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ABSTRACT: The use of fabrics with antibacterial proper-
ties for commodity applications can provide numerous
advantages such as a reduction in the release of odors due
to bacterial proliferation in sweat and a reduction in the de-
velopment of skin hypersensitivity reactions due to micro-
organisms trapped into the fabrics. Silver is one of the most
effective antibacterial agents used for the high degree of
biocompatibility and for its long-term antibacterial effec-
tiveness against many different bacterial strains. In this
study, an innovative technique for the deposition of nano-
silver antibacterial coating on woolen fiber was analyzed.
In particular, fabrics woven with different percentages of
silver-treated fibers were compared to determine the best
ratio preserving the antibacterial activity and optimizing

the cost-effectiveness of the final product. Scanning electron
microscopy revealed a uniform distribution of silver nano-
clusters on the fibers. The impressive silver coating stability
and durability were demonstrated after several washing
cycles through thermogravimetric analysis. The antimicro-
bial activity of the silver-treated substrates was evaluated
by antibacterial tests on Escherichia coli. A very strong anti-
bacterial activity was found even in presence of the lower
silver content; therefore, a blend of coated and uncoated
fibers is proposed for practical applications. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 125: 2239–2244, 2012

Key words: biocompatibility; bioengineering; biomaterials;
nanoparticle; nanotechnology

INTRODUCTION

There is a growing interest toward the use of fabrics
characterized by nontoxic and durable antimicrobial
finishing for the production of medical devices, per-
sonal hygiene or healthcare products, and consumer
goods.1–3 Surface treatments on fibers or fabrics can
significantly increase their functional performances.
Antibacterial properties are strictly related to the
surface properties of the fibers. Bad odors in pres-
ence of sweat and the development of allergic reac-
tions triggered by microorganisms trapped in fabrics
can be avoided by reducing the bacterial prolifera-
tion.2,4 However, the selection of nontoxic and non-
allergenic chemical agents with antimicrobial activity
is very limited, thus restraining the choice of avail-
able treatments.5 Notoriously, silver ions have
shown high toxicity to different species of bacteria
including Escherichia coli.6,7 Silver is characterized by
long-term antimicrobial properties, excellent resist-
ance to all sterilization techniques, effectiveness on
many different bacteria,8 and high biocompatibility.9

Furthermore, silver does not induce skin irrita-
tion,10,11 and it is characterized by low toxicity to
human cells.12–15 Sol-gel technique,16 microwave
irradiation,17 and sonochemical deposition of silver
nanoparticles18 are among the methods developed
so far to produce silver-based antibacterial coatings.
A previous study described the development and

the characterization of an innovative and patented
technology20 for coating with silver cotton yarns and
polyester fibers.19 The present study utilized a simi-
lar technology for the treatment of wool fibers to de-
velop antibacterial fabrics for standard clothes. Dif-
ferent percentages of silver-treated fibers were used
to produce antibacterial fabrics. This aimed to deter-
mine the minimum amount of treated fibers neces-
sary to preserve the antibacterial activity, thus opti-
mizing the cost-effectiveness of the final material.
The analysis of the adhesion of silver clusters onto
the substrate was conducted to verify if the use of
the fabrics under normal conditions could compro-
mise the presence of silver on the surfaces. The ini-
tial amount of silver and the durability of the treat-
ment were evaluated by thermogravimetric analysis
(TGA) performed on samples even after several
washing cycles. The morphology of the silver nano-
clusters deposited on the fibers was analyzed by
scanning electron microscopy (SEM). The antimicro-
bial capability of the silver-treated substrates was
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investigated by antibacterial test against E. coli,
according to Standard ‘‘SNV 195920-1992.’’

MATERIALS AND METHODS

Silver-coated woolen fibers were obtained by using
in situ photoreduction of silver clusters, a patented
process20 developed by Silvertech. The substrates
used for silver deposition is extra fine merino wool
named ‘‘Hercosett’’ (Fig. 1). This particular type of
wool is treated with chlorine and resin to improve
the resistance of yarns to both washing and hot air
drying. Knitwear realized with this type of wool is
called ‘‘Total easy care,’’ and it can be used for tech-
nical applications and for daily clothing. The silver
deposition20 was obtained by impregnation of wool
in a water/alcoholic solution of silver nitrate made
of 2 wt % silver nitrate, 18 wt % methanol, and 80
wt % deionized water. The wet substrates were then
exposed to UV-rays to induce the formation of metal
silver clusters on the surface of the material. After
treatment with silver, the wool was sent to a textile
company to produce three different types of fabrics
each characterized by a different amount of silver-
coated woolen fibers. This aimed to detect the mini-
mum amount of silver that ensures a strong antimi-
crobial capability even after several washings. Sam-
ple ‘‘A’’ was prepared using 50% of silver-treated
woollen fibers and 50% of neat wool. Sample ‘‘B’’
was prepared using the 30% of silver-treated woolen
fibers and the 70% of neat woolen fibers. Finally,
sample ‘‘C’’ was made with 10% of silver-treated
fibers and 90% of neat wool.

Morphological analysis was performed by SEM,
using a Jeol JSM-6550F. Particularly, both the treated
wool before the spinning process and the antibacte-
rial fabrics (samples A, B, and C) were analyzed.
The same analysis was also performed on neat wool
as control.

Thermogravimetric analysis (TGA) was performed
using a NETZSCH STA 409 operating in air to mea-
sure the amount of silver deposited on the woolen
fibers. The presence of silver was identified by the
presence of a solid residue above 900�C. To investi-
gate the stability of the antibacterial agent on the
substrate after several washing cycles, the TGA anal-
ysis was also performed on samples A, B, and C af-
ter 1, 10, and 50 washing cycles. Washing tests were
conducted according to the European Standard EN
26330:1993.

Diffusion tests in agar (Aldrich) were performed
according to the Standard SNV 195920-1992 to evalu-
ate the antibacterial activity of the samples. The pro-
cedure consists in placing samples on agar plates19

in contact with bacteria and evaluating the bacterial
growth inhibition near and under the sample after
incubation in oven at 37�C for 24 h. The standard

defines different levels of antibacterial capability.
When an inhibition zone is observed both close and
under the fabric, the antibacterial property is defined
as ‘‘good.’’ When growth inhibition area is observed
under the sample only, the antibacterial property is
defined as ‘‘sufficient.’’ If the sample is totally cov-
ered by the bacteria as well as the area under the
fabric, the antibacterial property is defined as ‘‘not
sufficient.’’ Samples A, B, and C and the untreated
wool were tested.

RESULTS AND DISCUSSION

SEM analysis was performed on woolen fibers
before the spinning process (Fig. 2) and on fabrics
realized with different percentages of silver-treated
fibers (Fig. 3). This aimed to determine whether the
industrial process used to obtain the fabrics affected
the presence of silver particles on the textile samples
and hence their antimicrobial capability. Figure
2(a,b) shows respectively images of untreated and
silver-treated woolen fibers before the spinning pro-
cess. The neat fiber [Fig. 2(a)] presented a smooth
surface alternated with areas of roughness. Silver-
treated fibers [Fig. 2(b)] showed a uniform distribu-
tion of submicron silver clusters on the surface of
fibers with bigger clusters forming in the areas of
increased roughness. This result provided evidence

Figure 1 Extrafine merino wool used as substrate for sil-
ver deposition.

2240 POLLINI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



of the influence of surface structure on the deposi-
tion of silver.

SEM images of the antibacterial fabrics (samples
A, B, and C) in comparison with the untreated sam-
ple are shown in Figure 3 at a lower magnification.
As expected, sample A showed the highest amount
of silver coated fibers [Fig. 3(a)]. The amount of
fibers treated with silver gradually decreased as
shown in Figure 3(b,c) and completely disappeared
in the untreated sample [Fig. 3(d)]. The uniform dis-
tribution of silver particles within the fabrics sug-
gests that the industrial process does not affect the
distribution of silver within the substrate, also con-
firming the very strong adhesion of the coating to

the substrate. To check the adhesion of silver onto
the textile substrate after the common condition of
use, samples underwent several washing cycles. The
amount of silver was then evaluated by TGA on the
fibers before the spinning process and on the fabrics
A, B, and C, before and after 1, 10, and 50 washing
cycles. The initial amount of silver found in the
treated fibers before the spinning process was equal
to 1.61 wt %, whereas for the fabrics were equal to
0.78 wt % for sample A, 0.48 wt % for sample B, and
0.14 wt % for sample C.
As reported in Table I, only after the first washing

cycle, it is possible to observe a small decrease in
the amount of silver for all the samples and

Figure 2 SEM images of wool fibers before the spinning process: (a) neat wool at 3000� magnification and (b) silver-
treated wool at 3000� magnification.

Figure 3 SEM images of unwashed fabric samples at 500 magnifications of: (a) sample ‘‘A’’ made of 50% of silver treated
wool fibers, (b) sample ‘‘B’’ made of 30% of silver treated wool fibers, (c) sample ‘‘C’’ made of 10% of silver treated wool
fibers, and (d) untreated wool. The arrows indicate the fibers treated with silver.
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probably due to the detachment of silver clusters not
perfectly bonded to the fibers. Following the first
cycle, the amount of silver is stable for all the sam-
ples for up to 50 cycles, thus confirming the good
adhesion and stability of silver clusters on the wool
substrate.

As reported in literature, silver exhibits antibacte-
rial capability against E. coli.19,21,22 The results of the
antimicrobial tests performed on samples A, B, and
C after 50 washing cycles compared with the control

fabric are reported in Figure 4. Antibacterial capabil-
ity was evaluated by analyzing the presence of bac-
teria under [Fig. 4(a–d)] and around [insets in Fig.
4(a–d)] each sample. The neat wool sample, after
incubation in oven at 37�C for 24 h, as expected,
does not show any antibacterial capability, associ-
ated with a complete growth of E. coli colony around
[inset in Fig. 4(a)] and under the fabric [Fig. 4(a)].
An inhibition zone of bacterial growth both around
and under the sample was observed only in the

TABLE I
Amount of Silver for the Silver-Treated Wool Fabrics Before and After Washing

Cycles

Starting silver
amount (%)

Silver amount
after 1 washing

cycle (%)

Silver amount
after 10 washing

cycles (%)

Silver amount after
50 washing
cycles (%)

Sample A 0.78 0.67 0.67 0.67
Sample B 0.48 0.41 0.41 0.41
Sample C 0.14 0.12 0.12 0.12

Figure 4 Antibacterial tests on E. coli. Samples were removed from the agar plate to evaluate the inhibition of bacterial
growth under the fabrics containing the 50, 30, and 10% of silver-treated wool (respectively, b, c, and d) after 50 washing
cycles in comparison with the neat sample (a). The insets in each picture show images of the same plates before removal
of the fabric samples to verify the bacterial growth around the samples. Only around sample A (inset in b) an inhibition
zone can be observed.
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fabric A [inset in Fig. 4(b,d)], which contains the
highest amount of silver-treated fibers. The extent of
the inhibition zone around sample A was of 1.2 mm;
therefore, the antibacterial effect associated with this
sample can be labeled as ‘‘good,’’ according to the
level of antibacterial activity provided by the Stand-
ard ‘‘SNV 195920-1992’’ confirming the growth inhi-
bition effect induced by silver.

All the silver-treated samples showed inhibition of
bacterial growth under the fabric and no differences
could be detected between the bacteria-free zone
under samples B and C, [Fig. 4(c,d)]. This indicated
that both the 10 and 30% of silver-treated fibers
ensured an antibacterial capability classified as ‘‘suf-
ficient.’’ These results suggested that fabrics pro-
duced with the 10% of silver-treated fibers could
represent the ideal choice for the control of the cost
of the final product.

Figure 5 shows images of fabrics produced with
different percentages of silver-treated fibers (samples
A, B, and C as described above) and of neat wool in
function of the number of washing cycles. The visual
comparison confirmed that all the samples, both
washed and unwashed, had a clean and regular as-
pect even after 50 washing cycles. All the fabrics
showed a good fastness of the color without discol-

oration confirming a very good adhesion of silver on
the substrate.

CONCLUSIONS

Antibacterial woolen fabrics were obtained by using
a patented deposition technology of silver nanopar-
ticles. Fabrics were obtained with different percen-
tages of silver-treated fibers to investigate the mini-
mum amount of silver ensuring a good antibacterial
capability. Antibacterial activity of samples was
checked against E. coli and the amount of 10% of sil-
ver-treated fibers demonstrated a good antibacterial
capability even after several washing cycles. SEM
analysis confirmed that the industrial process to
obtain fabrics did not alter the strong adhesion of
silver particles to the fibers and their uniform distri-
bution. The high stability and durability of the coat-
ing was also confirmed by TGA performed after a
significant number of washing cycles to reproduce
the conditions of use for the fabrics.
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