the UPF value from
12.76 to 28.13. Consequently, the UPF rating of the PA+TiO» fabric rose to 25,
indicating very good UV protection. The presence of silver on the surface of
TiO> NPs and corresponding color change of the PA fabric into yellowish
brought about a further elevation of the UPF rating to 30. However, after wash-
ing, UPF rating decreased to 25, very likely due to silver release. There was no
significant difference between UPF values of the PA+TiOy/Ag fabric after five
and ten washing cycles. The UPF values measured after washing were almost
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equivalent to the one corresponding to the PA+TiO, fabric. Theseresultsarein a
good correlation with a fact that approximately 85 % of silver had been released
after ten washing cycles.

TABLE V. UV protection properties of the PA fabric, PA+TiO, fabric and PA+TiO,/Ag
fabrics before and after washing

Sample UPF UPF rating

PA 12.76 10

PA+TiO, 28.13 25

PA+TiO,/Ag 38.24 30

PA+TiO,/Ag (after 5 washing cycles) 28.22 25

PA+TiO,/Ag (after 10 washing cycles) 27.59 25
CONCLUSIONS

The results of this study indicated that colloidal TiO, nanoparticles deposited
on PA fabric could be efficiently exploited for the photoreduction of Ag* ionsin
the presence of the amino acid alanine and methanol. The fabricated TiO2/Ag
nanoparticles could be utilized for imparting antibacterial and UV protective
properties to PA fabric. PA fabric impregnated with TiO,/Ag nanoparticles pro-
vided the maximum reduction of E. coli and S. aureus bacterial colonies. Maxi-
mum bacterial reduction was preserved after ten washing cycles in the case of E.
coli, whereas the antibacterial activity of the fabric dlightly decreased against S.
aureus. This was suggested to be due to leaching of silver during washing and
thus, a smaller amount of retained silver on the surface of the fabric. The leach-
ing of silver occurred to a much smaller extent in artificial sweat, particularly
under alkaline conditions. In addition, the impregnated PA fabric had a UPF
rating of 30, which could be classified as very good UV protection.

Excellent antibacteria activity and good washing fastness of PA impreg-
nated with TiOo/Ag nanoparticles could be utilized in the production of medical
and protective textiles, which show an ever-increasing demand.
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U3BOJ
AHTHUBAKTEPHUJCKA U UV-3AIITUTHA CBOJCTBA IIOJIMAMUIHE TKAHUHE
UMITPETHUPAHE HAHOYECTULIAMA TiO,/Ag

MUJTULIA MUJIOILEBUR', AHA KPKOBABUR’, MAPUJA PAZIOMYUR', 30PAH LIATIOBURS, BECHA JIASUR’,
MUWJIOBAH CTOM/BKOBUE' 1 MAJA PAIETUR’

1YHusep3umeu7 y Beoipagy, Uncuiutiyti 3a HyKiedpre Hayxe“Bunua”, u. up. 522,11001 Beoipag,
ZYHueep3uu76m y Beoipagy, Texnonowxo—meiianypwxu paxyniieii, Kapueiujesa 4, 11120 Beoipag u
3YHueep3uu76w y Beoipagy, Hnogavuonu yenitap TexHOMOWKO—Melanypwkol paxynieiia,
Kapueiujesa 4, 11120 Beoipag

Y oBOM pany je mUCKyTOBaHa MoryhHocr in situ ¢otopenykuuje Agt nomohy xomongHux
HaHouectuna TiO, JenoHOBaHUX Ha NMOBPUIMHY NOJIMaMHUHE TKAaHUHE y NPUCYCTBY aMMHO
KUCEIMHE ajJlaHMHAa U MEeTWI-anKkoxosa. ITpucyctso HaHodecTuna TiO,/Ag Ha NOTHAMUIHOj
TkaHuHU noTBpheHo je FESEM u ICP aHanmsama. AHTHDaKTepHjcka aKTUBHOCT TKAaHUHE je
TeCcTUpaHa IpemMa rpaM-HeratuBHOj dakrepuju Escherichia coli 1 rpaM-TIO3UTUBHOj DaKkTepuju
Staphylococcus aureus. Tenepucane HaHouectuue TiO,/Ag Ha MOBPIIWHHM NMOJTHAMHIHE TKa-
HUHE 00e30elyjy MakcumanHy OaKkTepHjCKy peAyKUHjy M THME OIM4YHYy aHTHOAKTEPH)jCKY
aKTUBHOCT. YIpkoc ociobahawmy cpedpa ca TKkaHWHEe TOKOM IIpama, UMIPErHUpaHa IOJH-
aMuJHa TKaHMHA je o4yBajla MaKCHMajHy penykuujy kononuja E. coli. AHTHDaKTepujcka
aKTUBHOCT IpemMa OaxTepHju S. aureus je cMameHa HaKOH JeCeT IUKIyca ITpama, ajii ce jour
yBeK MO)ke cMmarpatd 3azoBosbaBajyhom. ITpucyctBo Hanouectuua TiO,/Ag Takohe obes-
dehyje bomy eduxacuoct UV 3aimTuTte Koja ce Moxxe Ki1acudHUKOBATH Kao BPJIO fodpa.

(ITpumibeHo 4. HoBeMOpa, peBunupano 15. neuemdpa, mpuxsaheno 19. neuembpa 2014)
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