
181Vpliv velikosti delcev srebra na baktericidno učinkovitost celuloznih vlaken

Tekstilec, 2009, letn. 52, št. 7–9, str. 181–194 

 

E. coli

E. coli

Vpliv velikosti delcev srebra 

na baktericidno učinkovitost 

celuloznih vlaken
Izvirni znanstveni članek

junij 2009 avgust 2009

Vodilni avtor/corresponding author:
Brigita Tomšič

In"uence of Particle Size 
of The Silver on Bactericidal 
Activity of the Cellulose Fibres 

June 2009 August 2009

Abstract

�e aim of the study was to determine the in-

�uence of the particle size of silver in di�erent 

antimicrobial agents on its bactericidal activi-

ty. �ree commercial products were used, a dis-

persion of silver chloride (agent Ag-1), an el-

emental nanosilver in the form of a powder 

(agent Ag-2) and a colloidal silver (agent Ag-

3). A dispersion of the agent Ag-2 was prepared 

just before its use. �e agents were applied on 

cotton fabric according to the exhaustion meth-

od. As determined by scanning electron micros-

copy, the size of the silver particles in dispersion 

as well as on the �nished samples of the fabric 

was classi�ed as follows: agent Ag-1 ≈ agent 

Ag-3 >> agent Ag-2. �e concentration of sil-

ver on the �bres was determined by the induc-

tively coupled plasma mass spectroscopy and 

amounted to 138 mg/kg for agent Ag-1, 116 

and 350 mg/kg for agent Ag-2 and 130 mg/kg 

for agent Ag-3. �e bactericidal activity of the 

�nishes was studied by bacterial reduction for 

the bacteria species Escherichia coli. �e results 

showed that at resembling concentrations on 

the �bres, agents Ag-1 and Ag-3 caused a com-

plete reduction of growth of Escherichia coli, 
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while only 36% of bacterial reduction was de-

termined for agent Ag-2. Even a�er increasing 

the concentration of silver by three times, the 

bacterial reduction did not increase to such an 

extent to exceed 60%. �erefore, it can be con-

cluded that the antibacterial activity of silver in 

the studied agents it is not in�uenced only by 

the particle size and their concentration, but 

also by the chemical form of silver.  

Keywords: cotton fabric, antimicrobial �nish-

ing, silver, silver form, bacterial reduction.

1 Introduction

Heavy metals take an important place among 

antimicrobial agents.  Namely, due to their in-

organic nature, the probability of microorgan-

isms to develop a resistance to such substanc-

es is unlikely [1]. Among heavy metals, silver is 

the most represented and studied, even though 

copper, zinc and cobalt are antimicrobially ac-

tive as well [2–13]. Silver acts biocidally on 

many di!erent microorganisms, such as Gram-

positive and Gram-negative bacteria, fungi, 

protozoa and certain viruses. Due to a broad 

spectrum of antimicrobial activity, biologic 

compatibility and low toxicity, silver is being 

used in many economic �elds and is also high-

ly valued in the production of textiles with anti-

microbial properties [14–38]. 

Silver can be found in many di!erent forms on 

the market, mostly as hardly soluble salts, such 

as AgCl and AgNO
3
, as elemental nanosilver 

with di!erent particle dimensions or as colloi-

dal silver.  While commercially available prod-

ucts of silver salts and colloidal silver are stable 

dispersions or colloidal solutions, elemental sil-

ver, which exists in the form of a powder, needs 

to be preliminary dispersed in water. Products 

di!er among each other in particle size and in 

the concentration of silver which directly in�u-

ences their antimicrobial activity.

It can be seen from literature that silver ions, 

Ag+, as well as silver nanoparticles Ag NPs, act 

antimicrobially [3, 4, 10, 13, 21, 22, 26, 30, 39–

41]. Namely, the Ag+ ions are being released by 

the dissociation of the silver salt in water, such 

as (Equation 1), or by the oxidation of particles 

of elemental silver in the presence of water and 
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učili vpliv velikosti delcev in koncentracije srebra na tekstilnih 

2.1 Tkanina in apreturna sredstva 

O , 

oxygen, as it is shown in the next reaction [40, 

41] (Equation 2).

In water Ag NPs are insoluble particles with a 

diameter smaller than 100 nm. �ey are ac-

quired by dissolving the silver salts (most o�en 

AgNO
3
) and the subsequent reduction of silver 

ions by the proper reducing agent following this 

reaction [3, 4, 21, 22, 26, 30] (Equation 3).

In this way the colloidal silver, which is found 

in water in the form of a stable dispersion or a 

colloidal solution, is formed. 

Only a small di�erence can be perceived in the 

mechanisms of the antimicrobial activity of 

the Ag+ and Ag NPs in literary sources. Name-

ly, both Ag+ as well as Ag NPs can form attrac-

tive interactions with negatively charged mem-

branes of bacteria. Moreover, due to the small 

size of the particles or cations, they can also 

penetrate inside the cell where they bond with 

thiol groups of enzymes or nucleic acid [3, 6, 10, 

13, 39, 42]. �e bonding of silver on microor-

ganism in�uences the structure and the perme-

ability of the cell membrane, as well as its nor-

mal metabolic and reproduction activity, which 

eventually cause microorganism’s death. From 

the results of previous studies, it can be seen 

that Ag NPs are generally more antimicrobial-

ly active compared to Ag+ [43].  �e activity of 

Ag NPs is directly in�uenced by the morpholo-

gy of the particles. Hence, smaller particles have 

larger speci�c surface area by which they can 

form interactions and are therefore more anti-

microbially active compared to greater Ag NPs 

with a smaller speci�c surface area [41, 42, 44, 

45]. If the particles are small enough, not only, 

can they form interactions with the surface of 

the cell membrane, but they can also penetrate 

inside the cell, where they oxidise to Ag+ in the 

presence of oxidant agents, which additional-

ly contributes to their bactericidal activity [42, 

46].  

�e diverse choice of commercial antimicrobial 

products based on silver compounds and espe-

cially the lack of data comparing their antimi-

crobial activities in the literature encouraged us 

to study the in�uence of particle size and con-

centration of silver on textile �bres on its bac-

tericidal activity. In the research, three com-

mercial products in comparable concentrations 

were included, these are a dispersion of AgCl, 
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2.2 Nanos apreturnih sredstev na silicijevo ploščico 
 in bombažno tkanino 

 

2.3 Metode preiskav
Vrstična elektronska mikroskopija (SEM) 

Masna spektroskopija z induktivno sklopljeno plazmo (ICP-MS)

O

Bakterijska redukcija 

Escherichia coli 

bakterijsko redukcijo, R, iz naslednje enačbe:

R B – A
B

nanosilver in the form of powder with particle 

size of 30 nm and colloidal silver.   

2 Experimental

Plain-weave 100% cotton fabric with a mass 

of 164 g/m2, warp density of 28 yarns/cm and 

we! density of 24 yarns/cm was used in the ex-

periments. In a pre-treatment process the fabric 

was bleached and mercerised.

Among antimicrobial agents, commercial prod-

ucts iSys Ag (BEZEMA, Switzerland), which 

is a dispersion of silver chloride and is applied 

in a combination with inorganic-organic bind-

er iSys MTX (BEZEMA, Switzerland) (agent 

Ag-1), Silver nano Powder NP-30 (Ames Gold-

smith Corporation), which is an elemental sil-

ver in the form of powder with average particle 

size of 30 nm (agent Ag-2) and Ionosil (Ion Sil-

ver, Sweden), which is a colloidal silver with av-

erage particle size smaller than 10 nm (Agent 

Ag-3), were chosen. Agent Ag-1 was prepared 

by making a proper water dilution of a mixture 

composed of 3g/l of iSys Ag and 15 g/l of iSys 

MTX. A dispersion of agent Ag-2 was prepared 

by using two concentrations, i. e. 20 (agent 

Ag-2-a) and 100 mg/l (agent Ag-2-b) of Silver 

Nano Powder NP-30 with the addition of 2 g/l 

of dispersing agent Setamol WS (BASF, Germa-

ny), which is a condensation product of naph-

thalen sulphonate and formaldehyde. In order 

to obtain a dispersion with silver particles as 

small as possible, the latter was treated with an 

ultra sound for 10 minutes at a frequence of 50 

Hz and a temperature of 25 °C. An agent Ag-3 

was used as supplied.      

Silicon (Si) wafers were coated with dispersions 

of agents Ag-1, Ag-2 and Ag-3 according to the 

deep-coating technique. A!erwards, the Si-wa-

fers were air dried and heat treated for 5 min-

utes at 150 °C.

#e $nishing of cotton fabric with the agents 

Ag-1, Ag-2 and Ag-3 of proper concentration 

were carried out by the exhaustion method in a 

Launder-ometer for 30 minutes in a liquid ratio 

of 1:50 at a temperature of 25 °C. A!erwards, 
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Figure 1: SEM images of Ag-1 (A) and Ag-2-a (B) !lms on the Si-wafers.

the samples were wrung by a wet-pick-up of 

80 ± 1% and dried at 120 °C.  $e sample !n-

ished by a dispersion of silver chloride was sub-

sequently cured at 150 °C for 1 minute in order 

to achieve the crosslinking of the inorganic-or-

ganic binder. 

Scanning electron microscopy (SEM) 

$e morphology of the !nishing !lms of agents 

Ag-1, Ag-2 and Ag-3 on Si wafer and cotton 

fabric was determined by the JEOL JSM 5800 

scanning electron microscope. $e samples were 

coated with ≈ 20-nm-thick carbon layer to en-

sure su'cient electrical conductivity and to 

avoid charging e*ects. Analyses were performed 

using a 10-keV electron beam, 200 to 500 pA 

beam current and X-ray spectra acquisition 

under a 35° take-o* angle. SEM micrographs 

were recorded using both secondary electron 

(SE) and backscattered electron (BSE) imag-

ing modes. BSE compositional (Z-contrast) im-

aging was applied to emphasize and expose the 

di*erence between the added particles and the 

cotton !bre-matrix. 

Inductively coupled plasma mass spectros-

copy (ICP-MS)

$e concentration of silver on !nished cotton 

samples was determined by ICP-MS on a Per-

kin Elmer SCIEX Elan DRC spectrophotometer. 

A sample of 0.5 g was prepared in the Milestone 

microwave system with an acid decomposition 

using 60% HNO
3
 and 30% H

2
O

2
. 

a b
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Figure 2: SEM images of a cotton fabric �nished by agents Ag-1 (A), 

Ag-2-a (B) and Ag-3 (C).

Reduction of bacteria

!e antibacterial activity of the samples treated 

by the �nishing agents Ag-1, Ag-2 and Ag-3 was 

determined according to the AATCC 100-1999 

standard method, for bacterium Escherichia 

coli (ATCC 25922). A sample of the �nished 

cotton was put into the Erlenmeyer "ask and 

inoculated with a nutrient broth culture con-

taining a certain amount of bacteria and in-

cubated at 37 °C for 24 hours. A$er incuba-

tion, the bacteria were eluted from the swatches 

by shaking them in 100 ml of neutralizing so-

lution for 1 minute. A$er making serial dilu-

tions, the suspensions were plated on nutrient 

agar and incubated at 37 °C for 24 hours. Af-

terwards, the number of bacteria forming units 

(CFU) was counted, and the reduction of bacte-

ria, R, was calculated from (Equation 4), where 

A is the CFU recovered from the inoculated �n-

ished cotton sample swatch in the jar incubat-

ed over the desired contact period (24 hours), 

and B is the CFU recovered from the inoculat-

ed un�nished cotton sample swatch in the jar 

incubated over the desired contact period (24 

hours). In order to achieve satisfying antimicro-

bial activity the value R must exceed 60%. For 

each �nished cotton fabric, two treatments were 

performed.  

3 Results and discussion  

In �gure 1, SEM images of coating �lms of 

agents iSys Ag and Ag-2 on Si-wafers are shown. 

In the case of agent Ag-1, the presence of AgCl 

crystals is clearly seen (�gure 1A), while in the 

case of agent Ag-2 smaller and larger agglomer-

ates of silver nanoparticles were observed (�g-

ure 1B). In the case of agent Ag-3 no trace of 

silver was noticed on the Si-wafer. !erefore, 

it was inferred that the application of particles 

of colloidal silver on Si-wafer was too small to 

be seen by a microscope. Namely, according to 

the manufacturer’s declaration, the concentra-

tion of silver in the colloidal solution was only 

10 mg/kg.   

SEM images revealed the presence of silver on 

cellulose �bres as well (�gure 2). In the case of 

agent Ag-1 the particles of AgCl crystals were 

spherical in shape with the size ranging from 

100 to 500 nm (�gure 2A). Larger agglomerates 

a

b

c
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E. coli, pa 

Figure 3: !e concentration, c, of silver on the samples treated by the 

studied agents and the bacterial reduction, R, determined according 

to the AATCC 100-1999 Standard method for bacterium Escherichia 

coli.

+, ki se sprostijo 

+ 

tnega srebra v reakciji oksidacije, ki poteče v prisotnosti vode in 

ranging from 1 to 5 μm were observed for agent 

Ag-2 on Si-wafer as well as on cotton #bres be-

side smaller particles ranging from 100 to 300 

nm (#gure 2B). !ey were formed despite the 

use of dispersing agent and treatment of #nish-

ing bath by ultrasound. From #gures 2A and 

2B it can be also seen that the distribution of 

silver particles on textile #bres was rather non-

uniform, which especially holds for dispersion 

of nanosilver in the form of a powder and it 

occurred even though an exhausting method 

of application was used in both cases. Name-

ly, compared to the impregnation, the exhaust-

ing method enables better circulation of #nish-

ing bath around the cotton fabric which re$ects 

in achieving a more uniform application. On 

the other hand, compared to the agents Ag-1 

and Ag-2, the application of the agent Ag-3 was 

more uniform. In this case the size of the parti-

cles was also much smaller and it rarely exceed-

ed 20 nm. !erefore, based on SEM images, the 

particle size of the silver on the #nished fabrics 

can be classi#ed as follows: agent Ag-1 ≈ agent 

Ag-2 >> agent Ag-3.   

!e concentration of silver on the #nished cot-

ton samples, which was determined by ICP-

MS analysis, reached 138 mg/kg for agent Ag-1, 

116 mg/kg for agent Ag-2-a and 130 mg/kg for 

agent Ag-3. In spite of the similar concentration 

of silver on the #bres, the results of antimicro-

bial activity of the studied agents varied among 

each other surprisingly. While agents Ag-1 and 

Ag-3 caused perfect 99–100% growth reduction 

of bacteria E. coli, the bacterial reduction of the 

sample #nished by agent Ag-2 was only 36% 

(#gures 3 and 4). Even a'er increasing the con-

centration of agent Ag-2-a on the #bres by three 

times (this was obtained by the use of agent Ag-

2-b where the concentration of silver on the #-

bres was 350 mg/kg), the bacterial reduction 

did not change essentially and did not exceed 

the limit value for achieving satisfactory antimi-

crobial activity, i.e. 60% (#gure 3). !ese results 

show that agent Ag-1 was far more antimicrobi-

ally active compared to agent Ag-2, even though 

comparable particle size of the silver was deter-

mined on the #bres by SEM analysis. Hence, it 

can be seen that in this case neither the size nor 

the concentration of the particles of silver have 

in$uenced their antimicrobial activity. 
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Figure 4: �e number of colony forming units of bacterium Escherichia coli a�er 24-hours of incubation de-

termined according to the AATCC 100-1999 Standard method. Samples: A – un�nished, B – agent Ag-1, C – 

agent Ag-2-a, D – agent Ag-3.

+ z njihove po
+, 

+ tako 

Di!erences in bactericidal activity of agents 

Ag-1 and Ag-2 were reasonably explained 

based on their dissimilar chemical form. Name-

ly, agent Ag-1 was a dispersion of AgCl salt, 

while agent Ag-2 was a dispersion of elemen-

tal silver, Ag0. �erefore, for the antimicrobi-

al activity of agent Ag-1, the concentration of 

Ag+ released from the surface of the crystal in 

the presence of water (reaction 1) is important, 

while the antimicrobial activity of agent Ag-2 is 

in"uenced by the biocidal activity of Ag NPs, as 

well as by releasing Ag+ from the surface of el-

emental silver, which occurs in the reaction of 

oxidation in the presence of water and oxygen 

(reaction 2).  However, the results of SEM anal-

ysis showed that when in dispersion or on the 

�bres, silver particles in agent Ag-2 strongly ag-

a

c

b

d
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glomerated, so their size was far larger than 30 

nm as was the declared size of the silver par-

ticles in powder. Such large agglomerates sure-

ly cannot act antimicrobially. Namely, the re-

sults of previous studies [42, 44] have shown 

that by increasing the particle size, the anti-

microbial activity of Ag NPs strongly decreases 

and that only Ag NPs with a diameter smaller 

than 10 nm can form interaction with the bac-

teria. �erefore, the antimicrobial activity of 

agent Ag-2 depends paramountly on releasing 

Ag+ from its surface. Because it was found out 

that the concentration of released Ag+ formed 

in the reaction of oxidation depends on the spe-

ci�c surface area of the particles [13, 39, 41], 

which is inversely proportioned with the size of 

Ag NPs, most likely the formation of agglomer-

ates is the main reason for a weak antimicro-

bial activity of agent Ag-2. Due to a low spe-

ci�c surface area of the Ag NPs agglomerates, 

the concentration of Ag+ was too low to reach 

the critical inhibitory concentration. �is was 

con�rmed by the results of the bacterial reduc-

tion, where even a�er increasing the concentra-

tion of elemental silver by three times, no sig-

ni�cant increase of antimicrobial activity was 

obtained. At this point, it also has to be stressed 

out that the concentration of silver on the �bres 

was so high that it visually in�uenced the de-

crease of the whiteness index of the fabric [32]. 

In relation to this, even with a further increase 

of the concentration of Ag-2, no additional in-

crease of its antimicrobial activity would be 

achieved. Namely, due to Van der Waals in-

teraction among the Ag NPs their average ag-

gregation number would increase, re�ecting in 

a decrease of their speci�c surface area as well 

as in a decrease in the concentration of the re-

leased Ag+.  �erefore, when using elemental 

silver in form of powder, the preparation of sta-

ble dispersion in which aggregation of Ag NPs 

would not occur is more important than in-

creasing the concentration of such agents. Con-

cerning this, the choice of a proper dispersing 

agent is very important. In our research Seta-

mol WS was used, since, according to the litera-

ture, the sodium salts of naphthalene sulfonate 

formaldehyde condensate enables the prepara-

tion of the most stable dispersion of silver nan-

oparticles in comparison to sodium dodecyl sul-
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Based Drugs

phate, Tween 20 and cetyltrimethylammonium 

bromide [47]. Nevertheless, due to the negative 

charge in the solution, Setamol WS is probably 

not a suitable dispersing agent. Namely, in the 

presence of Ag+ on the surface of the particles of 

the elemental nanosilver Setamol WS can ad-

ditionally contributes to the formation of larger 

agglomerates.  Regarding this, the preparation 

of stable dispersions of Ag NPs still remains an 

urgent and unsolved problem.   

!e antimicrobial activity of agent Ag-3 was 

completely comparable with agent Ag-1 and 

much better than with agent Ag-2 ("gures 3 

and 4). !ese results con"rmed the already 

known "nding [13, 14, 40] that the biocidal ac-

tivity of Ag NPs directly depends on their spe-

ci"c surface area which is inversely propor-

tioned to the size of the particles. Because in the 

case of agent Ag-3 the size of Ag NPs was much 

smaller (≈ 20 nm) compared to agent Ag-2, 

their speci"c surface area was larger, which ex-

pectedly strongly increased the biocidal activ-

ity of the colloidal silver compared to the ele-

mental silver in the form of powder. Since in 

the case of agent Ag-3 commercial product was 

used, it can not be guaranteed that only Ag 

NPs, formed by the reduction of silver salt, (re-

action 3) were present in the colloidal solution. 

Hence, colloidal silver can be produced by elec-

trolysis as well, where Ag+ ions are also present 

in the colloidal solution. Because the proce-

dure of electrolysis is simpler and low-priced 

compared to the procedure of reduction of sil-

ver salt, it can be inferred that in the commer-

cial product of colloidal silver which was used 

in our experiment, Ag NPs as well as Ag+ were 

present at a certain concentration ratio. From 

the results of our study it cannot be concluded 

whether the former or the latter are more an-

timicrobially e$ective, but a great bacterial re-

duction clearly shows that Ag NPs and Ag+ act 

on "bres synergistically.    

4 Conclusions

In the study the bactericidal activity of three 

commercial products based on silver com-

pounds applied on cellulose "bres in compara-

ble concentration was studied. !e size of sil-

ver chloride and elemental silver particles was 
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ranged from 100 to 500 nm and was far larger 

than the size of colloidal silver particles which 

did not exceed 20 nm. Bacterial reduction ob-

tained by silver chloride and by colloidal silver 

was excellent, 99 to 100%, while in the case of 

nanosilver in the form of powder only 36% of 

bacterial reduction was obtained. Even a!er in-

creasing the concentration of the latter by three 

times, the bacterial reduction reached the value 

of 60% only, which is unsatisfying. From these 

results, it was concluded, that antimicrobial ac-

tivity of the studied agents did not depend only 

on the concentration and particle size, but also 

on the chemical form of silver. Namely, in the 

case of silver chloride, Ag+ which were released 

in the presence of water from the crystal of AgCl 

salt acted bactericidally. In the case of nanosil-

ver in the form of powder antibacterial activ-

ity was also limited to the release of Ag+, since 

nanoparticles of silver aggregated on the "bres 

to such an extent that they could not act anti-

bacterially. Hence, silver nanoparticles can act 

bactericidally only if their size is smaller than 

10 nm. Because large speci"c surface area of the 

particles is needed in order to release the Ag+ in 

the reaction of oxidation, the speci"c surface 

area of the silver aggregates was too small, so 

the concentration of released Ag+ did not reach 

the critical inhibitory concentration. Contra-

ry to elemental silver, in colloidal silver Ag+ as 

well as silver nanoparticles acted antimicrobi-

ally, since the particle size was very small. #is 

re$ected in an excellent antimicrobial activity 

of the product. 
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