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a b s t r a c t

An all-inorganic protocol, entirely based on wet chemistry methods, has been studied to form nano-
sized Ag metallic particles in solution. Liquid suspensions of anatase TiO2 nanocrystallites have first been
prepared through a sol–gel route. Silver nanoparticles (NPs) have then been generated through the pho-
tocatalytic reduction of a silver salt, diluted in TiO2 liquid suspensions, and exposed to UV light, which
results in the formation of a mixed Ag–TiO2 suspension. Mechanisms occurring in solutions during the
metallization step and a post-metallization ageing period have been studied by UV/vis spectroscopy.
etallic silver
iO2

anoparticles
extile
hotocatalysis
ntibacterial activity

Chemico-structural and morphological properties of resulting silver NPs have been studied by transmis-
sion electron microscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy. Ag–TiO2

suspensions have then been impregnated on cotton-based textile samples and the antibacterial activity of
so-functionalized textiles has been studied with respect to E. coli and L. innocua bacteria. It is shown that,
while TiO2 NPs attached to textile fibres have no antibacterial activity, functionalized textiles exhibit a
strong antibacterial activity due to Ag NPs, and this activity can be reached for a large range of impregnated

silver amounts.

. Introduction

In recent years, the antibacterial or antimicrobial finishing of
bres and fabrics used in various environments has attracted much
ttention [1–4]. In this approach, most finished textile materi-
ls currently introduced in hospitals and food industries are used
o protect wearers against the spread of nosocomial infections,
nhibit the formation of pathogen biofilms, and remove the infec-
ion sources. In general, antibacterial properties can be imparted
o the textile materials by chemically or physically incorporat-
ng functional agents onto fibres of fabrics. Researchers are now
ocusing on durable and environmentally friendly agents with

uch interest in finding ways to formulate in cost-effective man-
er new types of safe antibacterial agents. Previous studies have
hown that active agents in the form of nanoparticles (NPs) can

e envisaged as new antibacterial materials. Recently, Klabunde
nd co-workers demonstrated that highly reactive metallic oxide
Ps exhibited good biocidal action against both Gram-positive and
ram-negative bacteria [5]. Thus, the formulation of nano-sized
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010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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inorganic particles displaying unique physical and chemical prop-
erties opens the possibility of a new generation of antibacterial
materials [6]. New studies of efficient active agents are all the
more a topical subject, as several pathogenic bacteria have shown
enhanced resistance against various antibiotics.

Silver-based compounds, being biocompatible at effective con-
centrations, are particularly investigated as antibacterial agents
against micro-organisms when in the form of non-agglomerated
and well dispersed NPs [7–11]. On the one hand, the antibacte-
rial activity of silver cations is well known and has been studied in
details [12]. On the other hand, beside inherent chemical, phys-
ical, and optical properties arising from their very small size,
Ag metallic NPs have recently shown a promising potential as
antibacterial or antimicrobial agents [13]. Many techniques well
covered in literature have been developed to prepare metallic
silver NPs. For example, such NPs can be synthesized through �-
radiation [14], laser ablation [15], electrochemical [16], chemical
[17], photochemical [18] methods, and else. Because of their cost-

effectiveness, wet chemistry (chemical or photochemical) methods
are particularly studied. In these approaches, silver NPs are formed
in solution and then dispersed on functional supports. Such chem-
ical and photochemical procedures often involve multiple organic
chemicals, used as reductive, capping, and/or surfactant agents, and

dx.doi.org/10.1016/j.jphotochem.2010.08.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:Michel.Langlet@grenoble-inp.fr
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ntended to control the mean size, size distribution, and stability
f silver NPs in solution. For instance, the use of NaBH4 or citrate
dditives is very well documented in the literature [19–21]. How-
ver, organic chemicals can alter or shield the function of metallic
Ps. In clothing applications, they can also provoke biological haz-
rds when contacted with human skin [7]. Finally, aforementioned
hemical and photochemical procedures involve quite tedious
ulti-step processes, which are not necessarily compatible with

ndustrial aspects [22].
In this work, an all-inorganic two-step protocol, entirely based

n wet chemistry methods, has been studied to form nano-sized
g metallic particles in solution. Liquid suspensions of anatase
iO2 nanocrystallites have first been prepared through a sol–gel
oute. Silver NPs have then been generated through the photocat-
lytic reduction of silver nitrate diluted in TiO2 liquid suspensions
xposed to UV light, which results in mixed Ag–TiO2 suspensions.
n this paper, we firstly focus on the formation of silver NPs and
heir optimization with respect to the metallization yield as well
s their mean size, size distribution, and stability in solution. Size
ffects are a particular matter of interest because it has been shown
hat interactions of silver NPs with bacteria are dependent on
he size and shape of the nanoparticles [23]. Then, the antibac-
erial action of metallic Ag NPs impregnated on textile materials
hrough a pad-coating procedure is presented. Antibacterial activ-
ty assessments have been performed using Gram-negative E. coli
nd Gram-positive L. innocua as model bacteria.

. Experimental

.1. Preparation of TiO2 liquid suspensions

Titanium oxide liquid suspensions were prepared using a
ol–gel route, as schematically illustrated in Fig. 1a. In a first
reparation step, a polymeric sol (PS) was formed by mix-

ng tetraisopropyl orthotitanate (TIPT) with deionised water,
ydrochloric acid (HCl), and absolute ethanol as a solvent [24]. The
IPT concentration in the sol was 0.4 M, and the TIPT/H2O/HCl molar
omposition was 1/0.82/0.13. The sol was aged at room temper-

ture for 2 days before use in a second preparation step. In this
econd step, the PS sol was first diluted in an excess of deionised
ater (H2O/TIPT molar ratio of 90) and then autoclaved at 130 ◦C

or 6 h. Autoclaving yielded the crystallization of anatase TiO2 NPs
n the liquid phase. An exchange procedure was then performed

ig. 1. Schematic illustration of the process yielding antibacterial functionalization of tex
reparation of an Ag–TiO2 mixed suspension through a photocatalytic reduction mechan
hotobiology A: Chemistry 215 (2010) 147–156

in order to remove water from the sol and form a crystalline sus-
pension (CS) in absolute ethanol. The final TiO2 concentration in
ethanol was 0.24 M. For more data, the whole procedure has been
described in a previous paper [25]. The final sol was composed of
TiO2 nanocrystallites of about 6 nm in diameter, which were aggre-
gated in the form of polycrystalline grains of 50–100 nm in size.
Previous works showed that both PS and CS preparation conditions
gave rise to very stable sols, which indicated that no gelation took
place in PS sols, while no significant particle aggregation occurred
in CS sols. Consequently, these sols could be used for several weeks
in reproducible conditions.

2.2. Photo-generation of silver nanoparticles in solution

The process yielding the formation of Ag NPs in solution is
schematically represented in Fig. 1b. Silver nitrate (AgNO3), used
as Ag precursor, was first diluted at various concentrations in
absolute ethanol and the mixture was then added to a CS pre-
viously diluted in absolute ethanol at various concentrations.
AgNO3 and TiO2 concentrations in resulting solutions were varied
in the [0.037 × 10−3–5 × 10−3 M] and [0.024 × 10−3–2.4 × 10−3 M]
ranges, respectively. These solutions were magnetically stirred
for 15 min at 500 rpm, then poured into a glass vessel and
exposed to radiation arising from three UVA lamps (PLS 11W
from Philips) essentially emitting at 365 nm wavelength (negligi-
ble UVB/UVC emission). UV exposure experiments were performed
for various durations, ranging up to 1 h, in a climatic cabinet
regulated at a 20 ◦C temperature and 40% relative humidity. Con-
stant agitation of the solution was insured over UV exposure
using a magnetic stirrer rotated at 500 rpm. As will be discussed
hereafter, this procedure resulted in mixed Ag–TiO2 liquid suspen-
sions.

2.3. Substrates and antibacterial textile finishing

Silicon wafers were used as supports to routinely study some
characteristics of NPs formed through the aforementioned proce-
dure. For that purpose, 5–10 droplets of derived liquid suspensions

were spread on the substrate surface in order to deposit a sufficient
quantity of matter to be analyzed. Besides, antibacterial tests were
performed on 65% cotton–35% polyester textiles, furnished by an
industrial society. More precise data on these textiles cannot be
furnished for confidentiality reasons. The impregnation procedure

tile fabrics: preparation of a TiO2 crystalline suspension through sol–gel route (a),
ism (b), and impregnation of the textile within an Ag–TiO2 mixed suspension (c).
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yellow or dark yellow. This coloration is attributed to a growing
absorption at short wavelengths of the visible spectrum, arising
from the progressive appearance of plasmon effects, and it pro-
vides a first evidence of the photo-metallization reaction occurring
M. Messaoud et al. / Journal of Photochemistry

f textile samples with Ag–TiO2 liquid suspensions is schemati-
ally represented in Fig. 1c. Household washing was preliminary
erformed at 40 ◦C using the ECE laundering powder (1 g/L) in
rder to eliminate dusts and impurities. Textiles were then rinsed 3
imes with water, and finally dried at ambient temperature. Textile
amples of 30 cm × 7 cm dimensions were impregnated in Ag–TiO2
iquid suspensions of various compositions through a pad-coating
rocedure with an immersion speed of 5 m/min. The finished tex-
ile was then wrung twice between a plane support and an upper
queezing roll to remove the excess of liquid suspension and fix
he remaining finish on the textile. The textile was finally dried at
10 ◦C for 10 min to totally eliminate the solvent (ethanol).

.4. Characterization methods

Modifications occurring in the solutions exposed to UV light
ere analyzed by UV/vis spectroscopy, in a 200–500 nm spectral

ange, using a Jasco V-530 spectrophotometer. Over UV exposure,
mall solution aliquots were periodically withdrawn for spectral
easurement. Morphological and chemical characterizations were

enerally realized on NPs deposited on silicon substrates. Nanopar-
icle imaging was performed using a ZEISS Ultra 55 field emission
un scanning electron microscope (FEG-SEM) operated at 20 kV.
Ps counting was realized from FEG-SEM images using an Image-
ro Plus V4 software. NPs dispersed on textile fibres were also
maged using a controlled pressure FEG-SEM (Zeiss Ultra 55 VP)

ith a chamber pressure of 100 Pa. Surface chemical analysis of NPs
as performed by X-ray photoelectron spectroscopy (XPS) using a

HI Quantera SXM instrument (physical electronics) equipped with
180◦ hemispherical electron energy analyzer and a monochrom-
tized Al K� (1486.6 eV) source operated at 15 kV and 4 mA. The
nalysis spot had a diameter of 200 �m and the detection angle
elative to the substrate surface was 45◦. In such conditions, the
robed depth was estimated to be around 3 nm. Samples were
nalyzed with dual-beam charge neutralisation and the C–C/C–H
omponent of C1s peak was adjusted to 285 eV. The so-called mod-
fied Auger parameter was calculated from the sum of the Ag3d5/2
hotoelectron binding energy and of the AgM4N45N45 Auger elec-
ron kinetic energy. Structural characterizations were performed
hanks to transmission electron microscopy (TEM) observations.
or that purpose, NPs were dispersed on a carbon grid and then
tudied using a JEOL-2010 LaB6 TEM operated at 200 keV. Fast
ourier transform (FFT) was performed on several high resolution
EM (HRTEM) images to identify the simultaneous presence of Ag
nd TiO2 nanoparticles.

.5. Bacterial strains and determination of the antibacterial
ctivity

Determination of the antibacterial activity was focused on the
ram-negative bacteria E. coli (XL1-blue) and the Gram-positive
acteria L. innocua. The latter kind of strains were isolated from a
airy environment. All strains were stored at −20 ◦C in brain heart

nfusion (BHI) media added with 15 vol% glycerol. The whole pro-
ocol, which is adapted from the ISO 20743-2005 (Anon., 2005)
tandard for the determination of the antibacterial activity on
extiles, has been detailed elsewhere [26]. Briefly, after different
ncubation times at 30 ◦C, i.e. different contact durations of bac-
eria at the surface of textile fibres, bacterial cells were removed
rom the textile and the number of cells forming colony on tryp-
icase soy agar (TSA) was counted and expressed relatively to the

eight of the textile sample in log (CFU/g) units. Bacterial evolu-

ion kinetics were studied by plotting log (CFU/g) as a function of
he incubation time and the antibacterial activity (A) of the fin-
shing treatment was calculated after 24 h of incubation according
o A = (C24 − C0) − (T24 − T0), where C and T represent the numbers
hotobiology A: Chemistry 215 (2010) 147–156 149

of bacteria counted after removal from control (untreated) and
treated textiles, respectively, and “24” and “0” account for times
of incubation (in hours) for each condition. According to the ISO
20743-2005 standard, the finishing treatment is considered to be
active when the antibacterial activity exceeds a value of 2.

3. Results and discussion

3.1. UV/vis spectral features

The UV–vis spectrum illustrated in Fig. 2a shows that silver
nitrate only absorbs light at around 215 nm and does not show any
absorption in the UVA range, i.e. the emission range of lamps used
in the present work. In these conditions, any direct photochemi-
cal (photolytic) reduction of Ag+ cations, which would eventually
produce Ag NPs, cannot be expected under UVA light. In contrast,
spectra of Fig. 2b–f shows that increasing the relative amount of
TiO2 NPs in the solution promotes the appearance and growth of
a second UV absorption band at greater wavelengths and a pro-
gressive absorption overlap in the emission range of our lamps. It
is well known that, when exposed to UV radiation (� < 380 nm),
titanium oxide (preferentially in its anatase polymorphic form)
absorbs light and exhibits photocatalytic properties induced by
electron (e−)/hole (h+) pairs photo-generated in the TiO2 particles
[27]. Photo-generated electrons can in particular induce a reduc-
tion of cations adsorbed at the TiO2 surface [28]. This mechanism
has been used in the present work to promote the photo-reduction
of AgNO3 into Ag NPs. The anodic process associated to this reduc-
tion mechanism is the oxidation of a sacrificial oxidable reactant
by valence band photo-holes. In this work, ethanol employed as a
dilution medium of AgNO3 salt and TiO2 particles, was also used as
an oxidable reactant. This hole-scavenger, which favours a better
photo-generated charge carrier separation, is expected to promote
a more efficient photo-reduction and to enhance the rate of metal-
lization leading to Ag NPs.

It is known that metallic silver NPs exhibit an intense absorption
band due to surface plasmon resonance (SPR) effects. According
to Mie theory, the SPR arises from interactions of small metallic
particles with an external electromagnetic field, induced by light,
resulting in a coherent oscillation of the conduction (free) elec-
trons at the surface [29,30]. During UV exposure, we observed that
AgNO3/TiO2 ethanolic solutions gradually turned from colorless to
Fig. 2. UV–vis spectra of AgNO3 (C = 0.5 × 10−3 M) diluted in pure ethanol (a) and in a
CS suspension with a TiO2 concentration of 0.25 × 10−4 (b), 1.2 × 10−4 (c), 2.4 × 10−4

(d), 1.2 × 10−3 (e), and 2.4 × 10−3 M (f).
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ig. 3. SPR band at 420 nm for a mixed solution, composed of AgNO3

C = 0.5 × 10−3 M) and TiO2 (C = 1.2 × 10−3 M), and exposed to UV light for 0 (a), 5
b), 15 (c), 30 (d), and 60 min (e). Spectra have been normalized to the spectrum of
he solution before UV exposure.

n the solution. Typical absorption spectra of a solution exposed
o UV light for various durations are presented in Fig. 3. For more
larity, spectra presented in this figure have been normalized to the
pectrum of the solution before UV exposure, i.e. AgNO3 and TiO2
bsorption bands illustrated in Fig. 2 have been subtracted from
he UV/vis spectra of irradiated solutions. These normalized spectra
llustrate the appearance and growth of a well defined absorption
and located at around 420 nm. The more or less rapid development
f such a band under UV exposure was observed for all the solu-
ions studied here. The location of this band is coherent with SPR
ffects induced by metallic silver NPs [31,32]. In the present work,
ntensity of the 420 nm band deduced from normalized spectra has
een used to study the photo-metallization reaction occurring in
olution under UV exposure.

.2. Photo-metallization kinetics

Fig. 4 shows intensity variations of the normalized SPR band
t 420 nm over UV exposure for mixed solutions of 0.5 × 10−3 M
gNO3 concentration and various TiO2 concentrations. For a same
mount of silver precursor in the solution, it is observed that the
ormation of metallic silver NPs, i.e. intensity growth of the SPR

and, strongly depends on the TiO2 amount. On the one hand,

ncreasing the TiO2 concentration from 2.4 × 10−5 to 1.2 × 10−3 M
Fig. 4a–c) yields an increasing metallization rate. This rate is gen-
rally rapid over the first UV exposure stages, after what it slows
own or even shows a plateau. Beneficial influence of the TiO2

ig. 4. Intensity variations of the normalized 420 nm SPR band over UV exposure for
ixed solutions with 0.5 × 10−3 M AgNO3 concentration and TiO2 concentrations of

.24 × 10−4 (a), 1.2 × 10−4 (b), 1.2 × 10−3 (c) and 2.4 × 10−3 M (d).
Fig. 5. Intensity of the normalized 420 nm SPR band measured after 15 min
UV exposure for solutions of various TiO2 concentrations (AgNO3 concentration
of 0.5 × 10−3 M) (a) and various AgNO3 concentrations (TiO2 concentration of
1.2 × 10−3 M) (b).

amount firstly suggests an activation of the photo-reduction reac-
tion induced by the photocatalytic activity of TiO2 nanocrystallites.
On the other hand, Fig. 4c and d shows that further increase in the
TiO2 amount does not improve and even reduces the metallization
rate. Overall trends illustrated in Fig. 4 suggest, therefore, a compe-
tition between photocatalytic activation and UVA light absorption
arising from TiO2 NPs. Above a certain TiO2 concentration thresh-
old, it is likely that UVA absorption by TiO2 NPs predominates,
which reduces penetration of light within the irradiated solution
and thus decreases the metallization yield. Beside, it should be
noted that kinetic behaviours illustrated in Fig. 4 do not only depict
metallization features but also the aggregation and subsequent
decantation of photo-generated metallic particles. Accordingly, for
a weak TiO2 concentration of 2.4 × 10−5 M, particles were visually
observed to rapidly decant during UV irradiation, which could also
explain why the SPR band illustrated in Fig. 4a for this solution
did not significantly increase in intensity over UV exposure. These
decantation features will be discussed below. Finally, data illus-
trated in Fig. 4 can also depict a competition between metallization
advancement and UVA light absorption by Ag NPs formed in solu-
tion. Indeed, Fig. 3 shows that the SPR band of Ag NPs partly overlaps
the emission range of our UVA lamps. Thus, while Ag particles are
progressively formed in solution, this latter is expected to absorb
more and more UVA light, yielding a decrease in light penetration
and a metallization yield reduction over UV exposure.

Previously drawn conclusions are globally confirmed by data
illustrated in Fig. 5, which depicts intensity variations of the nor-
malized SPR band measured after 15 min UV exposure as a function
of the AgNO3 concentration (TiO2 concentration) for a fixed TiO2
concentration (AgNO3 concentration) in the solution. This figure
shows that below AgNO3 and TiO2 concentration thresholds of
around 0.1 × 10−3 M, the metallization proceeds extremely slowly.
The metallization rate is observed to strongly increase when fur-
ther increasing the concentration of AgNO3 and TiO2 up to around
0.5 × 10−3 M. An autocatalytic reduction mechanism can eventually
participate in the sudden acceleration of the metallization reac-
tion when increasing the AgNO3 concentration, i.e. initially formed
Ag NPs can in turn participate in the photo-reduction mechanism
owing to their photochemical activity [33]. Finally, Fig. 5 shows that
increasing the reactant concentrations above around 0.5 × 10−3 M

does not yield significant improvement in the metallization rate,
which is attributed to a predominant UV light absorption by Ag
and TiO2 NPs in the solution, i.e. a reduction of light penetration in
the solution exposed to UV.
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Fig. 6. Stability of Ag NPs in solution over ageing, as deduced from the 420 nm SPR
band intensity variations, for solutions previously exposed to UV light for 60 min
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ith an AgNO3 concentration of 0.5 × 10 M and TiO2 concentrations of 2.4 × 10
a), 1.2 × 10−3 (b), and 2.4 × 10−3 M (c). Spectra have been normalized to those mea-
ured before ageing. The arrow shows the instant where magnetic stirring has been
erformed.

.3. Stability of Ag NPs in solution

From an applicative point of view, a reasonable stability over
geing of NPs formed in solution, i.e. prevention of their decanta-
ion, is an important feature to be studied since it determines
he reproducible use of our suspensions in the long-term. On the
ne hand, solutions with high Ag concentrations did not exhibit
ood stability over ageing. On the other hand, the presence of
iO2 NPs was observed to impact the solution stability over age-
ng. As already mentioned, and illustrated in Fig. 4a, for a fixed
gNO3 concentration of 0.5 × 10−3 M, a solution with a very weak
iO2 concentration (0.24 × 10−4 M) rapidly decants even during UV
xposure. Fig. 6 illustrates variations of the SPR band intensity
ver ageing for three solutions previously exposed to UV light for
0 min with a fixed AgNO3 concentration of 0.5 × 10−3 M and TiO2
oncentrations ranging from 2.4 × 10−4 to 2.4 × 10−3 M. For com-
arison purpose, SPR band intensities have been normalized to the
alue measured before ageing. The solution with the weakest TiO2
mount was visually observed to rapidly decant over ageing, and
his decantation yielded a rapid drop and quasi-extinction of the
PR band (Fig. 6a), i.e. a nearly total decantation of Ag NPs. Fig. 6b
nd c shows that increasing the TiO2 amount strongly reduces
he intensity drop of the SPR band. Ageing for 2 weeks solutions
ith TiO2 concentrations of 1.2 × 10−3 and 2.4 × 10−3 M yielded a

eduction of the SPR band intensity by 60% and 30%, respectively,
hich depicted a reduced decantation of silver NPs. No additional
ecantation was observed with further ageing of these solutions,
hich were observed to remain naturally stable for several addi-

ional weeks. Fig. 6c also shows that, for a solution with the greatest
iO2 concentration studied here, a simple magnetic stirring for
0 min is sufficient to recover the initial SPR band intensity, i.e.
o regenerate the solution. These data indicate that, above a certain
hreshold value of the TiO2/AgNO3 ratio, resulting Ag–TiO2 sus-
ensions can be efficiently stabilized on the long-term. In other
ords, TiO2 NPs not only act as photo-reductive reactants, but also
lay a role of stabilizing agents, similarly to what is commonly
eported in the literature for organic stabilizers used in chemical
r photochemical reduction procedures. As previously mentioned,
ure TiO2 CS sols exhibit good stability on the long-term, which
s attributed to electrostatic repulsion effects between positively
harged TiO2 NPs formed in acidic solution [25]. It is supposed that
uch electrostatic repulsion effects can also contribute in the stabil-
sation of Ag NPs, provided that the initial TiO2/AgNO3 molar ratio
n the solution is close to an optimal threshold value. For conditions
hotobiology A: Chemistry 215 (2010) 147–156 151

illustrated in Fig. 6, we can infer a threshold value corresponding
to a TiO2/AgNO3 molar ratio of around 5. According to metalliza-
tion and stability features illustrated in Figs. 3–6, following parts of
this work will be focused on optimized Ag–TiO2 suspensions aris-
ing from solutions exposed to UV light for 60 min with 0.5 × 10−3 M
AgNO3 and 2.4 × 10−3 M TiO2 concentrations.

3.4. Structural and morphological features

Fig. 7 illustrates TEM images of particles deposited on a carbon
grid from the optimized Ag–TiO2 suspension. Owing to weight con-
trast effects, silver particles are expected to produce darker features
than TiO2 ones. Darker spots observed in Fig. 7 are thus attributed
to metallic silver particles while grey spots correspond to TiO2 rich
areas. From the analysis of several low magnification TEM and high
magnification HRTEM images, it was deduced that most silver par-
ticles had a diameter ranging between 2 and 15 nm. Besides, lines
observed in HRTEM images of Fig. 7b and c correspond to reticular
planes, which indicate the crystalline state of silver particles. It is
illustrated in Fig. 7d, which shows the diffraction pattern derived
from a FFT of the HRTEM image displayed in Fig. 7c. An indexa-
tion of this pattern depicts a particle orientated along the [0 1 1]
zone axis of the centred face cubic (CFC) structure of metallic sil-
ver, and white spots observed in the pattern are assigned to three
reticular plane families of this structure, i.e. (−1 1 −1), (1 1 −1), and
(2 0 0) planes. The analysis of various patterns allowed a system-
atic assignment of reticular planes to the CFC structure of metallic
silver. These observations, in agreement with plasmon features
illustrated in Fig. 3, prove the metallic state of silver NPs formed
through our photocatalytic reduction process. TiO2 particles in the
anatase structure were also clearly put in evidence from FFTs of
various HRTEM images (not illustrated here).

Fig. 8a shows a typical FEG-SEM image of a silicon substrate
covered with particles derived from the optimized Ag–TiO2 suspen-
sion. Owing to weight contrast between silver particles and TiO2
ones (together with the silicon substrate), white spots observed in
this image are assigned to silver nanoparticles. It is observed that
so-formed particles do not continuously coat the substrate but are
rather homogeneously dispersed on its surface. A small number
of large particles can be evidenced in this figure which were not
observed by TEM. However, as illustrated in the insert of Fig. 8a,
image counting performed from FEG-SEM inspections confirmed
the rather narrow size distribution of Ag NPs deduced from TEM
investigations, since 90% of silver NPs presented diameters ranging
from 2 to 15 nm. It is worthy to mention that similarly small Ag par-
ticles have been reported to be very effective against E. coli bacteria
[12,34]. Actually, small size effects have been reported to be at the
origin of an enhanced reactivity of such nanoparticles [12,35].

3.5. Metallization degree of silver particles

Fig. 9 shows the typical Ag3d doublet spectrum measured on a
silicon substrate coated with an Ag–TiO2 suspension. Ag3d5/2 and
Ag3d3/2 components of the doublet are depicted by binding energies
of around 368 and 374 eV, respectively. This doublet illustrates the
presence of silver particles at the substrate surface. Energy posi-
tions of XPS peaks can, in principle, provide information on the
oxidation degree of noble metals. However, in the case of silver,
data of the literature show that Ag3d5/2 peak energies of metallic
silver (Ag) and silver in its most probable oxidation state (Ag2O) lie
in the very narrow range of 367.6–368.3 eV [36], which does not

allow drawing reliable conclusions on the silver oxidation degree.
For this reason, the modified Auger parameter was studied. As pre-
viously mentioned, this parameter relies on the sum of the Ag3d5/2
photoelectron binding energy and of the AgM4N45N45 Auger electron
kinetic energy. Auger parameter values of around 725.8–726 eV
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ig. 7. Low magnification TEM image of silver (dark contrast) and TiO2 (grey contra
iffraction pattern derived from FFT of the HRTEM image displayed in Fig. 6c.

ere reproducibly measured on several samples, which demon-
trated the accurate determination of this parameter. Literature

ata show that silver in its Ag2O or (less probable) AgO oxidized
orms yields an Auger parameter in the 724–724.8 eV range, while

etallic silver yields an Auger parameter in the 726–726.3 eV range
37–39]. Thus, values measured on our samples appear to be rather
lose to those mentioned for metallic silver. However, since our

ig. 8. FEG-SEM images of silver NPs (white spots) dispersed on a silicon wafer (a) and i
ilver NPs illustrated in Fig. 7a.
rticles (a), and HRTEM images of silver NPs (b and c). Fig. 6d illustrates an electron

Auger parameter values are slightly weaker than those mentioned
for metallic silver, it suggests a slight oxidation degree, which

probably depicts the formation of an oxide layer at the surface of
metallic NPs. Thus, XPS data support conclusions previously drawn
from UV/vis spectroscopy and TEM characterizations showing that
metallic particles have been formed in solution. From these differ-
ent observations, we conclude that photo-reduction of AgNO3, i.e.

mpregnated on a cotton-based textile (b). The insert shows the size distribution of
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ig. 9. XPS spectrum of the Ag3d doublet measured for silver NPs dispersed on a
ilicon wafer. The spectrum has been normalized to intensity of the Ag3d5/2 peak.

he photo-metallization reaction, has probably gone to completion
n present conditions.

.6. Textile impregnation

The FEG-SEM image of a textile sample impregnated with an
g–TiO2 suspension is illustrated in Fig. 8b. This image shows that,
imilarly to what occurs on silicon, silver particles (white spots)
o not continuously coat the textile fibres but are rather uniformly
ispersed at the fibre surfaces. The size of Ag particles illustrated

n Fig. 8b is rather similar to that illustrated in Fig. 8a for a sil-
con substrate. However, smallest particles appearing in Fig. 8a
annot be appreciated in Fig. 8b, which is probably due to some
ensitivity limitations of the controlled pressure FEG-SEM used to
haracterize textile samples. Energy dispersive X-ray (EDX) anal-
ses performed on such samples depicted a Ti/Ag atomic ratio of
round 5 (not illustrated here) which suggested that, in our tex-
ile impregnation procedure, TiO2 and Ag NPs were deposited au
rorate of the TiO2 and Ag concentrations in the mixed solution. To
rovide a first insight in the yield of our whole process, weight mea-
urements were performed on five textile samples, before and after
he impregnation/wringing procedure (without drying at 110 ◦C).
n that way, pick-up of the finishing solution normalized to the bare
extile weight could be estimated to be 67 ± 4 wt%. From this aver-
ge value and taking into account the weight percentage of Ag in the
olution (assuming a total photo-metalization process according to
reviously discussed data), we could finally estimate the amount
f impregnated silver NPs per surface unit of textile to be around
.16 × 10−2 g/m2.

.7. Antibacterial tests

To assess the antibacterial efficiency of our finished textile fab-
ics, Ag–TiO2 suspensions were first diluted in absolute ethanol by
factor 1–10. Textile samples were then impregnated through a
ad-coating procedure within resulting suspensions and antibac-
erial tests were finally performed against Gram-negative E. coli
nd Gram-positive L. innocua bacteria. Preliminary tests indicated
hat control textiles, as well as textiles impregnated with only
iO2, did not exhibit any antibacterial effect against E. coli. These
eatures are globally illustrated in Fig. 10, which typically shows
etri dishes after a 24 h incubation time of E. coli at the surface of

extile supports. A dense population of bacterial colonies appears
fter incubation on a control textile (Fig. 10a) and textile only
mpregnated with TiO2 particles (Fig. 10b). On the one hand, these
bservations suggest that textile fabrics, especially those made
rom natural fibres (cotton-based), can provide excellent conditions
Fig. 10. Typical observations of Petri dishes after incubation of E. coli bacteria for
24 h at the surface of a control textile (a), a textile only impregnated with TiO2 NPs
(b), and a textile impregnated from an Ag–TiO2 suspension (c).

for the growth and proliferation of different bacterial strains. On the
other hand, they indicate that TiO2 particles also allow the devel-
opment of biological cells, which is in agreement with previous
works performed in our laboratory showing the biocompatibility
of sol–gel derived TiO2 thin films [40]. Actually, it has been shown

by other authors that TiO2 NPs are not antibacterial in the absence
of UV light [41]. In contrast, as illustrated in Fig. 10c, any cultivable
bacteria could not be counted after 24 h of incubation on a textile
impregnated from an Ag–TiO2 suspension. Since TiO2 NPs are not
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Fig. 11. Evolution kinetics of E. coli (a) and L. innocua bacteria (b) at the surface of
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disturb permeability and respiration functions of the cells. Smaller
control textile (�), and textiles impregnated from Ag–TiO2 suspensions, prepared
s described in the text, and subsequently diluted in ethanol by a factor 1 (�), 5 (�),
nd 10 (�).

ntibacterial in present experimental conditions, i.e. in the absence
f UV light, Fig. 10c provides a first illustration of the antibacterial
fficiency of textiles functionalized with Ag NPs.

This antibacterial efficiency was more precisely assessed by
lotting log (CFU/g) as a function of the incubation time on various
extile samples. Corresponding evolutions are illustrated in Fig. 11a
nd b for E. coli and L. innocua cells, respectively. Data illustrated
n these figures first confirm that control textiles provide a good
nvironment for bacterial growth. Both strains of bacteria are able
o develop at the surface of textiles without Ag, which is depicted
y an increasing number of colonies by approximately 2 log (CFU/g)
fter 24 h of incubation. In contrast, Fig. 11a and b clearly shows that
g-treated textiles are effective against both bacteria. After a short

ncubation of 4 h, the number of both kinds of cells decreases by
pproximately 4 log (CFU/g). It means that the antibacterial effect
f silver NPs is not restrained to a simple bacterial growth inhibi-
ion but effectively yields a nearly total mortality of bacterial cells.
owever, Fig. 11a and b also shows that further increase of the incu-
ation duration induces some kinetic differences in relation to the
acteria nature. On the one hand, in the case of E. coli, quite no more
iable bacteria are detected when increasing the incubation time
rom 4 to 24 h. On the other hand, for L. innocua, the number of cells
radually increases from a log (CFU/g) value of 0–1, reached after
h of incubation, to a log (CFU/g) value of about 2.5 after 24 h of

ncubation. It indicates a bi-regime evolution where (i) L. innocua
acteria are first efficiently, but not in their totality, killed at the
ontact of silver NPs, and (ii) a few surviving cells can develop

gain after a longer incubation time. Since silver particles do not
ontinuously coat the textile fibres (Fig. 8b), it is inferred that some
ells can eventually survive and undergo further development on
extile areas poorly impregnated with silver, similarly to what is
Fig. 12. Antibacterial activity against L. innocua (left) and E. coli (right), according to
the ISO 20743/2005 standard, for textiles impregnated from Ag–TiO2 suspensions,
prepared as described in the text, and subsequently diluted in ethanol by a factor
10 (a), 5 (b), and 1 (c).

observed on a control textile. Besides, we have previously indicated
that a majority of Ag NPs studied in this work exhibit diameters
ranging from 2 to 15 nm. It has been shown that very small NPs
can pass through the external wall of bacterial cells, i.e. break the
peptidoglycan layer, and thereby destroy many Gram-positive and
Gram-negative bacterial cells [42]. However, since the peptidogly-
can layer in the former is substantially thicker than in the latter,
Gram-positive bacteria are inferred to oppose an enhanced resis-
tance to the antibacterial effects of active species. These remarks
may explain some differences illustrated in Fig. 11a and b.

The most striking feature depicted in these figures, in presently
studied conditions, is the absence of very significant influence of
the impregnated silver amount on the antibacterial activity of func-
tionalized textile fabrics. Indeed, Fig. 11a and b shows that, for
both strains of studied bacteria, the impregnation of textile fab-
rics in suspensions, whose Ag concentration varies from 0.5 × 10−4

to 0.5 × 10−3 M, yields quite similar antibacterial kinetics. Influence
of the impregnated silver amount has also been assessed through
a quantification of the antibacterial activity according to the ISO
20743/2005 standard (see Section 2). Antibacterial activities are
reported in Fig. 12 for functionalized textiles illustrated in Fig. 11a
and b. Based on the standard definition, strong activities of 6.6 ± 0.4
and 5.5 ± 0.8 are deduced for E. coli and L. innocua, respectively,
whatever the amounts of impregnated particles studied in this
work. These data provide new illustration that (i) for fixed bacteria
natures, a similarly strong antibacterial activity can be conferred to
textile fabrics for a large range of impregnated silver amounts, and
(ii) L. innocua can eventually oppose a stronger resistance than E.
coli to the antibacterial activity induced by silver NPs.

3.8. Potential of our finished textiles: discussion

These studies firstly indicate the effectiveness of metallic silver
NPs formed through our photocatalytic protocol. This result is in
agreement with previous works devoted to the antibacterial func-
tionalization of textile fabrics by plasma-deposited Ag NPs [26].
Generally speaking, the antibacterial activity of silver cations (silver
salts or other silver compounds) and, more recently, that of silver
nanoparticles, has been well established. Several studies propose
that Ag NPs may attach to the surface of the cell membrane and
NPs having the larger surface area available for interaction would
give more bactericidal effect than larger ones [43]. As already men-
tioned, it is possible that smallest Ag NPs not only interact with
the surface of membrane, but can also penetrate inside the bac-



and Photobiology A: Chemistry 215 (2010) 147–156 155

t
b
r
h
i
s
r
a
o
d
A
c
o
e
c
[

e
s
f
t
c
a
T
c
a
o
t
h
o
e
p
s
c
o
F
a
t

t
i
n
t
l
a
a
o
s
n
e
v
a
t
t
h
s
a
s
A
s
e
n
t
b
t
s

M. Messaoud et al. / Journal of Photochemistry

eria [12,42]. As established by the theory of hard/soft acids and
ases, metallic silver particles are prone to react with phospho-
us and sulphur compounds of the cell membrane [44,45]. In this
ypothesis, interaction of Ag NPs with bacteria membranes is log-

cally expected to depend on the active particle surface area, and
maller Ag particles are thus supposed to induce higher antibacte-
ial activity than larger ones [46]. Another possibility to explain the
ntibacterial effect of metallic silver NPs would rely on the release
f silver cations from nanoparticles, i.e. owing to their surface oxi-
ation, such NPs would act as a tank of active silver cations [47].
ccording to the literature, the overall charge of bacteria at biologi-
al pH values is negative because of an excess number of carboxylic
r other groups which, upon dissociation, make the cell surface
lectrically negative [48]. Hamouda and Baker have shown that the
harge of antibacterial species can in turn be crucial for their activity
49].

Of course, the present work does not add to the knowledge in
xact mechanisms involved in the antibacterial activity of metallic
ilver NPs, but it clearly reinforces the importance to study such NPs
or antibacterial applications on textile fabrics. Our studies showed
hat a reduced quantity of impregnated Ag NPs was sufficient to
onfer a strong antibacterial activity to cotton-based textiles, and
n excessive amount of antibacterial NPs did not add to this activity.
his observation has an important consequence for practical appli-
ations. Due to plasmon effects, as illustrated in Fig. 3, an excessive
mount of impregnated silver NPs can induce a brownish coloration
f functionalized textiles. This feature is illustrated in Fig. 13c for a
extile sample impregnated from a 0.5 × 10−3 M Ag suspension. The
omogenous coloration shown in this figure provides an indication
f the uniform distribution of silver NPs through textile fibres. How-
ver, such coloration generally appears to be an undesired event in
ractical applications. As shown in Fig. 13b, impregnation from a
ame suspension further diluted in ethanol by a factor 5 totally
ancels coloration effects and allows preserving the visual aspect
f a control textile (Fig. 13a). In the same time, data illustrated in
igs. 11 and 12 show that the absence of coloration induced by such
dilution does not reduce the antibacterial activity of impregnated

extiles.
For practical uses of textile fabrics, it is generally required

hat finishing treatments exhibit sufficient fastness and strength
n order to withstand friction damages and washing cycles. Fast-
ess and strength of the finishing treatment in turn depend on
he nature of bonds formed at the textile fibre surface, e.g. cova-
ent bonding or physical attachment. In the present state, we
re not in position to assess which kinds of bonds are formed
t the fibre surface. However, a simple test already described in
ur previous paper [50] provided first insights in the fastness and
trength of our finishing treatment. Textile samples were impreg-
ated from an Ag–TiO2 suspension, immersed in water, and then
xposed to several ultrasonic agitation experimentations in a con-
entional ultrasound bath. The samples were then dried for 10 min
t 110 ◦C, to remove water eventually impregnated within tex-
ile fibres during ultrasonication, and subsequently characterized
hrough weight measurements and EDX analyses (not illustrated
ere). Weight measurements showed that, after 10 min of ultra-
onification, the weight of impregnated matter was reduced by
round 40% and did not evolve with further exposure to ultra-
onic agitation. In the same time, EDX analyses indicated that the
g/Ti atomic ratio was reduced by around 35% after a first ultra-
ound exposure of 10 min and did not evolve either with further
xposure to ultrasounds. While we can still not conclude on the

ature of bounds formed at the fibre surface, these results suggest
hat at least a part of Ag antibacterial species remain rather firmly
onded on textile fabrics. Of course, these tests do not account for
rue practical conditions and we cannot claim that, in the present
tate, our finishing treatment can withstand intensive friction dam-
Fig. 13. Visual aspect of a control textile (a) and textiles impregnated from Ag–TiO2

suspensions, prepared as described in the text, and subsequently diluted in ethanol
by a factor 5 (b), and 1 (c). Scale bar is the same for all images.

ages or washing cycles, while preventing an unacceptable loss of
antibacterial activity. These aspects should be the object of further
specific investigations and eventual additional optimizations of our
protocol.

4. Conclusion

An all-inorganic protocol, entirely based on wet chemistry
methods, has been studied to form Ag NPs in solution. Liquid
suspensions of anatase TiO2 nanocrystallites have first been pre-
pared through a sol–gel route. Silver NPs have then been generated

through the photocatalytic reduction of silver nitrate diluted in
TiO2 liquid suspensions exposed to UV light, which results in the
formation of a mixed Ag–TiO2 suspension. UV/vis spectroscopy
studies show that photo-metallization mechanisms leading to sil-
ver NPs are strongly influenced by the UV exposure duration in



1 and P

r
s
d
m
a
a
o
a
s
s
h
r
s
d
o
e
t
t
e
s
f
v
k
t
c
p

A

r
t
R
a
p
F
m

R

[
[
[

[

[

[
[

[
[
[
[

[
[

[
[
[
[

[
[

[
[
[

[

[

[

[

[
[
[
[

[

[
[

[
[
[

[

56 M. Messaoud et al. / Journal of Photochemistry

elation to AgNO3 and TiO2 concentrations in solution. It is also
hown that an excess of TiO2 in the solution allows preventing fast
ecantation of so-formed Ag–TiO2 liquid suspensions over post-
etallization ageing, i.e. TiO2 NPs in liquid suspensions not only

ct as photo-reductive reactants but also play a role of stabilizing
gents. Chemico-structural and morphological characterizations
f derived Ag particles demonstrate their metallic state, as well
s their small size and rather narrow size distribution. Ag–TiO2
uspensions have then been impregnated on cotton-based textile
amples and the antibacterial activity of so-functionalized textiles
as been studied with respect to E. coli and L. innocua bacte-
ia. For both kinds of bacteria, functionalized textiles exhibit a
trong antibacterial activity in a large range of impregnation con-
itions. It has been shown that TiO2 particles, used to form Ag
nes in solution, do not act in this antibacterial activity, which is
ntirely induced by photo-generated Ag NPs. Though, compared
o E. coli, L. innocua exhibits in some extent a greater resistance
o the antibacterial activity, these studies clearly demonstrate the
ffectiveness of silver NPs for antibacterial applications on textile
amples. Besides, since this antibacterial activity is obtained even
or reduced impregnated silver amounts, it has been possible to pre-
ent any undesired textile coloration arising from silver NPs while
eeping a strong activity of functionalized textiles. Further inves-
igations are still needed to check how our impregnation protocol
an allow withstanding friction damages and washing cycles for
ractical use applications.
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