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Biofilms confer protection from adverse environmental conditions and can be reservoirs for pathogenic
organisms and sources of disease outbreaks, especially in medical devices. The goal of this research was to
evaluate the anti-biofilm activities of silver nanoparticles (AgNPs) against several microorganisms of clinical
interest. The antimicrobial activity of AgNPs was tested within biofilms generated under static conditions and
also under high fluid shears conditions using a bioreactor. A 4-log reduction in the number of colony-forming
units of Pseudomonas aeruginosa was recorded under turbulent fluid conditions in the CDC reactor on
exposure to 100 mg mlm 1 of AgNPs. The antibacterial activity of AgNPs on various microbial strains grown
on polycarbonate membranes is reported. In conclusion, AgNPs effectively prevent the formation of biofilms
and kill bacteria in established biofilms, which suggests that AgNPs could be used for prevention and
treatment of biofilm-related infections. Further research and development are necessary to translate this
technology into therapeutic and preventive strategies.
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Introduction

Biofilms are microbial consortia embedded in self-
produced exopolymer matrices composed mainly of
exopolysaccharides (EPS). Microbes living in these
matrices benefit from nutrient and water supplies (Goller
& Romeo 2008); improved lateral gene transfer (Maha
& O’Toole 2001);
environmental conditions, such as desiccation and chemi-

and protection against adverse

cals, including detergents, disinfectants, and antibiotics
(Stewart & Costerton 2001; Costerton 2007).

Biofilms can also function as reservoirs for patho-
genic organisms and sources for disease outbreaks. For
instance, biofilms are implicated in otitis media (Bakaletz
2007), otolaryngologic infections (Post et al. 2007),
osteomyelitis (Brady et al. 2008), bacterial endocarditis,
cystic fibrosis (Heiby 2002), and non-healing wounds
(James et al. 2008). Biofilms are also responsible for a
wide variety of nosocomial infections. Sources of bio-
film-related infections include the surfaces of catheters,
medical implants, wound dressings, and other types of
medical devices (Costerton et al. 2003).

Planktonic microorganisms can adhere to surfaces and
initiate biofilm formation. These surfaces include medical
devices such as urinary and central venous catheters
(Jacobsen et al. 2008), contact lenses (Imamura et al.

2008) as well as mechanical heart valves, and endotra-
cheal tubes (Lynch & Robertson 2008). These devices are
particularly susceptible to biofilm formation because
immune responses are markedly reduced in proximity to
foreign bodies. In addition, biofilms prevent the phagocy-
tosis of bacteria by phagocytes and limit the access for
antibodies (Donlan & Costerton 2002; Cerca et al. 2006).
The formation of biofilms is also a major cause of implant
failure and often limits the lifetime of many indwelling
medical devices (Lynch & Robertson 2008).

Treatment of an infection with current remedies is
frequently futile after the biofilm is established. Often, the
only solution is physical removal of the biofilm or
implant, which is both costly and traumatic to the patient
(Lynch & Robertson 2008).

In recent years, the application of nanoparticles (NPs)
in various fields has expanded considerably. NPs have
been used successfully in medical and pharmaceutical
nanoengineering for the delivery of therapeutic agents
(Zhang et al. 2008), in chronic disease diagnostics, and in
sensors (Hong et al. 2008). Silver nanoparticles (AgNPs)
can already be found in a number of commercial products
including food packing materials and kitchen appliances,
and are even sold as an alternative ‘health
supplement’ (Chaudhry et al. 2008). Furthermore, AgNPs



are considered as a potential additive to animal feed to
replace antibiotics (Ahmadi 2009). In addition, AgNPs
have been examined for their ability to reduce microbial
mfections in skin (Paddle-Ledinek et al. 2006) and bum
wounds (Ulkur et al. 2005), and also to prevent bacterial
colonization on various surface devices such as catheters
{(Maki 2010) and prostheses (Gosheger et al. 2004).

ApgNPs are efficient non-specific antimicrobial agents
against the growth of a broad spectrum of bacterial and
fungal species in planktonic form (Kim et al 2007;
Martinez-Gutierrez et al 2010). Their antimicrobial
activities are attributed to the unique physico-chemical
characteristics of AgNPs, such as the high surface area,
mass ratio, high reactivity, and sizes in the nanometer
range, which confer on them a major advantage for the
development of alternative products against multi-drug
resistant microorganisms (Martinez-Gutierrez et al. 2012).

Although the cytotoxic mechanism(s) of AgNP have
not yet been elucidated fully, one of the main mecha-
nisms may be the release of Ag” ions from the NPs as a
result of their exposure to reactive entities generated
mtracellulardy. These reactive entities include highly reac-
tive oxygen and nitrogen species that can corrode,
degrade, or dissolve the NPs into their constituents atoms.
Ag" jons are detrimental to biomolecules, interfering with
normal metabolic reactions and potentially destabilizing
the membranes necessary for maintaining cellular integ-
rity (Park et al. 2011). Moreover, as a result of Ag” ioni-
zation, Ag' ions can also interact with proteins,
specifically with reactive thiol groups (cysteines), increas-
ing the damage to the cells (Elechiguerra et al. 2005).

The diffusivity of NPs is a parameter which controls
the mobility, aggregation, and toxicity of these compos-
ites. The diffusion of NPs may be hindered by: (1) the
porous structure of the biofilm; (2) the local accumula-
tion of NPs by cells, non-diffusing macromolecules, or
the polysaccharide matrix; and (3) the adsorption of the
solute to freely diffusing species, abiotic particles, or gas
bubbles (Stewart 2003). Then, due to the protection
offered by the biofilm matrix to the diffusion of antibi-
otic agents within the exopolymer matrix, the antimicro-
bial activity of AgNPs was tested in two different
conditions: static conditions and under high fluid shears
using a bioreactor. Results presented in this study show
that AgNPs were able to inhibit the growth of Pseudo-
monas aeruginosa, and were also lethal to cells inhabit-
g the biofilm matrix, suggesting that AgNPs can be
embedded in medical devices to avoid microbial coloni-
zation and the formation of biofilms.

Methods
Synthesis of AgNPs

AgNPs were synthesized by dissolving 0.169g of
AgNO, in 100 ml of deionized water. Gallic acid (0.01 g)

was dissolved in 10ml of deionized water and was
added to the AgNQ; solution under stirred conditions,
The pH value of the solution was immediately adjusted
to 10. AgNPs were flocculated by adjusting the pH to
1.5 using HNO, and the resulting suspension was filtered
through a nitrocellulose filter with a pore diameter of
100nm (Millipore) in a vacuum filter flask (Nalgene™).
ApgNPs retained on the filter were washed with deionized
water until a neutral pH was measured. Finally, AgNPs
were collected from the filter and sonicated to re-disperse
them in deionized water, and diluted to reach the sudy
concentrations prior to being characterized. AgNP
concentrations were prepared by weighing the powder
obtained after filtration and washing.

Characterization of the AgNPs

ApgNPs were chamacterized by UV-vis spectroscopy using
a S2000 UV-Vis spectrometer (OceanOptics Inc;
Dunedin, FL, USA); dynamic light scattering (DLS)
analysis was performed wsing a Malvem Zetasizer Nano
Z8 (Malven Instruments, Worcestershire, UK) with
water as a solvent, and transmission electron microscopy
(TEM) analysis was performed on a JEM-1230 (JEOL,
Tokyo, Japan) at an accelerating voltage of 100kV. All
the charactenization analyses were performed on aqueous
dispersions of the AgNPs. To determine the stability of
AgNPs at the concentrations used in this study, a stabil-
ity study was performed using AgNPs in their respective
liquid media. The hydrodynamic diameter and zeta
potential were measured by DLS (as above). These data
are presented as the average size (by number) at time
zero. Results are expressed as the average+ 5D of three

independent experiments.

Culturing of the microorganisms

The microorganisms, Acinefobacter baumannii (ATCC
BAA-1605) and P aeruginosa mPAO], (obtained from
the University of Washington Genome Center www.gen-
ome.washington. edw/UWGC), were evaluated as repre-
sentative of Gram-negative bacteria. As representative
Gram-positive microorganisms, the strains methicillin-
resistant  Staphylococcus  awrens (MRSA) (ATCC
T00787) and Strepiococcus mutans (ATCC 33535) were
evaluated. Candida albicans (ATCC 18804) was used as
a representative fungal species. Microorganisms were
obtained in freeze-dried form and rehydrated in Luria-
Bertani broth (l0g fryptone, S5g yeast exiract,
5gNaCll™"; Sigma-Aldrich, St Louis, MO) except for
8 mutans, which was cultured in trypticase soy broth
(TSB, Sigma—Aldrich). C. albicans was grown i Sabou-
raud dextrose broth (Sigma—Aldrch). Microorganisms
were maintained on solidified broth (addition of 1.5%
agar), except for 8. mudans, which was grown on trypti-
case soy agar supplemented with 5% sheep’s blood.
Bacteria and fungi were propagated by shaking at 37



and 27°C, respectively, with the exception of 8. mufans
where cultures were placed in a humidified atmosphere
supplemented with 5% CO: for 24h under static
conditions.

Formation of biofilms on membranes

To determine the antimicrobial activity of AgNPs on
established biofilms, polycarbonate membranes (25mm
diameter, 022 mm pore size; Osmonics, Inc., Minne-
tonka, MN) were sterilized by UV irradiation (10 min per
side) and then placed on the appropriate agar medium.
The membranes were inoculated with 10ml of a diluted
stationary phase culture of microorganisms at an optical
density of 0.05 at 600 nm (approximately 1.5 x 10 ml™'
microorganisms).

The agar plates were incubated for 24h under the
eonditions mdicated above. After 24h  the test
membranes were transferred to fresh plates, and 100ml of
stable AgNPs in the respective liquid media were added
at 4 concentrations (100, 250, 500, and 1000 mgml™").
Control membranes with adherent biofilms were trans-
ferred to fresh plates and treated with 100ml of sterile
phosphate buffered saline (PBS). All biofilms were treated
for 24 h. Experiments were performed in riplicate.

Inhibiion of biofilm formation using the colony biofilm
model

The ability of AgNPs to inhibit the formation of bacterial
and fungal biofilms was studied by slightly modifying
the colony biofilm model (Anderd et al. 2000). Briefly,
after membranes had been sterilized by UV exposure and
placed on the appropriate agar medium, they were inocu-
lated with 10ml of diluted planktonic culture and 100ml
of stable AgNPs in the respective liquid medium at the 4
test concentrations (100, 250, 500, and 1000 mgml™").
Control membranes with adherent biofilms  were
transferred to fresh plates and treated with 100ml sterile
PBS. Plates were mcubated for 24h in the same condi-
tions as the colony biofilm model. Experiments were
performed in triplicate.

The formation of biofilms on coupons

A biofilm was grown under conditions of high shear in
the CDC Biofilm Reactor (CDC-BR) (model CBR 90,
Biosurface Technologies Corporation, Bozeman, MT)
{Goeres et al 2005) according to published protocols
(ASTM Intemational, 2007). Brefly, the CDC-BR con-
sists of a 11 vessel with 8 polypropylene coupon holders,
each of which can accommodate 3 sample coupons
{13 em diameter). Liquid growth medium enters through
the top of the vessel and exits vig a side-arm discharge
port. A magnetic stiring bar incorporating a mixing
blade provides fluid mixing and surface shear creating a
rbulent flow (Reynolds no. B800-1850). For these
calculations, the bulk fluid was assumed to possess the

properties of water at 20°C when growing a
P ageruginosa biofilm. The Reynolds no. at the interior
coupon surface in the CDC reactor was estimated based
upon fluid equations developed for 2 concentric cylinders
where the imner cylinder rotates (Characklis 1990).

The reactor was filled with 400ml of 1% strength
TSB and inoculated with 1 ml of an overnight culture of
P aeruginosa. The reactor was maintained in a batch
mode (mixed, no flow) for 24h at 37°C. At the end of
the first 24 h flow was started and maintained for another
24 h After the formation of the biofilms, coupons were
removed from the reactor, nnsed with 1ml of PBS and
treated for 24h with different concentrations of AgNPs
(100, 250, 500, and 1000 mgml~") which had been
diluted with 1% strength TSB. After the 24h exposure
to AgNPs, the coupons were rinsed with 1 ml of PBS
and analyzed by plate counting. Three coupons from
each treatment were used to quantify the number of
bacterial cells.

Colony counting

Membranes and coupons were removed and immersed in
9ml of Dey/Engley neutralizing broth containing (17'):
5 g pancreatic digest of casein, 2.5 g yeast extract, 10g
dextrose, 1 g sodium thioglycollate, 6 g sodium thiosul-
fate, 2g sodium bisulfite, 5g polysorbate, 7g lecithin,
and 0.02g bromocresol purple. Biofilms were disaggre-
gated using a sequence of treatments, which included
vortexing (Vortex Genie 2; Scientific Products), sonica-
tion (model 2510 sonicating water bath; Branson), and
vortexing again, alternating 120 s cycles of sonication at
a frequency of 42 kHz, with 30s vortexing, according to
published protocols {Goeres et al. 2005). The suspen-
sions of cells obtained from the biofilms after the disag-
gregation steps were serally diluted in PBS, plated in
triplicate on the appropriate agar medium, and incubated
under the conditions stated above. The colony-forming
units (CFU) were counted after incubation for 18h.

Statistical analysis

The microbial density recorded for each membrane and
coupon was loglO-transformed. All statistical calcula-
tions were performed on the log density values. For each
test, the log densities were converted into a log reduction
measure of efficacy. The log reduction is the mean log
density for control coupons or membranes minus the
mean log density for the corresponding treated coupons
or membranes (Zelver et al. 2001). Statistical signifi-
cance was determined using a two-tailed f-fest assuming
unequal varances with a=0.35. A p value <005 was
considered to be significant.

Microscopic imaging of biofilms

Biofilms of P aeruginosa were used as models for
imaging purposes. One coupon from each treatment was



removed from the reactor and imaged using a confbeal
scanning laser microscope (Leica AOBS SP2; Leica
Microsystem Inc., Buffalo Grove, IL) equipped with a
two-photon Mai Tai attachment (Leica Microsystem
Inc.). Coupons (one from each treatment) were removed
from the reactor, rmsed with 1ml PBS to mmove
unattached bacteria, and stained with LIVE/DEAD™ Bac-
Light™ Viability Kit (Molecular Probes, Inc.) for 10min
according to the mamufacturer’s instructions. This kit
consists of two components: SYTO 9 that stains all bac-
terial cells with a green fluorescence; and propidium
iodide, a red fluorescent stain that only penetrates cells
with damaged membranes.

Results
Synthesis and characterization of the AgNPs

TEM revealed that AgNPs are monodispersed and spher-
ical in shape (Figure 1A). Based on the histogram of the
particle size distribution (Figure 1B), which was derived
from the corresponding TEM micrograph (n=106), the
average size (£8D) of AgNPs was 252+4nm. The
hydrodynamic diameter (£5D) of the AgNPs (based on
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Figure 1. Physico-chemical characteristics of synthesized
AgNPs. TEM (A) and size distribution (B) of the nanocomposite
synthesized in this work.

Table 1. Physico-chemical characteristics of synthesized
AgNFs,
Sohrtion
Parameter Method  Agqueous TSB
Hy drodynamic DLS 281£23 58127
diameter (nm) TEM 25244 252440
Zeta potential {mV) DLS —409+25 272464

Mote: DLS=dynamic light scattering, TEM=transmission electron
MICTOSCOPY.

the number distribution) synthesized in aqueous solution
was 281+23nm, with a zeta potential of —40.9
+2.5mV as measured by DLS (n=1.39 x 10°" NPml™").
Results of the stability assay show that the AgNPs were
stable in the high ionic strength TSB at the concentra-
tions used, because the hydrodynamic size increased to
54 8+127nm with a zeta potential of —27.2+64mV
{Table 1).

Treatment of established biofilms

The final cell concentration for each microorganism after
treatment with AgNPs was compared to the initial num-
ber of cells. The established biofilm of Gram-negative
microorganisms showed an inereased inhibition in the
presence of AgNPs.

P aeruginosa was the most susceptible microorgan-
ism with a 2-log reduction in the number of CFU
(Table 2). The established biofilms showed a high resis-
tance to the action of the AgNPs; inhibition by AgNPs
at the lower concentrations of 500 and 250mgml™"' was
~1-log reduction for Gram-negative and <0).5-log reduc-
tion for Gram-positive microorganisms.

Inhibition of biofilm growth

The inhibition of the growth of microorganisms in a
biofilm by AgNPs was evaluated for bacterial strains
able to colonize medical devices, such as P aeruginosa,
A. baumannii, and MRSA. In additon, S mufans and
C. albicans were tested because they are major cario-
genic and periodontopathogenic pathogens in formed
oral biofilms, respectively.

The exposure of microorganisms to AgNPs resulted
in the inhibition of microbial biofilm development on
membranes in a dose-dependent manner (Figure 2A). It
is noteworthy that a ~4-log reduction was observed
when P aeruginosa was exposed to 500 mgml™'
ApNPs, whereas a 6-log reduction was observed when
the concentration of the AgNPs was increased to
1000mgml ™", 4. baumannii had a more steady activity
with 3.54-log reductions being observed when cells
were exposed to AgNPs concentrations between 250 and
1000 mgml~'. Weaker activity was observed with the
remaining microbial strains, with only a 1-log reduction



Table 2. Treatment of established biofilms with AgNP.

AgNP treatment (mgml™")

Control
1000 300 230 100 PBS
Pa 241001 871 £0.01 010 £0.02 Ol £0.10 10.30£0.13
Ab BE3£1.17 951 020 971 £0.23 QROE0.27 10.0+0.51
MRESA 015007 045 £0.08 052011 062£0.19 O0T71£0.29
Ca 8,00+ 0,02 834 0006 835004 8.30 £ 0,06 8.41+0.05
Sm 9170004 O48 £0003 Q.50 +0.02 Q.50 +0.02 G 75+£0.05

Mote: Pa=F. aeruginosa, Ab=A. baumanii, MRS A=methidllin-resistant 8. aurens, Ca=C. albicans, Sm=5. mutans. Data represent the mean of three

indgpendent expeariments expressed in decimal loganthm (log 10 £5D) of CFU.

over all the treatments. Figure 2B shows selected images
of microorganisms grown on membranes treated with

AgNPs,

CDC-BR method

P aeruginosa was chosen as the model microorganism
to determine the antimicrobial activity of AgNPs against
mature biofilms (Goeres et al. 2005) and was grown in a
biofilm reactor (CDC-BR). Biofilms were formed on
coupon discs within the reactor and then treated with
different concentrations of AgNPs. Concentrations of
AgNPs as low as 100mgml~' showed a >4-log reduc-
tion in the number of CFU, while increasing the concen-
tration of AgNPs to 1000 mgml™"' resulted in a 5.5-log
reduction (Figure 3).

Confocal microscope images

Biofilms of P aeruginosa were imaged by confocal
scanning laser microscopy. To assess the antimicrobial
activity of AgNPs, samples were stained to differentiate
between live and dead bacteria. Red fluorescence indi-
cates cells with compromised membranes (dead),
whereas green fluorescence indicates cells with intact
membranes (live). At AgNP concentrations of 100 and
250mgml~', only red cells were observed suggesting
that most of the microorganisms were killed by the anti-
microbial effect of the AgNPs, whereas the untreated
control biofilm was mainly composed of live green cells

(Figure 4).

Discussion

Biofilms grow in diverse and dynamic environments
where factors such as fluid shear are important.
Consequently choosing a method that incorporates those
factors as part of the test is essential.

Studies on the antibacterial, antifouling, and anti-bio-
film effects of NPs have increased, using both standard
and non-standard methods; over the last few years, the
incorporation of NPs in new composites has escalated. A
sufficient variety of biofilm models are now commer-
cially available or may be constructed in the laboratory.
One of the mamn issues for uninitiated researchers is

making a rational choice regarding the best model to
use. Generally, systems that closely reproduce in sifu
conditions should be chosen when the aim is solely to
reproduce natural biofilms under laboratory conditions.

Previous studies reported the embedment of AgNPs
in new composites generated by acrylamide grafted onto
polyethersulfone fibers. The nanocomposite was exposed
to a suspension of Escherichia coli and subsequently
incubated it for 8 h. The presence of AgNPs in the mem-
brane killed 99.99% of the microorganisms (Sawada
et al. 2012). Other studies reported a 2-log reduction in
the number of E cofi after filtration of the cells through
a polysulfone membrane containing AgNPs at a concen-
tration of 220pgmg™' (Zodrow et al. 2009). Although
in this study E. coli was not tested, a similar log reduc-
tion was observed for P aeruginosa in the colony bio-
film model

The anti-biofilm activity of AgNPs against
P aeruginosa and Staphylococcus  epidermidis, two
common mfectious agents responsible for microbial
keratitis, has also been studied (Kalishwaralal et al
2010). AgNPs with an average size of S0nm at con-
centraions of 100nM were able to inhibit the forma-
tion of biofilms by Gram-negative and Gram-positive
microorganisms  almost equally (Kalishwaralal et al
2010). In the present study, AgNPs synthesized using
environmentally benign solvents showed better inhibi-
tion of the Gram-negative microorganisms cf. Gram-
positive bacteria and C albicans.

The use of other NPs to mhibit the development of
biofilms has also been reported. For instance, Zn0 NPs
were embedded in polyvinyl chloride, a polymer used in
endotracheal tubes and catheters which is frequently sub-
ject to microbial infection (Seil & Webster 2011). That
study reported a reduction of 55% i the development of
biofilm of 8 aureus on the Zn0 nanocomposite (Seil &
Webster 2011). Although the study presented here also
reports a reduction in the formation of biofilm, the values
reported in different studies cannot be compared because
different methods were used to express the results.

The antibacterial activity of superparamagnetic iron
oxide nanoparticles (SPIONs) of ~14-18nm diameter
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Figure 2. The inhibition of the growth of the biofilm using a
colony model. (A) Inhibition of the growth of microorganisms
with varying concentrations of AgNPs. (B) Selected images
showing the inhibition in the formation of biofilms at a
1000 mgml'1 concentration of AgNP. Ab, 4. baumannii; Ca,
C. albicans; MRSA, methicillinresistant 5  awreus; Pa,
P aeruginosa; Sm, 8. mutans.
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Figure 3. Antimicrobial activities of AgNPs against biofilms
formed in the CDC-BE. Biofilms of P aeruginosa were treated
with different concentrations of ApgNPs and the survival of
bacteria was assessed by counting the CFU. The log reduction
was calcolated relative to untreated control  biofilms.
Experiments were performed in triplicate.

was determined against biofilms of gentamicin-resistant
S. aureus and S. epidermidis (Subbizhdoss et al. 2012).
The authors reported an imcreased antibacterial activity
of ~10% against 8. agureus, and between 10 and 15%
against 8. epidermidis when SPIONS were grafted with
materials such as carboxyethylsilanetriol, aminopropyltri-
cthoxysilane, and aminopolyethylene glycol (Subbiah-
doss et al. 2012). Again, since the results were presented
in percentage mortality and not as the reduction in the
number of bacteria, results cannot be compared directy
to the study presented here, where reductions of several
fold were observed. Further development of SPIONs
resulted in the generation of engineered magnetic gold-
coated, silver-coated, or silver-gold-coated NPs. Interest-
ingly, SPION silver and SPION silver-gold NPs caused
~40-50% bacterial mortality within biofilms, whereas an
activation of these NPs by the application of a magnetic
field showed an increased bacterial mortality up to
~T0% (Mahmoudi & Serpooshan 2012).

Another study reported the use of a decapeptide to
treat biofilms formed by microorganisms inhabiting the
buceal environment (Liu et al 2011). Interestingly, this
decapeptide was able to reduce the thickness of a biofilm
of 8 mutans by ~55% at a concentration of
500mgml~" and significantly reduced the viability of
the cells within the biofilm. Here we report similar
results for bacterial inhibition by AgNPs at concentra-
tions P250mgml~'. From the present study, it is clear
that susceptibility to AgNPs is strain dependent, which is
in agreement with the results reported for the decapep-
tide, where antibacterial results varied according to the
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Figure 4. Images of biofilms of P aeruginosa after treatment
of the reactor coupons with AgNPs. The LIVE/DEAD®
BacLight™ Bacterial Viability Kit was vsed to image the
presence of live and dead cells. Red color indicates dead cells,
whereas green color indicates live cells. Scale bars =20 pm.

microorganism assayed (Lin et al 2011). Care is
required when interpreting data derived from this type of
model since the availability of cationic nutrdents, such as
iron and magnesium, may be reduced through interaction
with the anionic agar polysaccharide gel. The effective-
ness of cationic antimicrobials may be affected similady
if these are incorporated into the agar (Sutherland 2001).

For the biofilm of P aeruginosa, the log reductions
were inversely related to fluid shear. The biofilms formed
in the CDC-BR were inhibited by the AgNPs; a concen-
tration of 100 mgml™" resulting in a 4-log reduction. Fur-
ther reductions were observed when the concentration of
AgNPs was increased to 1000mgml™" (5.5-log reduc-
tion). Interestingly, a similar log reduction (6-log) was
observed when biofilms of P. aeruginosa were developed
on membranes at a AgNP concentration of 1000 mgml—".
These results are in line with previous studies reporting
that biofilms grown in turbulent flow conditions showed

more mass, resulting in an increase of the density, physio-
logical activity, and total protein when compared to bio-
films generated under static conditions (Buckingham-
Meyer et al. 2007). However, at lower concentrations of
ApNPs, the reduction in biofilm on the membrane was
not exceptional when compared to the reactor results at
the same concentrations of AgNPs. This difference can
be explained as a result of biofilm formation under shear
forces (within the reactor), which &8 a complex and
dynamic process that can change the structure and perme-
ability of biofilms depending on the reactor conditions.
For example, studies have shown that high shear forces
can change the biofilm to a thinner and denser structure
{Vieira et al 1993), which would affect directly the mass
transfer of nutdents or particles as a result of an increas-
ing hydrodynamic turbulence (Wasche et al. 2000). Thus,
as a result of an increase in the thickness of the biofilm,
mass transfer becomes a factor that forces bacteria to
adapt to those limitations (Stewart & Franklin 2008).
Those adaptions include a subsequent change to adopt a
less dense structure (Teodosio et al. 2011), including the
formation of liquid channels as demonstrated in strains of
Pseudomonas sp. and Klebsiella sp. (Stoodley et al
1994) or to promote an increase in the biofilm thickness
with a concomitant reduction in the mechanical strength
which would facilitate access to nutrients and allow parti-
cles into biofilm structures (Teodosio et al. 2011).
Another explanation may be related to a change in the
morphology of the bacteria as shown in the formation of
biofilm of P aeruginosa under shear stress and antibiotics
{(Fonseca & Sousa 2007). Although antibiotics were not
used in the system described in the present study, the
behavior of AgNPs as antimicrobial agents and as poten-
tial modifiers of the bacterial cell wall should be taken in
account.

The anti-biofilm activity of AgNPs against the straing
tested shows a less significant effect on the growth of
Gram-positive bacteria than on that of Gram-negative bac-
teria (p=0.05). This observation may be a result of the
structural differences in the composition of the cell wall
of Gram-positive vs Gram-negative bacteria, although it
has been reported that bacteria belonging to both groups
exhibit equal mortality to AgNPs (Fayaz et al. 2010).
Another possible mechanism by which AgNPs (Ag 0
metallic and Ag” ions) reduce the formation of biofilms is
an interference or inhibition and/or regulation of EPS. For
example, the production of EPS by P aeruginosa is
controlled by a gene cluster of 15 genes (Matsukawa &
Greenberg 2004) and a potential inhibition of proteins by
ApgNPs will impair the synthesis of EPS.

The mechanism accounting for the deactivation of
proteins may be explained by a reactive attachment of
Ag" ions to the cysteine residues present in profeins.
This was demonstrated by exposing the human hepatome
HepG2 cells to N-acetyl-cysteine (NAC), an antioxidant



and glutathione precursor prior fo exposure to AgNPs.
The results of this study showed that the NAC treatment
was equivalent to the untreated comtrols (Kim et al
2009). Then, as a result of an ionization of the AgNPs,
Ag' ions can interact with protein and enzyme thiol
groups, such as cysteines producing further damage
(Elechiguerra et al. 2005).

The use of the CDC-BR is favored because it is a
standard protocol (ASTM 2562-07) which has been
evaluated systematically. When operated according to
standard procedures, the CDC-BR has been shown to be
reliable and is relatively insensitive to minor variations
in the tme allowed for mitial surface colomization,
culture temperatire, nutrient concentration, and fluid
shear stress (Goeres et al. 2005). In faet, it provides
reproducible samples of biofilm under consistent growth
conditions for the evaluation of anfimicrobial agents and
surface materials.

Biofilms increase the antibiotic tolerance of microor-
ganisms, making it very difficult to control mfections.
For example, tobramycin and ciprofloxacin were able to
penetrate biofilms formed by Psewdomonas sp. in a bio-
film reactor, but were not lethal to the bacteria (Walters
et al. 2003). Results from the present study show that
AgNPs are lethal to bacteria associated with a biofilm.
Further studies are needed to investigate the role of Ag'
ions in toxicity of AgNP and their diffusion through the
biofilm. Higher concentrations of AgNPs (100-1000
times) are necessary to kill microbes within biofilms as
compared to concentrations needed to kill planktonic
forms (Martinez-Gutierrez et al. 2012). Those results are
comcident with the previous work of Ashkarman et al
(2012), which concluded that AgNPs should have dual
toxicity effects (high toxicity to bacteria and nolow tox-
icity (biocompatible) to human cells). The scientific com-
munity faces varous challenges i helping to support the
manotechnology industry in minimizing the risks and
maximizing the benefits from these technologies.

ApgNPs covering the surfaces would provide great
potential for prevention and treatment of these infections
related to biofilm formation, and functionalization of
AgNPs should help to maintain the desired properties of
the product. However, further research and development
are necessary to translate this technology into therapeutic
and preventive strategies, because Prabhakam et al
{2011) reported that medical grade polyurethane coated
with polyanilines and AgNPs (~22nm) reduced the
attachment of P aeruginosa and Bacillus subtilis by only
~1 and 0.5-log, respectively.

Conclusions

AgNPs effectively prevent the formation of biofilms and
are lethal to bacteria in established biofilms, which

suggests that they can be embedded into the matrices or
material used for the fabrication of medical devices to
avoid the adherence, colonizaton and the formaton of
microbial biofilms on the surfaces of those devices.
Further research and development are necessary to
translate this technology into thermapeutic and preventive
strategies.
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