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ABSTRACT: A common problem with implants is that Gram(-)  Gram(+)
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nanoparticles (AgNPs) on clinically relevant Gram-positive AgNPs
(Staphylococcus aureus) and Gram-negative (Pseudomonas (ﬁ:-gls Osteoblast

aeruginosa) bacteria in two different situations: (i) dispersed

AgNPs (to assess the effect of AgNPs against planktonic bacteria) and (ii) adsorbed AgNPs on titanium (Ti) substrates, a
material widely used for implants (to test their effect against sessile bacteria). In both cases, the number of surviving cells was
quantified. The small amount of Ag on the surface of Ti has an antimicrobial effect similar to that of pure Ag surfaces. We have
also investigated the capability of AgNPs to kill planktonic bacteria and their cytotoxic effect on UMR-106 osteoblastic cells. The
minimum bactericidal concentration found for both strains is much lower than the AgNP concentration that leads to cytotoxicity
to osteoblasts. Planktonic P. aeruginosa show a higher susceptibility to Ag than S. aureus, which can be caused by the different wall
structures, while for sessile bacteria, similar results are obtained for both strains. This can be explained by the presence of
extracellular polymeric substances in the early stages of P. aeruginosa biofilm formation. Our findings can be important to
improving the performance of Ti-based implants because a good bactericidal action is obtained with very small quantities of Ag,
which are not detrimental to the cells involved in the osseointegration process.
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B INTRODUCTION

A common problem with implants and other implantable
medical devices is that bacteria can form biofilms on their
surfaces, which can lead to local or systemic infections and,
eventually, to implant rejection. This is a major worry for both
patients and health care providers because of the negative
impact in the quality of life of the former and the economical
cost of frequent implant replacements.’ An interesting strategy
to inhibit bacterial colonization is the immobilization of an
antibacterial agent on the surface of the devices that can inhibit
the adhesion of pioneer bacteria and kill them as they try to
attach to the surface. It is well-known that bacteria that form
biofilms are more resistant to antimicrobial agents added after
colonization of the surface.”

Silver (Ag) compounds have been used as antimicrobial
agents since a long time ago, and nowadays, with the advent of
nanomaterials, different types of silver nanoparticles (AgNPs)
and Ag-containing nanocomposites have been proposed to try
to circumvent the menace of biofilm formation. Ag, in the form
of either ions or AgNPs, is a broad spectrum bactericidal that
lacks the resistance problems that some antibiotics present.
Moreover, Ag and its compounds are effective virucidal® and
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antifungal4 agents. Thus, the use of adsorbed AgNPs or other
Ag species on the surface of implants and medical supplies is a
valid strategy to hinder the formation of biofilms and hence the
incidence of infections. In this respect, surfaces modified by Ag
nanomaterials have been proven to have antibacterial properties
against different bacterial strains.>~’

Several strategies have been developed to immobilize Ag
nanomaterials on different surfaces, most of them including one
or more surface functionalization steps.*’ For instance, in
materials such as glass and stainless steel, functionalization of
the substrate surface, usually with self-assembled monolayers of
organic molecules, is needed for efficient Ag nanomaterial
adsorption.® Apart from surface substrate modification,
because of their antimicrobial properties, AgNPs are also
used in a wide range of products, such as cosmetics and fabrics,
among others.” For instance, Lee et al.'® have developed a
procedure for producing nanosized stable Ag particles on
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cotton fabrics that inhibit the growth of various bacteria
without side effects on the skin.

Though highly effective against bacteria, the mechanism of
action of AgNPs against them is not yet fully understood: while
some authors attribute their antibacterial effect to the release of
Ag ions, others state that it is due to the interaction of AgNPs
with the walls of the cells and still others propose a
combination of both effects.''~*®

Several studies have been performed to assess the effect of
AgNPs on both Gram-positive and Gram-negative planktonic
bacteria. In some of them, minimum bactericidal or inhibitory
concentrations (MBC and MIC, respectively) have been
reported.'”>' Because the release of Ag ions from the
nanoparticles is certainly involved in diminution of the bacterial
viability, the size, shape, and capping of AgNPs are important
factors to consider. For instance, it has been reported that
truncated triangular AgNPs have a better antibacterial perform-
ance on Escherichia coli than spherical ones, a fact that was
attributed to the presence of high-atom-density facets such as
(111), which favors the reactivity of Ag.>* For AgNPs having
the same shape, the MBC tested on both Gram-positive and
Gram-ne%ative strains increases as the size of the nanoparticles
increases.”> With regards to the AgNP capping, the charge and
nature of the species in the AgNP protective layer play an
important role and should not be underestimated.”* However,
in many studies, commercial AgNPs are used and the
information on the capping is not informed.” In each case,
upon critical evaluation of MIC and MBC, it is important to
take into account not only the capping but also, if the size and
shape of the nanoparticles are known, the available surface area
exposed to the media. Moreover, the role of the AgNP
environment should also be considered.

Titanium (Ti) is a material widely used in implants because
of its good mechanical properties and corrosion resistance due
to the formation of a thin passivating TiO, film, which is also
responsible of its biocompatibility.”® For these reasons, Ti is the
metal of choice for dental implants and, though to a lesser
extent, for bone replacement (in the latter case, Ti foams are
currently being developed).”® Consequently, the development
of new methods for inhibiting bacterial colonization on Ti, and
thus reducing the occurrence of infection, is a challenge that
would result in a better performance of the implant.

Compared to assays involving planktonic bacteria, fewer
studies have been published dealing with sessile bacteria on
surfaces of interest for implantable devices modified with
AgNPs.*”*® Among them, Roe et al. proved that catheters
coated with AgNPs showed good antibacterial activity against
several strains, preventing biofilm formation on the surface.””
Vasilev et al. used poly(vinyl sulfonate)-coated AgNPs bound
onto amine-containing surfaces, which were effective in
preventing the attachment of bacteria® In our previous
study,®® we had shown that citrate-capped AgNPs adsorb
spontaneously on Ti/TiO, surfaces without the need of
pretreatments, and we had also demonstrated the bactericidal
effect of such modified surfaces. It is thus interesting to
compare the bactericidal action of AgNPs on both planktonic
and sessile bacteria on surfaces of materials commonly used for
implant materials, like Ti/TiO, surfaces (ref 30 and references
cited therein).

Furthermore, many concerns have arisen regarding harmful
effects of AgNPs on human health and on the environment. It
has been proposed that AgNPs have potential inflammatory
effects and can also cause damage to the genetic material in
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cells.*" Oxidative stress has been related to the cytotoxicity of
AgNPs because of the fact that they release Ag ions.”” It has
also been reported that cyto- and genotoxicity of AgNPs
depend on the dosage of the nanomaterial.>> Consequently, it is
also crucial to know the cyto- and genotoxic effects of AgNPs
on the cells involved in the osseointegration process, like
osteoblasts,** and to find the AgNP concentration range that is
high enough to kill the majority of bacteria but that does not
considerably affect the cells that will be in contact or close to
the implant.

The aim of this paper is to investigate the action of citrate-
capped AgNPs on Gram-positive and Gram-negative bacteria in
two different situations: (i) dispersed AgNPs (to assess their
effect against planktonic bacteria) and (ii) adsorbed AgNPs on
Ti substrates, a material widely used for implants (to test them
against sessile bacteria). For this purpose, we have used two
clinically relevant bacteria: Pseudomonas aeruginosa (P.
aeruginosa; Gram-negative) and Staphylococcus aureus (S.
aureus; Gram-positive). Moreover, we have tested the cytotoxic
effect of AgNPs on an osteoblast cell line (UMR-106). Our
results show that the MBC found for both strains is much lower
than the AgNP concentration that is cytotoxic to osteoblasts.
Planktonic P. aeruginosa shows a higher susceptibility to Ag
than S. aureus, which can be caused by the different wall
structures, while for sessile bacteria, similar results are obtained
for both strains. This result can be explained by the presence of
extracellular polymeric substances (EPS) in the early stages of
P. aeruginosa biofilm formation.

B EXPERIMENTAL SECTION

1. Preparation of AgNP-Coated Ti Substrates. AgNPs
(diameter ~ 6 nm, citrate-coated) were prepared as described
elsewhere.*® The method is based on the reduction of AgNO, by
NaBH, in a sodium citrate containing dissolution. The physicochem-
ical characterization of the nanoparticles and the AgNP-modified Ti
(AgNP-Ti) substrates used in this work can be found in ref 30. Briefly,
freshly synthesized nanoparticles showed a narrow size distribution of
around 6 nm from high-resolution transmission electron microscopy
(HRTEM) imaging. After 3 weeks, the size distribution broadened a
bit but AgNPs did not aggregate, as revealed also by the position and
intensity of the surface plasmon resonance peak at ~#400 nm. The
possibility of formation of an oxide layer on their surface was discarded
because the X-ray photoelectron microscopy (XPS) Ag 3d peaks could
be fitted with a single component corresponding to metallic Ag. No
additional components at lower binding energy were necessary for a
correct peak fitting. Moreover, HRTEM and electron diffraction
results were consistent with a cubic metallic Ag lattice and not with
any silver oxides. Therefore, we concluded that our AgNPs are
metallic, with a negligible amount of silver oxide on their surface.
Additionally, the AgNPs remained unoxidized after several months, as
revealed from XPS and TEM measurements.

Circular Ti foils (1 cm diameter) were polished to mirror grade.
Then, they were immersed in the AgNP dispersion (3.16 X 107 mg/
mL, ~293 uM, expressed as Ag concentration) for 24 h at 4 °C to
allow AgNPs be adsorbed onto the surface. The native oxide of Ti in
aqueous media is amorphous TiO,, about 20 nm thick.>* This oxide
layer is probably hydroxylated. Because the isoelectric point of native
TiO, is 4.5, the surface charge at pH 7 is negative.’® The AgNP-Ti
substrates were rinsed gently with Milli-Q water and dried under a
nitrogen flux. As reported before,®° after this treatment, AgNPs
arranged in islands of 100—300 nm in size with average height 80 nm.
The average Ag coverage was ~0.09. It is worth mentioning that
clustering is probably caused by the drying process. However, we have
prepared the substrates in that way because the potential application of
our study would be AgNP-modified Ti dental implants that should be
kept dry and sterile on the shelf until implantation.
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The nanoparticles remain adsorbed on the Ti surface after rinsing
with water and even after 72 h of immersion in the bacterial culture
medium. Moreover, the stability of the adsorbed AgNPs is relatively
strong because they can be imaged by contact atomic force microscopy
(AFM) without removing them with the tip by using relatively soft
cantilevers and low applied forces, as we demonstrated in our previous
paper.® In fact, higher forces (~400 nN) were necessary to sweep
away some of the adsorbed nanoparticles.

Circular Ti foils of the same diameter that had not been exposed to
AgNP dispersions were used as controls. Also, circular Ag foils of the
same diameter as the Ti substrates were used in order to compare the
antimicrobial effect of bulk Ag to that of AgNP-Ti substrates.

2. Bacterial Culture and Microbiocidal Assays. Planktonic
Bacteria. P. aeruginosa (clinical isolate from a patient with cystic
fibrosis) and S. aureus (ATCC 25923 methycilin sensible) strains were
grown on liquid nutrient broth (Merck, Darmstadt, Germany) at 30
°C on a rotary shaker (250 rpm). Bacterial inocula were prepared in 1
mL of nutrient broth by inoculating 10°® colony-forming units (CFU)/
mL of bacteria in a fresh growth medium and grown at 30 °C for 1 h.
Because citrate-capped nanoparticles tend to aggregate in standard
growth media,> the assays were carried out in a rich phosphate-
buffered medium containing 5 g/L glucose, 5 g/L mannitol, and 10 g/
L glycine in phosphate buffer, pH 7, 0.01 M (from now on, GMP).
The inocula were diluted in GMP to have 10° CFU/mL of bacteria for
viability assays. CFU values were confirmed by plate counting.

Viability Assay for Planktonic Bacteria. In order to investigate the
bactericidal effect of dispersed AgNPs on planktonic cells, AgNPs at
different final Ag concentrations (0, 0.09, 0.195, 0.39, 0.78, 1.56, 3.125,
625, 12.5, 25, 50, 75, and 150 uM) were suspended in a GMP
medium. In each case, an appropriate dilution of the bacterial culture
(either S. aureus or P. aeruginosa), grown in nutrient broth, was added
to the AgNPs in a GMP medium to reach a final bacterial
concentration of 10° CFU/mL. Bacteria were left in contact with
the AgNPs for 24 h, and then the total number of viable bacteria was
quantified by a serial dilution method and plate counting. Control
assays (without AgNPs) were performed by plate counting after 24 h
of growth in the GMP medium.

This method allowed us to define the bactericidal concentrations of
AgNPs against both P. aeruginosa and S. aureus. The MBC was defined
as the lowest concentration of agent (nanoparticles) that kills at least
99.9% of the total bacteria in 24 h.

Sessile Bacteria. P. aeruginosa and S. aureus strains were grown on
liquid nutrient broth at 30 °C on a rotary shaker (250 rpm). Bacterial
inocula were prepared in 50 mL by inoculating 10’ CFU/mL of
bacteria in a fresh growth medium and grown up to an exponential
phase. Then, the bacterial suspensions were adjusted to ~1 X 10°
CFU/mL in a fresh growth medium and used immediately for
inoculation of the substrates. The CFU was confirmed by a viable
count. Subsequently, substrates were vertically placed in the bacteria
suspension and incubated at 30 °C for 4 h. The substrates with sessile
cells were then removed and washed gently by immersion in sterile
Milli-Q water in order to remove or detach those cells that were not
tightly attached to the surface. Sessile bacteria prepared in this way
were used for the assays described below.

Viability Assay for Sessile Bacteria. The number of bacteria
adhered to the surface of the substrates was determined by two
separate techniques: (a) quantification by serial dilution and plate
counting method; (b) viability assays made by using a Live/Dead
BacLight Bacterial Viability Kit from Invitrogen.

Serial Dilution Method. For quantification, the adherent bacteria
were detached by sonication. To assess the possibility that ultrasound
treatment decreased the bacterial viability, we compared the number of
planktonic viable S. aureus bacteria with and without ultrasound
(control) using the plate counting method. Briefly, S. aureus ATCC
25923 was grown in nutrient broth at 30 °C and the bacterial
suspension was adjusted to 10’ CFU/mL in a fresh growth medium.
Aliquots of 2 mL of the bacterial suspensions were distributed in four
glass tubes. Two of them were immersed in an ultrasonic bath.
Sonication at 40 kHz with a power output of 160 W was performed at
30 °C for 15 min. Later, the number of bacteria in the sonicated
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suspension was determined by serial dilution followed by bacterial
culture on nutrient agar. Bacterial suspensions in the remaining tubes
were used as control assays. These tubes were incubated for 15 min at
30 °C without ultrasound treatment and counted as described above.
The number of viable bacteria exposed to ultrasound treatment was
3.75 £ 0.92 X 10’ CFU/mL, while the control yielded 3.15 + 1.63 X
107 CFU/mL. Thus, our experimental data reveal no significant
differences in the number of viable bacteria exposed to ultrasound
treatment compared to the control.

On the other hand, incomplete disaggregation of biofilms would
underestimate the number of viable sessile cells. However, while we
could have some incomplete disaggregation, ultrasonic treatment is a
widely used and reliable method to remove and disaggregate biofilms.
Bjerkan et al.*” have demonstrated that sonication efficiently dislodges
bacteria (including S. aureus) from biofilms generated in vitro on Ti
surfaces. Moreover, the sonication procedure is commonly used for
enumeration of viable bacteria by the dilution plate method. Currently,
one of the most widely used methods for testing the antibiotic
susceptibilities of biofilms in clinical diagnostics is the Calgary’s
Biofilms device (CBD). After exposure of preformed biofilms to
antimicrobial agents, sessile cell quantification is conducted by
conventional plating after disruption of biofilms by sonication.*® The
CBD was used in relevant pathogenic species such as P. aeruginosa
ATCC,* S. aureus, and Escherichia coli®® Regarding the chosen
sonication time for sessile bacteria detachment and biofilm
dissagregation (1S5 min), we tried 15 and 30 min of sonication for P.
aeruginosa from Ti substrates and found similar results from bacteria
plate counting. Therefore, we chose the shorter time for both sessile P.
aeruginosa and S. aureus.

The detachment of all bacteria was confirmed by epifluorescence
microscopy with an Olympus BX-51 microscope after the samples
were stained with acridine orange. Then, the number of bacteria in the
suspension was determined by serial dilution followed by bacterial
culture on nutrient agar. A triplicate series of experiments were carried
out in each case. Statistical analysis was performed using one-way
analysis of variance (ANOVA) to evaluate differences between groups
of bacteria. A p < 0.05 was considered statistically significant.

Live/Dead Kit. For P. aeruginosa, the staining dissolution was
prepared by mixing 30 uL of component A (SYTO 9) and 30 uL of
component B (propidium iodide) and diluting the mixture to 1/200 in
distilled water. For S. aureus, the staining dissolution was prepared by
mixing 3 yL of staining component A and 3 yL of staining component
B and diluting to 1/1000 in distilled water. A total of 10 uL of the
mixture was poured on each substrate, and then they were kept in the
dark for 15 min at room temperature. After that, the substrates were
rinsed with sterile water. Stained bacteria were visualized by
epifluorescence microscopy. The filters used were U-MWG2
(excitation 510—550 nm; emission $S90 nm), which allows imaging
of intact and damaged bacteria as green cells, and U-MWB2
(excitation 460—490 nm; emission 520 nm), which allows imaging
damaged bacteria as red cells. The percentage of bacterial survival was
calculated from the ratio of the number of intact cells (green cells
minus red cells) to the total number of cells (green cells). Calculations
were made from at least 10 different randomly selected regions of each
image, by using Image ] software (National Institute of Health,
Bethesda, MD). A triplicate series of experiments were carried out in
each case. Statistical analysis was performed using one-way ANOVA to
evaluate the differences between groups of bacteria. A p < 0.05 was
considered statistically significant.

3. Cell Culture. Rat osteosarcoma derived cells (UMR-106 cell
line) were originally obtained from American Type Culture Collection
(ATCC; Rockville, MD). Cells were grown as a monolayer in Falcon
T-2S flasks with a complete culture D-MEM medium (D-MEM
medium, high glucose, with L-glutamine, with pyridoxine hydro-
chloride from GIBCO-BRL, Grand Island, NY, supplemented with
10% inactivated fetal calf serum, S0 IU/mL penicillin and 50 pg/mL
streptomycin sulfate) at 37 °C in 5% CO, humid atmosphere. Cells
were counted in an improved Neubauer hemocytometer, and viability
was determined by the exclusion Trypan Blue (Sigma, St. Louis, MO)
method. In all cases, the viability was higher than 95%.
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Cytotoxicity Evaluation of AgNP in the UMR-106 Cell Line. Two
sets of experiments were arranged in order to evaluate the cellular
effects of the different AgNP concentrations. Neutral red (NR) and
tetrazolium salt (MTT) assays (described below) were carried out
using the following concentrations: 10, 25, 50, 75, 100, 150, and 225
#M, each of them corresponding to the final amount of Ag after the
addition of the corresponding AgNP aliquot to the different wells.
Previously, it had been tested by UV—vis spectroscopy that the citrate-
capped AgNPs do not coalesce in the D-MEM culture medium.

NR Assay. The NR uptake assay was performed according to
Borenfreund and Puerner.*® This assay measures cellular transport
based on the dye uptake of living cells. Absorbance change is directly
proportional to the lysosomal activity of the cells. For this analysis, 2.5
X 10? cells/well (96 multiwell plate) were grown in a complete culture
medium for 24 h at 37 °C in a 5% CO, humid atmosphere. The
culture medium was then replaced by a fresh one with different AGNP
concentrations. After exposure, the medium was removed and a fresh
medium containing 40 yug/mL NR dye (Sigma, St. Louis, MO) was
added. Following 3 h of incubation, cells were washed with a
phosphate-buffered saline (PBS) solution. Subsequently, 0.1 mL of a
1% acetic acid solution in 50% ethanol was added. The dye that had
been taken by the live cells was released, and the red color was
observed. The plate was shaken for 10 min, and the absorbance was
measured at 540 nm using an automatic ELISA plate reader (BioTek
uQuant). Negative controls were run simultaneously in cultures
without AgNPs. The cytotoxicity percentage was calculated as [(A —
B)/A] X 100, where A and B are control and treated cell absorbances,
respectively. Each experiment was independently repeated three times.
Data were analyzed using the one-way ANOVA test, and multiple
comparisons were made using p values corrected according to the
Bonferroni method.

Reduction of MTT Assay. MTT assay was performed usin%
metabolic competence by the colorimetric method of Mosmann,*
as modified by Twentyman and Luscombe.*” This assay measures the
reduction of MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide] to formazan by dehydrogenase enzymes of intact
mitochondria in living cells. The absorbance change is directly
proportional to the number of viable cells. For this analysis, 2.5 X 10°
cells/well (in 96 multiwell plates) were grown in a complete culture
medium for 24 h at 37 °C in a 5% CO, humid atmosphere. The
culture medium was then replaced by a fresh one with different AgNP
concentrations. After 24 h, the medium was removed, cells were
washed with PBS, and a fresh medium containing MTT reagent (1
mg/mL final concentration; Sigma, St. Louis, MO) was added. After 3
h of incubation, cells were washed again with PBS. Color developed by
the addition of 100 uL of dimethyl sulfoxide (Merck, Quimica
Argentina SAIC, Argentina) to each well for cell lysis and formazan
crystal dissolution. The plate was shaken for 10 min, and the
absorbance was measured at 540 nm using an automatic ELISA plate
reader. Each experiment was independently repeated three times. The
cytotoxicity percentage and statistical analysis were calculated as
described previously for NR assays.

4. Ag Release. Circular AgNP-Ti substrates and Ag foils (both 1
cm in diameter) were placed in separate vials containing 3 mL of Milli-
Q water. After 4 h, the substrates were removed and 3 mL of 0.1 M
HNO; was added to each of the supernatants. The total Ag
concentration was then measured by graphite furnace atomic
absorption spectrometry.

In order to estimate the Ag release of disperse nanoparticles after 24
h in GMP and D-MEM media, an appropriate aliquot of the AgNP
dispersion was added to 20 mL of each medium so as to obtain a final
Ag concentration of 5 yM. For comparison, the same procedure was
made by replacing the medium by Milli-Q water. After 24 h, the
dispersions were ultracentrifuged (Beckman) at 100000g for 2 h, and
then the UV—vis spectrum of each sample was measured to determine
the absorbance of the typical surface plasmon resonance absorption
peak at ~400 nm. Complete separation of the nanoparticles was
achieved after two ultracentrifugation steps, as revealed by the absence
of the plasmon absorption peak in the UV—vis spectrum. Then,
concentrated HNO; was added to the supernatant in order to obtain a
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final concentration of 0.05 M, and the total Ag concentration was
measured by graphite furnace atomic absorption spectrometry.

5. AFM Imaging of Bacteria. The substrates were vertically
placed in fresh cultures of P. aeruginosa or S. aureus at 30 °C for 4 h
(nutrient broth; final bacterial concentration &~ 1 X 108 CFU/mL).
Then, the substrates were gently rinsed with sterile water and dried in
air. AFM images were acquired in contact mode with a NanoScope V
scanning probe microscope (Bruker, Santa Barbara, CA) operating in
ambient conditions. Silicon nitride probes (k = 0.58 N/m; Bruker)
were used in all measurements. For P. aeruginosa, analysis of the wall
roughness was made from at least three different images (450 X 450
nm? in size) with the Nanoscope 7.30 software using the Roughness tool.
The average roughness (w) of the bacterial surfaces was calculated as

n _221/2
w=2|:(iN ):|

i=1

~
~

(1)

where N is the number of points considered on the surface, z; the
height of point i on the surface, and Z the average height of N points.

B RESULTS AND DISCUSSION

The action of citrate-capped AgNPs on both Gram-positive and
Gram-negative bacteria was investigated in two different
situations: for dispersed AgNPs and for adsorbed AgNPs on
Ti substrates.

Antibacterial Effect of Dispersed AgNPs on Plank-
tonic Cells. Assays were performed in order to evaluate the
effect of AgNPs on the viability of both planktonic S. aureus and
P. aeruginosa. Cell killing should not only produce a faster
resolution of infections but also improve the clinical perform-
ance, as well as reduce the probability of spreading of the
infection. The MBC is one of the clinically relevant parameters’
to account for the effect of AgNPs on the bacteria. We have
performed assays in order to determine the MBC values for our
systems. In the case of our AgNPs, because citrate-capped
nanoparticles tend to aggregate in standard culture media,’
experiments were carried out in GMP (see the Experimental
Section). The MBC values determined for S. aureus and P.
aeruginosa were 3.12 uM (0.33 ,ug/mL) and 0.78 uM (0.084
ug/mL), respectively (expressed as the total Ag concentration).
These figures are far lower than those reported in the literature
for different strains of S. aureus™ and P. aeruginosa.”® In order
to assess the suitability of the GMP medium, blank experiments
(no AgNPs) were performed after 24 h of growth. Both S.
aureus and P. aeruginosa showed a 10-fold increase in the
concentration after 24 h, showing that bacteria continue to
grow in the conditions of the assays after 24 h.

It has been reported that the size* and shape** of AgNPs are
parameters that influence their bactericidal capacity. The values
of MBC and/or MIC reported in the literature cover a wide
range of AgNP concentrations, depending on the experimental
conditions.”*"** In fact, Lara et al.*® used nanoparticles of
100 nm diameter and found that the MBC for planktonic P.
aeruginosa was ~1 X 10* ug/mL, while Ansari et al."” reported
values of 12—25 pug/mL for nanoparticles of 5—10 nm diameter
for S. aureus, although the capping of such commercial
nanoparticles was not specified. Because the kinetics of Ag'
release®® and nanoparticle—surface cell interactions*” depend
on the capping of the nanoparticles, the knowledge of the
nature of the AgNP capping is not a minor point. In
comparison to those reported in the literature, the low values
of the MBC found for our citrate-capped AgNPs indicate a very
good bactericidal activity against the two strains assayed in this
work.
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The mechanism of the antibacterial action of AgNPs is still
controversial. Some authors have suggested that it is mainly
related to the release of Ag ions from the surface of the
nanoparticles, which, in turn, can interact with thiol groups
present in bacterial protelns,2 1nterfere in DNA replication,"®**
or affect the respiratory chain.'” In particular, the release of Ag
ions from citrate-stabilized nanoparticles would proceed
through oxidation involving dioxygen'® because the concen-
tration of Ag ions diminishes in anaeroblc conditions, therefore
decreasing the antimicrobial activity.'” Sotiriou et al.'* have
found that small AgNPs (less than 10 nm) release more Ag'
ions than larger nanopartlcles This high release can be related
to their higher curvature'* and to the presence of defects, such
as kink sites,* which facilitate Ag dissolution from the
nanoparticle surface. Thus, the low MBC found for our
AgNPs compared to other values reported in the literature
could be attributed to their size (6 nm in diameter), to the
lability of the capping, or both. Further investigation is needed
in order to better understand this point.

Moreover, according to our results, P. aeruginosa is more
susceptible to 6 nm citrate-capped nanoparticles than S. aureus.
It is still open to discussion whether AgNPs can physically
interact with cells, causing disruption of the cell membrane and
even penetration of nanoparticles into the cytoplasm."'” Some
authors have proposed that AgNPs attach to the cell membrane
and penetrate into the cell, causing toxicity through protein/
membrane damage and oxidative stress."® According to
Taglietti et al, Gram-negative microorganisms are more
sensitive to AgNP dispersions than Gram-positive bacteria.'®
Indeed, they found by TEM that glutathione-coated AgNPs are
able to penetrate into E. coli cells but not into S. aureus because
of the differences in the cell-wall structure for both types of
bacteria. In our case, the greater resistance of S. aureus
compared to P. aeruginosa could also be attributed to
differences in the bacterial wall.>® In the case of Gram-positive
cells, it is formed by an inner cell membrane and an outer thick
layer of peptidoglycan. In contrast, the cell wall in Gram-
negative cells presents an inner membrane covered by just a
thin layer of peptldoglycan and an outer layer of lip-
opolysaccharides.”" Accordingly, the observed difference could
be explained because of the fact that the thick layer of
peptidoglycan in Gram-positive bacteria acts as a barrier,
preventing the action of AgNPs, no matter the mechanism
involved (Ag' ion or AgNP internalization).

Cytotoxicity Assays of Dispersed AgNPs on UMR-106
Osteoblastic Cells. Taking into account the clinical
implications of using AgNPs as antimicrobial agents, the
question that immediately arises is whether the nanoparticles
dosed in the concentration range at which they are effective to
kill bacteria can produce harmful effects on cells.” In fact, it has
been reported that AgNPs can reduce the mitochondrial
function and also affect the integrity of cell membranes in
macrophages.52 In addition, AgNPs have been identified as
responsible for the production of reactive oxygen species and
interruption of ATP synthesis, which, in turn, cause DNA
damage.>® To assess this point, we have tested the effect of
AgNP dispersions on UMR-106 osteoblastic cells. To this end,
cell cultures were exposed to different AgQNP concentrations in
a complete D-MEM culture medium. Results from NR assays
are summarized in Figure 1. No significant differences were
found in cells treated with 10, 25, or 50 uM with respect to
untreated controls. Cultures with higher AgNP concentrations
showed a significant decrease (p < 0.001) in the lysosomal

3153

120

1004

804

604

% Control

404

204

L HinN

10 2'5 5.0 5 100 150 225
AgNPs /uM

T
Control

Figure 1. Effect of AgNP-treated UMR-106 cells after 24 h evaluated
by NR assay.

activity with respect to the control, reaching values close to 20%
of viability (with respect to the controls) for 100, 150, and 225
UM concentrations. Additionally, when cultures were exposed
to AgNP concentrations >75 uM, a significant reduction in the
mitochondrial activity of cells measured by the MTT test was
found (p < 0.001) compared to the controls (Figure 2).
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Figure 2. Effect of AgNP-treated UMR-106 cells after 24 h evaluated
by MTT assay.

Therefore, our results demonstrate that there is a
concentration range for which AgNPs have a detrimental effect
on both Gram-positive and Gram-negative bacteria without
affecting the viability of the osteoblasts. This result is important
because it allows design of the dosage of AgNPs in bone
implants in such concentrations that can kill bacteria without
significantly affecting the cells involved in the osseointegration
process. Although the growth media and other experimental
conditions for bacterial and mammalian cell cultures are
different, because of the difference in magnitude between the
AgNP concentrations that show bactericidal effects for S. aureus
and P. aeruginosa (<4 uM) and that which results in cytotoxicity
for UMR-106 osteoblasts (>50 uM), we can conclude that
there would be a concentration window that allows the use of
AgNPs as antibacterial agents without detrimental effects on
the cells surrounding the implants. It is worth mentioning that,
the different experimental conditions and markedly different
proliferation rate for bacteria and animal cells would make
bacterial—eukaryotic cell cocultures unsuitable for cytotoxicity
studies.
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Figure 3. Epifluorescence images of early stages of P. aeruginosa biofilm formation on (a) Ti, (b) AgNP-Tj, and (c) Ag. (d) Percentage of adhesion

of P. aeruginosa on the different substrates.
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Figure 4. Epifluorescence images of early stages of S. aureus biofilm formation on (a) Ti, (b) AgNP-Tj, and (c) Ag. (d) Percentage of adhesion of S.

aureus on the different substrates.

To assess the role of the two different media used (complete
culture D-MEM for osteoblasts and GMP for bacteria), we have
tested Ag' ion release from disperse nanoparticles in both media
and compared the results to that obtained in water. In all cases,
the initial Ag concentration was S uM (0.54 mg/L). After 24 h,
the AgNPs were separated by ultracentrifugation and the
supernatants were analyzed. The final Ag concentrations were
3, 0.16, and 0.24 uM for water, GMP, and D-MEM,
respectively.

The fact that the Ag concentration found in water is higher
than that in culture media is in accordance with other authors.'®
The difference between water and the culture media can be
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explained by taking into account that both GMP and D-MEM
contain phosphate ions that can react with Ag' to form
insoluble products. Moreover, D-MEM is a chloride-containing
medium, so that part of the released Ag is probably separated
from the dissolution by precipitation of silver chloride. Also, Ag
ions possibly interact with serum proteins of the complete
culture D-MEM medium via carboxylate and thiol groups, and
some of these proteins can be eventually separated in the

centrifugation step.
Importantly, for a certain initial AgGNP concentration, the

amount of released Ag in D-MEM is on the same order as that
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Figure S. Contact-mode AFM images (deflection error) of early stages of biofilm formation: (a) P. aeruginosa on Ti substrate; (b) P. aeruginosa on
AgNP-Ti substrate. Arrows point out EPS: (c) S. aureus on Ti substrate; (d) S aureus on AgNP-Ti substrate.
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Figure 6. (a) Area covered by surviving P. aeruginosa related to the total area of the different substrates (Ti, AgNP-Ti, and Ag). (b) Viable P.

aeruginosa obtained from the plate count method.

for the GMP medium, indicating that the culture medium itself
is not significantly interfering with Ag species.

Antibacterial Effect of Adsorbed AgNPs on Ti. The
antibacterial effect of adsorbed AgNPs was investigated for early
stages of biofilm formation, ie, after adhesion of bacteria
forming two-dimensional aggregates and before development of
the three-dimensional structure of the biofilm, in order to
analyze the viability of pioneer bacteria. AgNP-Ti were exposed
to either P. aeruginosa or S. aureus (1 X 10° CFU/mL). Bulk Ag
foils and Ti substrates free of AgNPs (Ti) were exposed to the
same cultures and used for comparison and as controls,
respectively.

Figures 3a—c and 4a—c show representative epifluorescence
images of cells attached on different substrates, where the
organization and density of bacteria forming the biofilm can be
observed. A comparison of the images shows that, as a general
trend, bacteria attached on the control surface to a greater
extent than on the Ag-containing substrates (AgNP-Ti and Ag)
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for both P. aeruginosa and S. aureus. It can be observed that P.
aeruginosa organizes on Ti samples, mainly forming raftlike
aggregates with some isolated bacteria spread on the surface. In
contrast, on AgNP-Ti substrates, cells are more dispersed, and
only a few attempts to form aggregates can be observed, while
on Ag substrates only isolated cells can be detected (Figure 3).
A closer picture of the bacterial organization for P. aeruginosa
on both Ti and AgNP-Ti surfaces is shown in the contact-mode
AFM images in Figure Sa,b. In the case of S. aureus, some
aggregates are observed on Ti (Figures 4a and Sc). Conversely,
on the AgNP-Ti substrates, isolated cells and a few small
aggregates are formed (Figures 4b and Sd), while on Ag
surfaces, only isolated bacteria are found (Figure 4c).

Semiquantitative analysis of the coverage on each surface was
made from the epifluorescence images by measuring the total
area covered by cells and referring the value to the area of the
image (eq 2).
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Figure 7. (a) Area covered by surviving S. aureus related to the total area of the different substrates (Ti, AgNP-Ti, and Ag). (b) Viable S. aureus

obtained from the plate count method.
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Figures 3d and 4d show average values of % adhesion for P.
aeruginosa and S. aureus, respectively. It can be seen that AgNP-
Ti and Ag substrates slightly inhibit the adhesion of cells,
although the differences are not significant (p < 0.05) compared
to the control Ti surfaces (Figures 3 and 4).

Epifluorescence images, obtained by staining the substrates
with the Live/Dead kit, allow one to analyze sessile surviving
bacteria compared to the total of bacteria (dead + surviving)
attached to the same substrate. Thus, the percent of surviving
cells was calculated following eq 3:

%surviving cells

area covered by surviving bacteria

area covered by surviving and dead bacteria

X 100

(©)

Analysis of sessile surviving bacteria on AgNP-Ti and Ag
reveals that for both P. aeruginosa (Figure 6a) and S. aureus
(Figure 7a) the area covered by surviving cells is lower than
that for control Ti. The differences in percent of surviving cells
between control Ti and Ag-containing substrates are significant
(p < 0.05) for the two bacterial strains analyzed.

Quantitative analysis of viable bacteria was made by plate
count. The CFU/mL values were referred to the area of each
substrate. As expected from epifluorescence data, the presence
of AgNPs on the Ti substrate reduced the number of viable
bacteria for both P. aeruginosa and S. aureus compared to the
controls. The number of CFU/mL of sessile P. aeruginosa on
the different substrates is presented in Figure 6b. The CFU/
(mL/cm?) found on AgNP-free Ti was 7 X 10° + 4 X 10° 1
order higher than those corresponding to AgNP-Ti (6 X 10* +
4 X 10* CFU/(mL/cm*) and 3-fold larger than the value
observed for bulk Ag (2 X 10° + 1 X 10° CFU/(mL/cm?). A
similar trend was found for S. aureus, as depicted in Figure 7b:
after detachment of the cells, 2 X 10° + 1 X 10° CFU/(mL/
cm?) were found on Ti, while only 3 X 10° + 2 X 10° and 4 X
10° + 2 X 10° CFU/(mL/cm?) were found on AgNP-Ti and
Ag, respectively. For both P. aeruginosa and S. aureus, significant
differences (p < 0.05) between Ti and AgNP-Ti and Ti and Ag
were found; i.e., the values decreased approximately 1 order in
relation to bacteria attached to the control substrates. Also, for
both strains, the number of viable bacteria attached to Ag
substrates did not differ significantly (p < 0.05) to those found
on AgNP-Ti. Thus, it can be concluded that AgNPs adsorbed
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on Ti reduced the number of viable bacteria at values that are
comparable to those of bulk Ag.

It is worth mentioning that the larger amount of surviving
bacteria found by epifluorescence assays compared to plate
counting can be attributed to the technique itself. In fact, the
Live/Dead kit utilizes a mixture of two dyes, SYTO 9 and
propidium iodide, which have different abilities to penetrate the
bacteria cell wall: the SYTO 9 fluorophore stains all bacteria
green (those with intact membranes and those with damaged
membranes), while propidium iodide penetrates only bacteria
with damaged membranes, staining them red.>* However,
under certain conditions, cells with undamaged membranes are
unable to duplicate and then the number of bacteria obtained
by subtracting “red cells” from “green cells” account for both
nonviable live (which may not duplicate) and viable (which can
duplicate) bacteria. In contrast, the plate count reveals only
viable bacteria. Thus, although the cell wall of some bacteria
remains intact after being exposed to the Ag-containing
surfaces, the number of bacteria capable of replicating and
hence able to form the biofilm is only a fraction of the live
bacterial population.

Interestingly, although both bacteria adhered to a similar
extent on the three substrates (see Figures 4 and 5), as revealed
by ANOVA analysis, the amount of viable bacteria on AgNP-Ti
and Ag are significantly lower than that of the control,
suggesting that a small amount of Ag (as in the nanoparticles,
compared to bulk Ag) is enough to prevent formation of the
biofilms. Indeed, from AFM images, the AgNP agglomerates
are on average ~200 nm diameter and ~80 nm height, and its
coverage from AFM and XPS results is 0.09.° This yields a
total amount of Ag on the Ti substrate of ~7 X 10™® mol of
Ag/cm?, which is small compared to pure Ag substrates.
However, small nanoparticles can comparatively release a
greater amount of ions than a planar surface because of the high
area-to-volume ratio, the presence of surface defects, etc. In
fact, the number of Ag atoms exposed to the medium is, at
least, ~2.3 X 10'* atoms/cm?, less than 10 times lower than
that expected for polycrystalline Ag (~1 X 10" atoms/cm?).

Additionally, we have measured the Ag ion release in water at
4 h for Ag foils and AgNP-Ti substrates. We have found that
the Ag concentrations are 0.06 mg/L (0.55 #M) and 0.05 mg/L
(0.46 uM) for Ag foil and AgNP-Ti substrate, respectively. The
released Ag from the AgNP-Ti surface is 2.5% of the initial
amount of adsorbed Ag.

Our results show that for 4 h practically the same Ag release
is achieved from Ag and AgNP-Ti substrates, in agreement with
the fact that the exposed Ag surface is very similar in both cases.
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This explains why there are no significant differences in the
number of sessile viable bacteria on both substrates.

Recalling our results for planktonic bacteria, these showed
that S. aureus is more resistant to dispersed AgNPs than P.
aeruginosa. However, when the same bacteria are attached on
Ag-containing substrates, the susceptibility of both P. aeruginosa
and S. aureus is similar because there is no significant difference
in the number of viable cells counted for both strains. On this
regard, AFM images of cells adhered on the AgNP-Ti showed
some EPS around cells for the case of P. aeruginosa (see arrows
in Figure S b), while its presence was not evident for S. aureus.
In the case of P. aeruginosa, EPS production constitutes one of
several steps in the development of biofilms,*" having distinct
roles, such as subpopulation interactions, macrocolony
formation in the later stages of biofilm formation,> and
antibiotic resistance.’® Also, we have previously reported that
EPS production is enhanced when cells adhere to toxic
surfaces,”” as a means to prevent contact with the aggressive
compounds released from the surface. EPS is a polymeric
conglomeration mainly composed of extracellular polysacchar-
ides and proteins. Among polysaccharides, alginate, Pel, and Psl
have been identified in P. aeruginosa EPS, and all of them have
been associated with biofilm development and resistance to
antimicrobials.>® Indeed, the production of such polysacchar-
ides seems to be responsible for the resistance of biofilmed
bacteria to cationic antibiotics such as aminoglycosides through
electrostatic interactions that entrap the antimicrobial into the
negatively charged alginate and Pel.>® Accordingly, the EPS
excreted by adhered P. aeruginosa cells on AgNP-Ti surfaces
could trap positively charged Ag' ions and, as a consequence,
the susceptibility of pioneer P. aeruginosa to AgNPs would
diminish compared to planktonic bacteria,” rendering it similar
to that of S. aureus in biofilms, which have not evidenced EPS
production on those substrates.

Notably, when individual bacterial surfaces were analyzed, an
important change in the bacterial cell-wall morphology was
evidenced in the case of P. aeruginosa after 4 h of colonization
on AgNP-Ti substrates (Figure 8a) compared to those attached
on Ti surfaces (Figure 8b). The morphology of P. aeruginosa on
control surfaces revealed intact cells, featuring undamaged
walls, indicating that Ti itself does not produce changes in the
bacterial morphology (Figure 8a). In contrast, some of the
bacteria attached to AgNP-Ti substrates show some kind of
membrane disruption, evidenced as an irregular surface (Figure
8b). In order to more thoroughly evaluate this change in
surface features, the average roughness (w) of the bacterial
surfaces was calculated. The values corresponding to Ti and
AgNP-Ti substrates, calculated according to eq 1 (see the
Experimental Section), are 9.4 and 19.0 nm, respectively
(measured from images 450 X 450 nm’ in size). Thus, the
roughness of the walls of bacteria attached to AgNP-Ti
substrates was twice that found for control Ti substrates. These
findings can be appreciated in the AFM images shown in Figure
8.

In relation to this, it is well-known that antimicrobials cause
morphological (size and shape) and surface (roughness and
disruption) alterations in bacteria. The degree of damage
depends on the concentration and incubation time of
antimicrobial treatment.>® Related to this, similar changes in
the roughness of the cell surface as a consequence of exposure
to different concentrations of antibiotic®® and other bio-
cides®”®! have been reported. In the present study, the increase
in the roughness of the cell wall was only observed on P.
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Figure 8. AFM images of P. aeruginosa attached to (a) control Ti
substrate and (b) AgNP-Ti substrate.

aeruginosa adhered on AgNP-Ti substrates, while it was not
evident in the cell walls of S. aureus (data not shown).
Alterations in the cell membrane caused by Ag ions and AgNPs
were reported when uncoated and glutathione-coated AgNPs
were grafted on glass and exposed to E. coli cultures."

In our case, an increase in the cell-wall roughness due to the
adsorption of AgNPs would imply detachment of the adsorbed
AgNPs from the Ti substrate. However, the stability of the
adsorbed AgNPs is relatively strong because high forces (2400
nN) are necessary to sweep away some of the adsorbed
nanoparticles (data not shown). Thus, it is improbable that the
increase of the roughness is due to the detachment of AgNPs
from the substrate and the subsequent attachment on the cell
wall.

Membrane disruption due to the release of Ag' ions and
nanoparticle internalization was found on Gram-negative
bacteria, while Gram-positive bacteria (S. aureus) remained
unchanged after Ag treatment. This can be due to the fact that
the cellular membrane in Gram-negative cells contains thiol-
bearing proteins and phospholipids, which present high affinity
for Ag species.ls'62 Thus, here also we can interpret that the less
rigid membrane of Gram-negative bacteria is more active to Ag,
irrespective of the mechanism of action, either release of Ag'
ions or short-distance nanomechanical action due to nano-
particle internalization.
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B CONCLUSIONS

We have analyzed the effect of free and immobilized AgNPs on
both Gram-positive and Gram-negative bacteria. Regarding free
AgNPs, the MBC found for P. aeruginosa was lower than that
for S. aureus. The higher susceptibility of Gram-negative
bacteria can be interpreted in terms of their less rigid cell-
wall structure, which is more active to Ag irrespective of the
mechanism of action [either the release of Ag' ions or
nanoparticle internalization]. Thus, the role of the cell-wall
structure would be crucial in the antibacterial action of AgNPs.
Further investigation is needed in order to completely elucidate
this point. The MBC corresponding to small (~6 nm
diameter), citrate-capped AgNPs for both strains is much
lower than those reported in the literature for different
diameters and capping. Moreover, because the minimum
concentration of Ag at which AgNPs are cytotoxic to
osteoblasts is much higher than that necessary to kill bacteria,
these nanoparticles can be used with no detrimental effect on
the cells. Therefore, we can conclude that there would be a
concentration window that allows the use of AgNPs as
antibacterial agents without damaging the cells in the vicinity
of the implants.

In relation to bone implants, AgNPs adsorbed on Ti/TiO,
have proven to be effective to prevent biofilm formation for
both Gram-positive and Gram-negative bacteria. The fact that
AgNP-Ti and Ag substrates have similar bactericidal effects for
sessile P. aeruginosa and S. aureus while, for planktonic bacteria,
P. aeruginosa is more affected than S. aureus could be explained
by the additional protection that the EPSs (only present for P.
aeruginosa) give to the cells present in the biofilm. The small
amount of Ag on the surface of Ti has an antimicrobial effect
similar to that of bulk Ag. This result is important to improve
the performance of Ti-made implantable devices: the good
mechanical properties and the biocompatibility of Ti are
maintained, and bacteria colonization is prevented because of
the fact that AgNPs on Ti show an antimicrobial activity similar
to that of bulk Ag, with only a small amount of Ag on the
surface. Moreover, because the method involved in the
adsorption of AgNPs on Ti is easy and inexpensive, it could
be implemented in the clinical environment.
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