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Abstract In a previous study, biogenic silver nano-
particles were produced by Lactobacillus fermentum
which served as a matrix preventing aggregation. In this
study the antibacterial activity of this biogenic silver was
compared to ionic silver and chemically produced nano-
silver. The minimal inhibitory concentration (MIC) was
tested on Gram-positive and Gram-negative bacteria and
was comparable for biogenic silver and ionic silver
ranging from 12.5 to 50 mg/L. In contrast, chemically
produced nanosilver had a much higher MIC of at least
500 mg/L, due to aggregation upon application. The
minimal bactericidal concentration (MBC) in drinking
water varied from 0.1 to 0.5 mg/L for biogenic silver and
ionic silver, but for chemically produced nanosilver
concentrations, up to 12.5 mg/L was needed. The presence
of salts and organic matter decreased the antimicrobial
activity of all types of silver resulting in a higher MBC
and a slower inactivation of the bacteria. The mode of
action of biogenic silver was mainly attributed to the

release of silver ions due to the high concentration of free
silver ions measured and the resemblance in performance
between biogenic silver and ionic silver. Radical forma-
tion by biogenic silver and direct contact were found to
contribute little to the antibacterial activity. In conclusion,
biogenic nanosilver exhibited equal antimicrobial activity
compared to ionic silver and can be a valuable alternative
for chemically produced nanosilver.
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Introduction

Silver has been used for its strong antimicrobial
properties for many years. Even Alexander the Great
used silver vessels to store drinking water (Silver et al.
2006). However, the formulation of silver has changed
during history, from bulk silver in vessels and coins
during Antiquity, to ionic silver supplemented as silver
salts (e.g., AgNO3) or adsorbed on carrier materials (e.g.,
zeolite; Kwakye-Awuah et al. 2008) and now to silver
nanoparticles.

Silver nanoparticles can be produced by several proce-
dures, through either chemical or physical processes. Howev-
er, these methods can encounter problems such as particle
aggregation and upscaling difficulties (Tavakoli et al. 2007).
Additionally, due to the use of toxic solvents and stabilizers,
there is need for more eco-friendly production methods
which is why the focus is now towards developing biological
processes using microorganisms. Fungi, as well as bacteria,
are able to form silver nanoparticles, also known as biogenic
silver, by reducing silver ions (Shahverdi et al. 2007;
Mukherjee et al. 2001; Kathiresan et al. 2009; Klaus et al.
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1999; Fu et al. 2006). Recently, we have developed a new
method using Lactobacillus sp. which precipitates biogenic
silver on their cell wall (Sintubin et al. 2009). Depending
on the species used, biogenic silver with different
characteristics was obtained, with Lactobacillus fermen-
tum (L. fermentum) having particles with the smallest
diameter (average 11 nm) and the most narrow size
distribution. A common problem with nanoparticles
during application is aggregation which decreases the
specific surface of the nanoparticles and, therefore, their
antimicrobial and/or catalytic activity (Mafune et al.
2000). Because the biologically produced silver nano-
particles are attached with the microscale surface of the
bacterium on which they were formed, they are prevented
from aggregation, making them an interesting alternative
for chemically produced silver nanoparticles.

Silver nanoparticles have been demonstrated to exhibit
biocidal activity towards a broad range of Gram-positive
and Gram-negative bacteria, viruses, and fungi (Elechiguerra
et al. 2005; Morones et al. 2005; Yoon et al. 2007;
Edwards-Jones 2009). Moreover, compared to other
metals, the toxicity of silver is very low towards humans
(Lansdown 2007). This makes nanosilver an interesting
candidate for a number of applications such as water
decontamination and surface disinfection in particular
since some commonly used disinfection methods such as
chlorination and ozone can produce toxic by-products (Li
et al. 2008; Boorman et al. 1999; Gopal et al. 2007).
Though several mechanisms have been proposed, the
antimicrobial activity of silver nanoparticles is not fully
understood. Silver nanoparticles are considered to be a
slow release source of silver ions which react with thiol
groups of proteins and interfere with DNA replication
(Morones et al. 2005; Liau et al. 1997; Feng et al. 2000).
Alternatively, silver is also known to generate free radicals
which damage the bacterial membrane (Kim et al. 2007;
Kumar et al. 2007). In addition, it is suggested that
antibacterial activity can also occur through direct phys-
ical contact between the nanoparticles and bacterial cells
causing structural damage to their cell wall (Sondi and
Salopek-Sondi 2004; Kim et al. 2007).

Until now, little research has been done on the
antibacterial activity of biologically produced nanosilver
and its specific mode of action. The aim of this study
was to examine the antibacterial properties of biogenic
silver associated with Lactobacillus sp. cell walls and to
compare these properties with those of chemically pro-
duced nanosilver. This current study investigates the
antibacterial activity of biogenic silver in drinking water
and in culture conditions with salts and organic matter.
Additionally, the results of this study have brought us
closer to elucidating the underlying antibacterial mecha-
nisms of biogenic silver.

Material and methods

Bacterial strains and media

Escherichia coli LMG 10266 (E. coli) was grown on Luria
Bertani agar containing 5 g/L NaCl (Prolabo, VWR
International, Leuven, Belgium), 10 g/L trypton (Bioche-
mica, Applichem, Darmstadt, Germany), 5 g/L yeast extract
(Oxoid, Basingstoke, UK), and 15 g/L agar–agar (Oxoid,
Basingstoke, UK). Pseudomonas aeruginosa LMG 9009
(P. aeruginosa) and Staphylococcus aureus LMG 8064 (S.
aureus) were grown on tryptic soy agar (Difco BD, Sparks,
MD, USA). All bacteria were incubated for 24 h at 37 °C.
Liquid cultures were prepared in tryptic soy broth (TSB),
except for E. coli which was grown in Luria Bertani broth
(LB). To prepare a working culture, a liquid culture grown
overnight was washed three times with autoclaved bottled
drinking water (Spa blauw, Spadel, Brussels, Belgium),
followed by adjustment of the optical density (OD) at
610 nm to obtain a predetermined number of cells. All
strains were obtained from the BCCM collection in
Belgium.

Biogenic silver, chemically produced nanosilver
and ionic silver

Biogenic silver was prepared as described earlier (Sintubin
et al. 2009). Briefly, after L. fermentum LMG 8900 biomass
was harvested by subsequent centrifugation and washing in
MilliQ water, the pH was increased with NaOH to 11.5,
followed by the addition of a diamine silver complex in a
ratio of 1:4.6 Ag to cell dry weight (CDW). After 24 h, the
produced biogenic silver was harvested by centrifugation at
10,000×g and washed with MilliQ water. This was
followed by measuring the concentration of Ag(0) in the
suspension with atomic absorption spectroscopy (AAS).
The average particle size measured with transmission
electron microscopy (TEM) was approximately 11.2±
0.9 nm (Sintubin et al. 2009).

The chemically produced nanosilver, as described by
De Gusseme et al. (2010) had a concentration of 131 g/
L, containing particles with a size of 20±10 nm
according to scanning electron microscopy analysis.
The size of aggregates was measured with dynamic
light scattering (DLS) using a Malvern PCS 1005M
photon correlation spectrophotometer with Malvern
K7032CN digital correlator (Malvern, UK) at a fixed
scattering angle of 150° and a duration time of 120 s.
AgNO3 (Sigma-Aldrich, St. Louis, MO, USA) was used as
the source of silver ions. All experiments with silver ions
were performed in the dark by covering the recipient with
aluminium foil or by incubating the recipient inside a dark
cabinet.
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Determination of the minimal inhibitory concentration

A series of dilutions of ionic silver, chemically produced
nanosilver, and biogenic silver was made in a transparent
flat-bottomed 96-well microtiter plate (VWR Prolabo,
Leuven, Belgium). To every well of the microtiter plate,
100 μL of double concentrated broth inoculated with E.
coli, S. aureus, or P. aeruginosa was added. The final silver
concentrations were 0, 1, 3.1, 6.3, 12.5, 25, 50, 100, 200,
and 500 mg/L. Final cell suspensions contained 5×107

CFU/mL of bacteria. A series of wells without silver were
used as a first control. As an additional control without
silver, L. fermentum was processed in the same way as
described for the production of biogenic silver without the
addiction of AgNO3. The plate was incubated at 37 °C in a
PowerWave 340 microtiter plate reader (BioTek Instru-
ments, Winooski, USA), and growth in each well was
assessed during 24 h by measuring the optical density at
620 nm every 20 min. Before every measurement, the
microtiter plate was shaken for 5 s. It should be mentioned
that in the above 100 mg/L, the color of the nanosilver
interfered with the spectrophotometric OD measurement;
however, bacterial growth could still be distinguished
visually.

Determination of the minimal bactericidal concentration

Tests were performed in liquid medium (LB or TSB broth)
or bottled drinking water (Spa blauw, Spadel, Brussels,
Belgium) containing 1.45 mg/L Cl−, 0.46 mg/L NO3

−,
0.48 mg/L PO4

3−, and 1.11 mg/L SO4
2− (pH 6.2). A set of

test tubes containing biogenic silver, chemically produced
silver or ionic silver were inoculated with 5×107 CFU/mL
bacteria and incubated on a shaker (120 rpm) at 37 °C or
28 °C. The final silver concentrations were 0.05, 0.1, 0.25,
0.5, 0.75, 1, 3.1, 6.3, 12.5, 25, 50, 100, 200, and 500 mg/L.
Plain water or medium was used as a control. After 24 h of
incubation, a 1-mL sample was taken and free silver was
quenched by adding 5 g/L Na2S2O3 to stop the antimicro-
bial reaction as described in the European quality standards
(NEN-EN 1276, 1997). A sequential series of 1:10
dilutions was made in saline solution (8.5 g/L NaCl) and
plated by pour plating according to the European standards
(NEN-EN 1997). After incubating the plates during 24 h at
37 °C, colonies were counted.

Disinfection kill rate assay

All disinfection assays were performed in drinking water.
Disinfection assays were carried out in 100-mL Erlenmeyer
flasks on a shaker (120 rpm) at 28 °C. To 50 mL of bottled
water, biogenic silver or ionic silver was supplemented to a
final concentration of 0.5 or 12.5 mg/L. This was followed

by the addition of E. coli up to a concentration of 5×107

CFU/mL. At regular time intervals, samples were taken and
immediately quenched with 5 g/L Na2S2O3, subsequently
followed by serial dilution in saline solution and plating as
described previously.

A comparable test was set up to investigate the effect of
organic matter and chloride ions on the disinfection
efficiency. In this case 6 g/L bovine serum albumin
(BSA) or 8.5 g/L NaCl was added to a sample containing
12.5 mg/L biogenic silver or ionic silver. All experiments
were performed in triplicate.

Mode of action tests

To test the mode of action of biogenic silver, we
investigated the influence of reactive oxygen species
(ROS) production, direct contact, and silver ion release on
the antimicrobial activity. The antibacterial activity of
biogenic silver was compared with ionic silver as a
benchmark. The mode of action of biogenic and chemical
nanosilver was considered to be the same, and therefore the
latter was not taken into account for these set of tests. All
the tests were performed in triplicate with E. coli which was
spiked into 50 mL of bottled drinking water up to a
concentration of 7.5×107 CFU/mL.

ROS production was measured by fluorescence spec-
troscopy according to Gerber and Dubery (2003). In brief,
to 100 μL sample, 200 μM 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCF-DA; Sigma-Aldrich, St. Louis, MO,
USA) stock in DMSO was added to a final concentration
of 100 μM. Oxidation of H2DCF-DA was measured with a
Tecan Infinite M200 microtiter plate reader (Männedorf,
Switzerland) with excitation at 485 nm and emission at
538 nm. The silver (12.5 mg/L biogenic silver) catalysed
decomposition of 0.3% H2O2 was used as a positive control
for ROS production (Bagg 1962).

In order to investigate the influence of ROS on the
disinfection efficiency, penicillin bottles with 0.5 mg/L
biogenic silver or ionic silver were incubated under
different degrees of O2 saturation: anaerobic (0% O2),
aerobic (20% O2), and hyperoxic (60% O2). To establish
anaerobic conditions, 120-mL penicillin bottles were
flushed with N2 gas for 30 min. To create hyperoxic
conditions, 50 mL of pure O2 gas was added to the
headspace of the bottles. After predetermined time inter-
vals, samples were taken, quenched with Na2S2O3, diluted,
and plated as described earlier.

To determine if direct contact contributes to the
antimicrobial activity, two setups were constructed
(Fig. S1). In setup 1, a dialysis membrane was used to
shield the E. coli bacteria in the Erlenmeyer from direct
contact with biogenic silver. Dialysis tubing which was
obtained from Sigma-Aldrich as it retains molecules with a
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molecular weight of 12,000 kDa or higher. Since biogenic
silver consists of nanoparticles on a bacterial carrier, it is
prevented from migrating through the membrane. In setup 2
biogenic silver and E. coli were added together to the
Erlenmeyer making direct contact feasible. However, to
take into account the influence of possible sorption of
silver, a dialysis membrane was present. Similar setups
were used for ionic silver. After 24 h of incubation at 28 °C
on a shaker (120 rpm), samples were taken and quenched,
diluted, and plated as described previously.

Free silver ions were measured using an ion-selective
silver electrode (Prosense, Oosterhout, Netherlands). Before
measurement, the ionic strength of every sample was
adjusted by adding 1 mL of a 5 M NaNO3 stock solution
to 100 mL sample.

Measurement of membrane permeability and esterase
activity

To measure the membrane permeability of E. coli cells after
treatment with 0.5 mg/L of biogenic silver or ionic silver, a
LIVE/DEAD staining was performed by adding 10 μL of
propidiumiodide and Sybr Green (Invitrogen, Eugene, OR,
USA) and 10 μL Na2EDTA (pH 8, 500 mM) to 980 μL of
sample. The sample was incubated for 15 min in the dark in
order to stain the bacterial cells.

To measure the esterase activity 100 μL of a phosphate
buffer (pH 8, 1 M), 50 μL Na2EDTA (pH 8, 500 mM) and
5 μL 5,6-carboxyfluorescein diacetate (10 mM in DMSO)
(Invitrogen, Eugene, OR, USA) to 900 μL sample. The
sample was incubated at 35 °C for 30 min. Samples were
analyzed with a CyanTM LX flow cytometer (Dakocyto-
mation, Heverlee, Belgium) equipped with a 50-mW
sapphire solid state diode laser (488 nm) and SummitTM
4.0 software (Dakocytomation). Green (FL1) and red (FL2)
fluorescence emissions were collected with photomultiplier
tubes by using 530/40 and 613/20 bandpass filters,
respectively (Boon et al. 2006). To quantify the number
of cells, 25 μL of counting beads (Dako, Glostrup,
Denmark) were added and each sample was analyzed in
triplicate.

Statistical analysis

SPSS for Windows version 16.0 was used for statistical
analysis. Results were considered significantly different at
an α two-tailed level of 0.05. Tests for normality of the data
and equality of the variances were performed using the
Kolmogorov–Smirnov and Levene's test respectively. Com-
parison of normal distributed data was performed with one-
way ANOVA. The nonparametric Kruskal–Wallis and
Mann–Whitney U test were used to compare non-normal
distributed data.

Results

Antimicrobial activity

The minimal inhibitory concentrations (MIC) of ionic
silver, biogenic silver, and chemically produced nanosilver
were performed in growth medium and compared for three
bacterial species (E. coli, P. aeruginosa, and S. aureus). The
OD was measured during 24 h and for all strains, the OD
immediately increased for the control without silver. A
silver-free control containing only L. fermentum biomass
showed no inhibition of growth. When biogenic silver or
ionic silver was present, however, the growth of the
bacteria was delayed compared to the control as shown
for S. aureus in Fig. 1 (other data not shown). A lag of
40 min increased with higher silver concentrations up to
22 h. In the case of chemically produced nanosilver, hardly
no delay in growth could be observed for all concentrations.

The MIC was defined as the lowest silver concentra-
tion, which showed no increase in OD, (no bacterial
growth) during 24 hours (Table 1). S. aureus still showed
growth at a concentration of 500 mg/L chemically
produced nanosilver, which was the highest concentration
tested. In the case of E. coli and P. aeruginosa, however,
no growth could be observed at 500 mg/L chemically
produced nanosilver. In the case of biogenic silver and
ionic silver, the MIC was 12.5 mg/L for the Gram-
negative bacteria E. coli and P. aeruginosa, while for S.
aureus, the MIC was 25 and 50 mg/L for ionic silver and
biogenic silver respectively.

The minimal bactericidal concentrations (MBCs) were
determined in growth medium and water by plating the
bacteria after 24 h of exposure to ionic silver, biogenic
silver, or chemically produced nanosilver. The minimal
concentration of silver, which gave rise to plates without
bacterial colonies, was considered as the MBC. For all three
bacteria, the MBC of chemically produced nanosilver in
growth medium was above 500 mg/L which was the
highest concentration tested. Biogenic silver had an MBC
of 25, 100, and 200 mg/L for E. coli, P. aeruginosa, and S.
aureus respectively. The MBC of ionic silver was the same
as for biogenic silver, with the exception of P. aeruginosa
where it was 50 mg/L. For all silver species, the MBC in
water was up to 125 times lower than the MIC in growth
medium and 400 times lower than the MBC in growth
medium (Table 1).

To examine the rate of inactivation of E. coli, the log
decrease was observed in function of time 0.5 and 12.5 mg/
L of ionic silver and biogenic silver in water (Fig. 2).
Initially, 3.2×107 or 7.5 log CFU/mL of E. coli cells were
present. Within 10 min a decrease of at least 1 log unit
could be observed with 12.5 mg/L ionic silver and biogenic
silver. In the case of 12.5 mg/L ionic silver, no colonies
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could be detected after 1 h of exposure, while in the case
of biogenic silver, a total 7.5 log decrease was obtained
after 2 h. Although it took more time to inactivate all

bacteria with 0.5 mg/L of both types of silver, the same
trend was observed. Ionic silver tended to be slightly
faster than biogenic silver. After 3 h no colonies of the
initial 7.5 log CFU/mL were detected when E. coli was
exposed to 0.5 mg/L of ionic silver, while in the case of
ionic silver, a total decrease of 7.5 log was only observed
after 4 h.

To assess the impact of organic ligands, BSA was added
to the setup. In a second setup, NaCl was added to
investigate the presence of salts on antimicrobial activity.
Both compounds considerably decreased the inactivation of
E. coli by ionic silver and biogenic silver (Fig. 3). In pure
water, biogenic silver only needed 2 h for the total
elimination of 7.5 log bacteria. However, inactivation time
was extended to 6 and 7 h in the presence of NaCl and BSA
respectively. In the presence of BSA and NaCl, ionic silver
required 4–7 h compared to plain water to achieve a
complete kill off.

The mode of action

To measure the release of silver ions by biogenic silver, the
concentration of free silver ions was quantified with an ion-
selective silver electrode (Fig. 4). The release of silver ions
increased with higher biogenic silver concentrations reach-
ing a maximum release of 5.8 mg/L ionic silver for 25 mg/
L of biogenic silver (Fig. 4). Higher biogenic silver
concentrations did not show a further increase in ion
release; therefore, a steady state was obtained. The supply
of 12.5 mg/L silver to plain water resulted in a free silver
ion concentration of 0.56 and 1.01 mg/L respectively for
biogenic silver and ionic silver (data not shown). In the
presence of BSA or NaCl, the free silver ion concentration
decreased considerately. BSA diminished the concentration
to 0.02 mg/L in the case of biogenic silver and 0.12 mg/L
in the case of ionic silver. In the case of sodium chloride,
the free silver ion concentration was below the detection
limit of the silver electrode for both types of silver (data not
shown).

Radical production was quantified by the addition of the
non-fluorescent precursor molecule 2′,7′-dichlorodihydro-
fluorescein diacetate (DCDF). In the presence of ROS,
DCDF is oxidized to a fluorescent molecule of which the
emitted light was measured. In the case of ionic silver, no
increase in fluorescence, and therefore no substantial
production of ROS, was observed compared to the control
(Fig. 5). In contrast, biogenic silver formed twice as many
radicals than ionic silver with ROS production stabilizing
after 12 h. The silver catalysed decomposition of H2O2

catalysed was used as a positive control for ROS
production. This positive control showed a maximum
fluorescence increase of 24.5 times compared to the general
control (data not shown).

Fig. 1 Growth curves of S. aureus when exposed to a biogenic silver,
b ionic silver, and c chemically produced nanosilver. Only a limited
number of the tested concentrations are given
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The effect of radical formation on the antibacterial
activity of 0.5 mg/L biogenic silver and ionic silver was
investigated by observing the log decrease of E. coli under
different degrees of O2 saturation: anaerobic (0% O2),
aerobic (20% O2), and hyperoxic (60% O2; Fig. 6). No
significant differences in killing rates could be observed for
biogenic silver under the diverse conditions. For ionic silver
a nonsignificant log decrease could be noticed under the
several O2 saturation degrees. No significant difference was
observed between ionic and biogenic silver.

To investigate if direct contact between bacteria and
silver nanoparticles is needed for biogenic silver to perform
its antibacterial activity, physical contact was prevented by
isolating the silver nanoparticles behind a dialysis mem-
brane (setup 1, Fig. S1). In the second setup, E. coli could
directly interact with biogenic silver although a dialysis
membrane was added to take possible sorption of silver
ions into account (setup 2, Fig. S1). The results were
compared to similar setups with ionic silver. Biogenic silver
decreased the number of bacteria with 3.9±0.7 log CFU/
mL in setup 1 where direct contact was prevented.

According to ANOVA, this removal was not significantly
different from the 5.5±1.2 log CFU/mL decrease in setup 2
where E. coli could directly interact with the silver
nanoparticles. Similar results were observed where silver
ions were added: in setup 1, 4.2±1.5 log CFU/mL was
inactivated, while in setup 2, a decrease of 5.2±0.4 log
CFU/mL was observed. To relate the exhibited antibacterial
activity with the available silver ions, the concentration of
free silver ions was measured. In the case of biogenic silver,
the concentration of free silver ions was below the detection
limit (0.01 mg/L) of the silver electrode. While for ionic
silver, a concentration of 0.12 mg/L was measured in both
setups.

Esterase activity and membrane permeability

Flow cytometry was used to measure the membrane
permeability and esterase activity of E. coli when exposed
to 0.5 mg/L biogenic silver or ionic silver. E. coli was
stained with 5,6-carboxy fluorescein diacetate to measure
the esterase activity. The negative control consisting only

Fig. 3 Inactivation of E. coli when exposed to 12.5 mg/L ionic silver
(Ag+) or biogenic silver [Bio-Ag(0)] in the absence or presence of
proteins (BSA) or NaCl

Fig. 2 Inactivation of E. coli when exposed to 0.5 or 12.5 mg/L ionic
silver (Ag+) or biogenic silver [Bio-Ag(0)]. Standard deviations are
given but are smaller than the depicted symbols for some points

Table 1 Minimal concentrations of chemically produced nanosilver [Chem nAg(0)], biogenic silver [Bio-Ag(0)] and ionic silver (Ag+) needed to
inhibit growth of (MIC) or eliminate (MBC) 107 CFU/mL E. coli, S. aureus, and P. aeruginosa within 24 h

Species MIC (mg/L) MBC (mg/L)

Growth medium Growth medium Water

Chem nAg(0) Bio-Ag(0) Ag+ Chem nAg(0) Bio-Ag(0) Ag+ Chem nAg(0) Bio-Ag(0) Ag+

E. coli 500 12.5 12.5 >500 25 25 3.1 0.25 0.1

S. aureus >500 50 25 >500 200 200 12.5 0.5 0.5

P. aeruginosa 500 12.5 12.5 >500 100 50 3.1 0.25 0.1

The MBC was determined in growth medium and water. The highest silver concentration tested was 500 mg/L
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out of biogenic silver without E. coli being present showed a
number of counts (green fluorescence) below 102. Therefore,
this value was considered as the background and only results
above this number were taken into consideration. After 4 h
of incubation, the esterase activity decreased significantly
with 28% for biogenic silver and 67%. for ionic silver, both
compared to the control (P<0.05).

To assess membrane permeability, samples were stained
with Sybr Green and propidium iodide. The negative
control, consisting of biogenic silver without E. coli,
contained a number of counts which corresponded to the
cells of the L. fermentum matrix of biogenic silver. This
value was subsequently subtracted from the test samples
with biogenic silver. The number of red fluorescence
counts, and therefore permeabilised cells, amounted 41.0±
2.1% in the case biogenic silver and was significantly
different from ionic silver which contained 45.4±1.1 of

permeabilised cells (P<0.05). This meant an increase of the
membrane permeability with respectively 22% and 26%
compared to the control.

Discussion

The antimicrobial activity of biogenic silver

Biogenic silver consists of silver nanoparticles which can
be produced by the bacterium L. fermentum. As described
in a previous paper (Sintubin et al. 2009), these nano-
particles are mainly situated on the cell wall of the bacterial
cells, consist of pure Ag(0), and have a mean diameter of
11.2±0.9 nm (Fig. S2). Since the nanoparticles are still
attached to the bacterial matrix, this could seriously affect
their antimicrobial activity during application. Yet, biogenic
silver was highly effective against the three tested bacteria.
The MIC and MBC of biogenic silver were comparable
with those of ionic silver (Table 1). In contrast, chemically
produced nanosilver showed MIC and MBC values up to
twenty times higher which may be due to the larger size of
the nanoparticles. These nanoparticles had a diameter of 20
±10 nm and were also observed to aggregate. DLS revealed
that chemically produced nanosilver formed clusters of
249.8±4.1 nm (results not shown). As previously men-
tioned, the size of nanoparticles is known to influence the
antimicrobial properties (Pal et al. 2007; Morones et al.
2005; Lok et al. 2007) so larger nanoparticles have less
specific surface area for interaction with the bacteria and
show a decreased release of silver ions (Liu and Hurt 2010;
Sotiriou and Pratsinis 2010). Therefore, 12.5 mg/L of
chemically produced nanosilver only released 0.04 mg/L

Fig. 6 Inactivation of E. coli when exposed to biogenic silver
[Bio-Ag(0)] or ionic silver (Ag+) under anaerobic and aerobic
conditions and in a situation where extra oxygen was added. The
concentration of silver added was 0.5 mg/L

Fig. 5 The production of ROS by ionic silver (Ag+) and biogenic
silver [Bio-Ag(0)] expressed as a fold increase in fluorescence
intensity compared to the control (no silver)

Fig. 4 Release of Ag+ in function of the biogenic silver concentra-
tion. Closed symbols give the release in milligrams per liter, open
symbols express the percentage of biogenic silver released free Ag+
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of free silver ions (results not shown) compared to the
release of 0.56 mg/L ions by the smaller biogenic nano-
particles. Moreover, the higher antimicrobial activity of
biogenic silver could be explained by the stabilization of
the nanoparticles on the cells of L. fermentum, preventing
them from aggregation.

The mode of action of biogenic silver

During the investigation of the mode of action, biogenic
silver was compared with ionic since both showed a
comparable antibacterial activity according to MIC and
MBC. Moreover, the release of silver ions is one of the
proposed antibacterial mechanisms (Morones et al. 2005).
However, the mode of action of silver nanoparticles is not
fully understood and two other mechanisms have been
considered important: the production of radicals and direct
contact with the nanoparticles (Sondi and Salopek-Sondi
2004; Kim et al. 2007).

Silver ions are known to inhibit the activity of essential
enzymes by the reaction with thiol groups (Holt and Bard
2005; Liau et al. 1997). Indeed, when the esterase activity
was measured, there was a significant decrease in enzyme
activity compared to the control. For biogenic silver this
decrease in esterase activity was slightly lower compared to
the inhibition caused by ionic silver. Pal et al. (2007)
speculated that the action of silver nanoparticles is similar
to that of silver ions which was also observed in this current
study with the behaviour of biogenic silver compared to
ionic silver during antibacterial tests. Indeed, the MIC and
MBC values of biogenic silver were the same or a bit
higher compared to ionic silver (Table 1). Also, the
disinfection killing rate was comparable: the log decrease
caused by biogenic silver was only a bit slower than the one
by ionic silver (Fig. 2). Interestingly, also a substantial
release of silver ions by biogenic silver was noticed which
may be related to its high level of antimicrobial activity.

A small production of ROS by biogenic silver was
observed (Fig. 5) which was comparable with the results of
Su et al. (2009). Additionally, silver ions are considered to
generate radicals by the inhibition of respiratory enzymes
(Matsumura et al. 2003), however, in this study, an
increased production of ROS was not observed compared
to the control. Although it has been reported that radicals
which are generated from the surface of silver nanoparticles
are responsible for the antimicrobial activity (Su et al. 2009;
Kumar et al. 2007), the effect on the survival of the cells
was minimal in this current study (Fig. 6). Choi et al.
(2009) noted that silver nanoparticles produce less radicals
than TiO2 but inhibit bacteria at the same level, and
therefore stated that ROS cannot serve as a chemical
marker for toxicity determination. Therefore, radicals
generated by biogenic silver most probably contribute only

to a minor extend to the dissimilation of the bacterial cells
as observed in this study.

Direct contact of the nanoparticles with bacteria disrupts
the membrane morphology, inducing uncontrolled transport
through the membrane. Thus, the nanoparticles which are
accumulated inside the membrane can subsequently pene-
trate into the cells causing further damage (Sondi and
Salopek-Sondi 2004). In this current study, the membrane
permeability of the cells was measured with flow cytometry
after staining them first with a combination of Sybr Green
and propidium iodide. An increase in membrane perme-
ability was observed of about 22% for biogenic silver,
which was similar to the increase in membrane permeability
of 26% caused by ionic silver. According to Kim et al.
(2007), association between nanoparticles and the bacterial
cells is needed to release the silver ions which are
chemisorbed on the surface of the nanoparticles. However,
the results of this study did not show a significant decrease
in antibacterial activity when direct contact was impaired.
The amount of free silver ions which was released in the
situation where direct contact was possible, and where it
was prevented, was below the detection limit of the ion-
selective electrode. However, this may have been due to
sorption to the dialysis membrane. Since the antibacterial
activity of biogenic silver was similar to the one of ionic
silver, it appears that the release of ions is the most
important factor for the antimicrobial activity of biogenic
silver although the influence of direct contact cannot be
excluded. In this study, the biogenic nanoparticles were
fixed on the L. fermentum bacterium where they were
formed. The scaffold might interfere in the direct contact of
the metal surface of the nanoparticles with the bacteria
subjected to disinfection. It is possible that upon extraction
of the nanoparticles, direct contact can enhance a stronger
antimicrobial activity.

Application of biogenic silver

Silver nanoparticles can be applied in many fields for their
antimicrobial properties and their use in consumer products
is growing worldwide (Edwards-Jones 2009; Benn and
Westerhoff 2008). One major concern of the public is the
release of nanoparticles into the environment having a
possible impact on human health and ecosystems (Maynard
2007). De Gusseme et al. observed that the L. fermentum
carrier matrix of biogenic silver ensured anchoring of the
silver to a filter cartridge used to remove viruses from
drinking water. Due to this anchoring, biogenic silver was
retained and no remarkable silver release was observed into
the effluent, which could possibly decrease nanotoxicity
(De Gusseme et al. 2010). As was indicated before, the
bacterial carrier of biogenic silver did not inhibit the
antibacterial activity. In contrast, the attachment of the
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nanoparticles to this matrix seemed to be advantageous by
preventing the aggregation of the nanoparticles. The
maintenance of a high specific surface of the individual
nanoparticles is not only favourable when using them as
disinfectants but also when they are used as catalysts
(Hennebel et al. 2009). In addition, the bacterial carrier also
allows for straightforward concentration of the nanopar-
ticles by simple centrifugation.

As variations in cleanliness can influence the antimicro-
bial activity of disinfectants (Nanavaty et al. 1998), the
European Committee for Standardization advises to test
antimicrobial agents in clean and dirty conditions (NEN-EN
1997). In this study, dirty conditions were simulated by the
addition of BSA as recommended by the committee. Also,
the addition of NaCl was tested, since chlorides form an
insoluble complex with silver ions. Both compounds
decreased the disinfection rate of biogenic silver and ionic
silver considerably due to a decrease of the free silver ion
concentration as measured by an ion-selective silver
electrode (Fig. 3). The diminished release of silver ions in
the presence of salts and organic compounds was also
confirmed by Liu and Hurt (2010). The presence of organic
matter and salts in growth medium explains the higher
MBC values compared to the ones in plain water. These
results indicate that a longer contact time and/or higher
concentrations are needed to obtain substantial antimicro-
bial activity in environments where these compounds are
present.

In conclusion, the focus of this manuscript was on the
antibacterial mechanism of biogenic silver nanoparticles.
The comparative results, between biogenic silver and
ionic silver, suggest that the release of silver ions by the
biogenic silver is of direct importance to the antibacterial
performance. Direct contact and radical formation were
found to be of secondary importance in terms of the
antibacterial performance of biogenic silver. The fact that
these particles are attached to the cell walls of Lactoba-
cillus has advantageous effects with respect to activity by
preventing aggregation. Biogenic nanoparticles might be
safer because the metal particles are retained in a
biological matrix and might be less bioavailable to higher
organisms. The latter, however, still needs to be investi-
gated further.
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