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ABSTRACT: In the present paper, we study the mechanism
of antibacterial activity of glutathione (GSH) coated silver
nanoparticles (Ag NPs) on model Gram negative and Gram
positive bacterial strains. Interference in bacterial cell
replication is observed for both cellular strains when exposed
to GSH stabilized colloidal silver in solution, and microbicidal
activity was studied when GSH coated Ag NPs are (i)
dispersed in colloidal suspensions or (ii) grafted on thiol-
functionalized glass surfaces. The obtained results confirm that
the effect of dispersed GSH capped Ag NPs (GSH Ag NPs) on
Escherichia coli is more intense because it can be associated
with the penetration of the colloid into the cytoplasm, with the
subsequent local interaction of silver with cell components causing damages to the cells. Conversely, for Staphylococcus aureus,
since the thick peptidoglycan layer of the cell wall prevents the penetration of the NPs inside the cytoplasm, the antimicrobial
effect is limited and seems related to the interaction with the bacterial surfaces. Experiments on GSH Ag NPs grafted on glass
allowed us to elucidate more precisely the antibacterial mechanism, showing that the action is reduced because of GSH coating
and the limitation of the translational freedom of NPs.

■ INTRODUCTION

The use of silver nanoparticles (Ag NPs) as antibacterial agents
has become very important in recent years,1−8 following the
well-known use of silver ions as an antibacterial agent. The well-
established microbicidal action of silver ions, which has been
exploited since ancient times,9,10 is universally considered to be
a result of (i) Ag+ interactions with cysteine in critical regions
of proteins and other cell constituents (ii) causing K+ loss from
the membrane, with disruption of cellular transport systems
(iii) causing damage in respiration, (iv) perturbation of cellular
growth, and (v) interaction with DNA.11 Moreover, in low
concentration, silver is not toxic to human cells, and hence it
can be considered an environmentally friendly antimicrobial,
also considering the weak ability of bacteria to develop
resistance toward silver ions,12,13 even if some examples of
resistant bacterial strains have been reported.14 In this
approach, Ag NPs have antibacterial action not only relying
on Ag+ release, which could offer a real alternative for the future
of antimicrobial treatments.
The scientific debate on the mechanism for the antibacterial

effect of Ag NPs is still open.2,4,15−17 Some authors have
suggested that the effect should rely mainly on release of silver
ions from NPs surfaces, followed by the interaction of Ag+ with

the cellular targets.18−20 It sounds evident that nanosilver
should be more active than a similar bulk amount of silver. The
ability of Ag NPs to reach bacteria proximity and a high
surface/mass ratio can produce a high concentration of Ag+ in
cell surroundings, causing high microbicidal effects.21 Never-
theless, there is evidence that Ag NP toxicity may arise from
direct physical processes caused by nano-objects, like disruption
of cell membrane and penetration of NPs into the
cytoplasm,2,4,15,16,23 DNA binding, or interaction with bacterial
ribosome.24 These mechanisms have been observed mainly for
Gram negative bacteria, because of the low resistance of the
cellular membranes, compared with the peptidoglycan rigid
cellular walls of Gram positive bacteria. Recently, evidence of
internalization of Ag NPs in Staphylococcus aureus cytoplasm
has been given.23b The size-dependent interaction of silver
nanoparticles with Gram-negative bacteria and the biological
activity of silver nanoparticles as a function of the particle shape
have also been investigated.12
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This kind of biological application for Ag NPs requires the
appropriate coating of NPs surface, to avoid aggregation in
highly saline media. It has been also suggested that decoration
of NP surface with a biomimetic motif could favor interactions
with biosystems21,25 and enhance the solubility in water-based
environments.
We have recently reported26 that glutathione (GSH) is an

ideal candidate for this purpose since this biomolecule displays
a thiolic function, capable of being anchored to silver surfaces,27

and three pH-dependent, charged functional groups (carbox-
ylates and amine), that promote water solubility and
interactions toward more complex biostructures.28−30 The
procedure developed allows the coating of already synthesized
NPs, followed by purification and redissolution under
physiological conditions. These biomimetically coated NPs
have been well characterized, and showed a good antibacterial
effect. Since NP dimensions are important for antibacterial
activity,31,32 the described method has the advantage of using
postcapping of NPs with specific dimensions and shape,
maintaining the original morphology.
In the present work, we report further investigation on the

action of these colloidal nanoparticles, based on the comparison
between the antibacterial activity of the dispersed colloid and of
similar silver NPs grafted on glass surfaces, prepared by
modifying a successful synthetic protocol recently developed
which is based on a layer-by-layer approach33,34 (Scheme 1). As
already cited, the mechanism of antibacterial action of AgNPs is
not fully understood. According to a very recent and exhaustive
review,15b three possible mechanism are usually proposed: (i)
gradual release of silver ions, which then affects DNA
replication and ATP production, (ii) direct damage to cell
membranes by Ag NPs, or (iii) generation of reactive oxygen
species from Ag NPs and Ag+. In our opinion, comparison
between the activity of dispersed and grafted Ag NPs of similar
nature could give some hints in order to better understand the
mechanism of antibacterial action of AgNPs.
Our interest in monolayers of Ag NPs grafted onto glass is

also due to the fact that these kinds of materials can be
exploited to prepare surfaces with a significant disinfectant
capability and which could be applied to prepare smart
biomedical devices.8e,f,35

■ EXPERIMENTAL SECTION

Materials. Silver nitrate (>99.8%), sodium borohydride (≥99.0%),
sodium citrate (>99.0%), L-glutathione reduced (99%), (3-mercapto-
propyl)-trimethoxysilane (95%), and phosphate buffered saline, PBS
(pH = 7.4), were purchased from Sigma-Aldrich. Iso-Sensitest Broth
(ISB) and Tryptone Soya Broth (TSB) for bacterial culture were
purchased from Oxoid, England. Staphylococcus aureus ATCC 6538
and Escherichia coli ATCC 10536 bacterial strains were used.

Microscopy cover glass slides 24 × 24 mm2 were purchased from
Forlab (Carlo Erba).

All reagents were used as received. Water was deionized and
bidistilled. Glassware was carefully cleaned with aqua regia, and then
washed several times with bidistilled water under sonication before
use. Citrate-capped NPs, GSH-capped NPs, and monolayers of citrate-
capped silver NPs on glass were synthesized using procedures
previously described.26,33

Preparation and Characterization of GSH-Capped NPs
Monolayers on Glass. Monolayers of biomimetic coated NPs
grafted on glass slides were prepared by dipping the previously
described glass slides functionalized with native colloidal Ag NPs33 in
solutions of glutathione of various concentration (from 10−8 to 10−3

M) for different times ranging from 5 to 20 min. NP functionalized
substrates were characterized by means of UV−vis spectroscopy and
tapping-mode atomic force microscopy (Auto Probe CP Research
Thermomicroscopes instrument). Absorbance UV−vis spectra were
taken with a Varian Cary 100 spectrophotometer in the 300−700 nm
range. Spectra of NP-functionalized glasses, showing the typical LSPR
absorption, were obtained by placing the glasses on the apparatus
equipped with a dedicated Varian solid sample holder. Silver content
was assayed after etching the functionalized surfaces dipping them
overnight in ultrapure concentrated nitric acid diluted 1:5 with water.
The etching solution was analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES Optima 3300 DV, Perkin-
Elmer). For the release of Ag+ from NPs-functionalized glasses, two
slides were immersed in 2 mL of bidistilled water and shaken for 24 h.
This time interval was chosen as 24 h is the maximum contact time
considered for the proposed ME test. The silver content in the
solutions was evaluated using a Shimadzu atomic absorption
spectrophotometer AA-6601G, equipped with graphite-oven atomizer.

Bacterial Culture and ME Experiments. The effect of GSH
capped NPs and silver ions (as silver nitrate) in disperse solution and
GSH coated NPs monolayers grafted on glass surfaces was evaluated
against Staphylococcus aureus and Escherichia coli. The experiments on
microbicidal effect (ME)36 on functionalized glasses were performed
using a procedure described in the literature.26,33

Briefly, the microorganisms were grown overnight in Tryptone Soya
Broth at 37 °C. Washed cells were resuspended in Dulbecco’s PBS and
optical density (OD) was adjusted to 0.1, corresponding approx-
imately to 1 × 108 colony forming units (CFU) /ml at 650 nm
wavelength. Ten microliters of bacterial suspension was deposited on a
standard glass slide (76 × 26 mm2), then the microbial suspension was
covered with a glass slide (24 × 24 mm2) functionalized with the GSH
coated Ag NPs SAM, forming a thin film between the slides that
facilitates direct contact of the microorganisms with the active NP
surface. The two assembled glasses were introduced in a Falcon test
tube (50 mL) containing 1 mL of PBS to maintain a damp
environment. For each bacterial strain, two equivalent modified glasses
were prepared; the slides were maintained in contact with the liquid
films containing bacteria at room temperature for 5 and 24 h,
respectively; for each time of contact, an unmodified glass slide was
treated in the same way as the control sample. After the times of
contact, 9 mL of PBS was introduced in each Falcon test tube under
gentle shaking to detach the assembled glass slides. Bacterial
suspensions were then grown in Tryptone Soya Agar (Oxoid;

Scheme 1. LbL Approach for the Preparation of Glass Samples Functionalized with GSH Coated Ag NPs
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Basingstoke, Hampshire, England) to count viable cells. The decimal-
log reduction rate, microbicidal effect (ME), was calculated using the
formula: ME = log NC − log NE (NC being the number of CFU/mL
developed on the unmodified control glasses, and NE the number of
CFU/mL counted after exposure to modified glasses). In other words,
higher ME values correspond to a lower number of bacteria surviving
in modified glasses than in control samples, and thus to a better
biocidal activity. The results expressed as ME represent the average of
three equivalent determinations.
For the assays on disperse solutions, the microorganisms were

grown overnight in Tryptone Soya Broth at 37 °C. Washed cells were
resuspended in Dulbecco’s PBS and optical density (OD) was adjusted
to 0.1 at 650 nm wavelength corresponding approximately to 1 × 108

colony forming units/mL (CFU/mL).
TEM Imaging and Microanalysis. TEM images at different

magnifications were obtained from colloidal solutions of citrate-capped
Ag NPs, and from solutions of particles coated with GSH and cysteine.
After dilution ten times with bidistilled water, 10 μL drops were
deposited on nickel grids (300 mesh) covered with a Parlodion
membrane and observed with a Jeol JEM-1200 EX II instrument.
For the preparation of the TEM bacterial samples, we followed the

procedure described for the antibacterial activity tests.26 Samples
incubated in ISB for 24 h at 37 °C with GSH Ag NPs and with silver
nitrate were prepared in the presence of one-half of the minimum
inhibitory concentrations (MICs) determined in each case to produce
a sufficiently big bacterial pellet that could be manipulated in
subsequent preparation steps. The MIC values were previously
found26 to be as follows: (i) for GSH Ag NPs, 180 μg/mL and 15
μg/mL for S. aureus and E. coli, respectively; (ii) for silver nitrate, 15
μg/mL and 10 μg/mL for S. aureus and for E. coli, respectively.
Control samples were prepared without adding silver nitrate or
colloidal silver.
Bacterial pellets harvested from both cultures were washed twice

with cacodylate buffer (pH = 7.3), fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde in cacodylate buffer for 40 min at 4 °C, post-fixed in
1% osmium tetraoxide for 1 h at room temperature and embedded in
Epon-Araldite resin mixture, and then cut with Reichert Ultracut’s
Leica. The sections were stained with uranyl/lead before electron
microscopy investigation. The quantitative analysis of the TEM images
was performed on 10 different fields for each sample, having cross
sections varying from 150 to 250 μm2. The total number of cells
counted per field varied from 50 to 200 cells. The observed cells were
classified in three categories: damaged, in replication, and normal cells.
The percent of each category was calculated within the field and the
reported value was the average of the 10 fields investigated for each
sample.
Unstained sections were analyzed by electron spectroscopy imaging

(ESI) using a LEO 912AB electron microscope as described by Pezzati
et al.39

AFM on Bacteria Deposited on Functionalized Glass Slides.
The microorganisms were grown overnight in Tryptone Soya Broth at
37 °C. Washed cells were resuspended in distilled water and optical
density (OD) was adjusted to 0.1 at 600 nm wavelength
corresponding approximately to 1 × 108 colony forming units/mL
(CFU/mL). A drop of bacterial suspension (10 μL) was deposited on
clean or functionalized glass slides and left in contact for 5 and 24 h in
a damp environment. The drop was removed by spinning the substrate
on a spin coater (spinning for 30 s at 2000 rpm), and AFM imaging
was immediately performed on the substrate.
AFM images were taken from an Auto Probe CP Research

Thermomicroscopes scanning system operated in tapping mode, using
a Si probe with a theoretical spring constant k = 0.35−6.1 N m−1

(NSG03 probes from NT-MDT). Images were analyzed using Image
Processing 2.1 provided by Thermomicroscopes.

■ RESULTS AND DISCUSSION

Interaction of Bacteria with GSH Coated NPs in
Disperse Solution. In a previous work,26 the evaluation of
minimum inhibitory concentrations (MICs) of dispersed GSH

capped NPs on Staphylococcus aureus and Escherichia coli,
revealed a surprisingly large difference of sensibility between
these two model bacteria strains. MICs values for GSH Ag NPs
were 180 μg/mL and 15 μg/mL for S. aureus and E. coli,
respectively, referred as the total concentration of silver.
Control experiments using silver nitrate instead of colloidal
silver gave MICs of 15 μg/mL and 10 μg/mL for S. aureus and
for E. coli, respectively. It is also interesting to note that for E.
coli the MIC values for colloidal and ionic silver were very
similar, while for S. aureus the MIC of the NPs is 1 order of
magnitude greater than the MIC for ionic silver. Thus, it
sounded obvious that the difference in MICs obtained with
GSH Ag NPs had to be ascribed to a difference in the
interactions between Ag NPs and different (Gram positive and
Gram negative) bacteria.26 To investigate this interaction, we
decided to perform a TEM characterization of bacteria cultures
exposed to GSH Ag NPs and to completely ionized silver (i.e.,
silver nitrate), in order to find additional evidence of the
different effect observed. These experiments were performed
using subinhibitory silver concentrations of about one-half the
determined MIC in each case. The TEM images obtained
showed that the NPs are present inside the cytoplasm of E. coli,
associated with large zones of electron-translucent cytoplasm,
featuring either localized or complete separation of the cell
membrane from the cell wall (Figure 1a). Conversely, for S.

aureus the NPs do not penetrate into the cellular wall, and no
evident damage is observed close to the electron-dense NPs
(Figure 1b, further images describing the interaction of NPs
with both cell strains can be found in Supporting Information).
Since the quasi-spherical electron-dense objects observed

attached to the cell wall or inside the cytoplasm of the bacteria
had dimensions larger than the original capped NPs (7 ± 4

Figure 1. Morphological comparison of bacteria by TEM imaging: (a)
E. coli treated with GSH coated NPs; (b) S. aureus treated with GSH
coated NPs; (c) E. coli treated with silver nitrate; (d) S. aureus treated
with silver nitrate; (e) E. coli control sample; (f) S. aureus control
sample.
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nm),26 we performed microanalysis assays coupled to TEM
imaging to investigate the presence of silver in these objects.
These analyses demonstrated that the objects observed are
formed by a core of silver, surrounded by a shell of another
material (Figure 2a,b). We also prepared TEM samples without

postfixation with osmium tetraoxyde (the classical contrast
agent used in TEM), and the images recorded on these samples
(see Supporting Information Figure 5S) suggested that the
electron-dense objects observed in the contrasted images are
core−shell-like aggregates, having a heavier material inside (i.e.,
silver), surrounded by a less dense matrix (biological material).
When the contrast agent was used, this subtle difference
vanished at TEM, since OsO4 is well-known to contrast
biological phospholipidic membranes and proteins.38 As a
matter of fact, in some contrasted images the NPs are visibly
attached to the cellular wall of S. aureus, surrounded by lighter
materials, presumably of biological origin (Figure 3a,b).
Massive aggregates of NPs surrounded by biological material
are observed in some TEM images of S. aureus (Figure 3c) and
less frequently in E. coli samples (Figure 3d). Also, during the
evaluations of MICs, precipitation was reported after 24 h of
incubation in S. aureus cultures when the concentration of NPs
was sufficiently high to produce macroscopic effects. Since the
GSH Ag NPs themselves are soluble, dispersed, and stable at
the pH of the culture broth (pH = 7), we could presume that
the precipitation and the aggregation observed are produced by
the interaction of the NPs with biological material, as proposed
by others authors in similar systems: the establishment of a
“corona” of membrane “building elements” around highly
charged Ag NPs is well-known in the literature.4 Furthermore,
comparing the TEM of NPs-treated bacteria with the control
sample (bacteria incubated without silver, Figure 1e,f; see also
Figure 1S and 2S in Supporting Information), we can observe
that some extracellular material is present only when GSH Ag
NPs are added (Figure 3a,b; see also Figure 3S and 4S in
Supporting Information).
In the case of E. coli, the large zones of cellular damage

associated to the NPs showed a local effect, once the NPs have

been incorporated into the cytoplasm. The cellular material
seemed to collapse around the included NP, and the cellular
membrane was evidently disrupted to a large extent.23a

Conversely, when silver nitrate was used, no electron-dense
aggregates were observed either inside or outside the cellular
structures (Figure 1c,d; see also Figure 1S and 2S in Supporting
Information). This result confirmed that the massive objects
observed in the samples treated with NPs were not the result of
Ag+ precipitation/accumulation, but came from aggregation
caused by Ag NPs.
In all the samples treated with colloidal and ionic silver,

evidence of biological stress was present, as revealed by the
quantitative analysis of TEM images (Table 1). More than the

50% of E. coli cells presented broken membranes and large
zones of cellular damage, compared to the control culture
having only 5% of damaged cells. Particularly, in the presence of
silver NPs, many E. coli bacteria presented the cellular
membrane detached from the cytoplasm. On the other hand,
no evident damage was observed either in S. aureus cultures
treated with ionic silver or in those treated with GSH Ag NPs.
For both cellular strains, GSH Ag NPs reduced the number of
cells in the replication state, while ionic silver interfered only
with the bacterial replication of E. coli under our experimental
conditions. These results support the idea that our GSH-

Figure 2. TEM-ESI microanalysis of bacteria incubated 24 h with GSH
capped silver NPs: E. coli (a) silver distribution, (b) respective
morphological image; S. aureus (c) silver distribution, (d) respective
morphological image. The presence of silver is indicated by red spots.

Figure 3. Interaction of GSH coated silver NPs with biological
material from bacteria: (a,b) S. aureus, NPs attached to the cellular
wall, surrounded by a lighter material presumably generated by the
cells; massive aggregates composed by silver NPs and biological
material observed outside the cells of (c) S. aureus, (d) E. coli.

Table 1. Quantitative Analysis of Bacteria Cells from TEM
Imagesa

sample % damaged % division

E. coli control 5 ± 2 5 ± 2

E. coli AgNO3 51 ± 1 0

E. coli Ag NPs 58 ± 3 0

S. aureus control 0 28 ± 2

S. aureus AgNO3 0 22 ± 1

S. aureus Ag NPs 0 7 ± 1
aTypically, two categories have been counted (damaged cells and cells
in division) and the percent calculated under the whole population
observed in the image. Examples of TEM analyzed images are reported
in Figure 6Sa−f in the Supporting Information.
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capped nanoparticles have two different modes of action against
Gram negative and Gram positive microorganisms, associated
with the capacity of the NPs to penetrate inside the cytoplasm.
To find further evidence of this fact, we decided to evaluate the
microbicidal effect of GSH Ag NPs when they are grafted on a
functionalized glass surface. When firmly grafted on a glass
surface, GSH Ag NPs will have almost completely restricted
translational degrees of freedom,34,35 and cellular internalization
of the NPs is not possible.
Coating of Silver NPs Self-Assembled Monolayers

with Glutathione. Self-assembled monolayers of biomimetic
capped nanoparticles were prepared using the layer-by-layer
approach. As previously reported,33 starting from thiol-
functionalized glasses and citrate-capped silver NPs colloids
(i.e., the same silver NPs used to prepare the disperse
biomimetic coated NPs), we obtained a homogeneous
monolayer of silver NPs firmly anchored to the surface. We
have demonstrated that in the SAMs obtained by this
procedure the Ag NPs are partially immersed into the grafting
monolayer and present 66% of the surface exposed to the
solvent.33 Exploiting this exposed surface, we performed a
coating with glutathione, in order to obtain biomimetically
coated silver NPs, similar to those obtained in disperse solution,
but anchored to glass surfaces.
The coating process of the grafted Ag NPs with GSH was

investigated by UV−vis spectroscopy and AFM techniques.
The glass microscope slides functionalized with citrate-capped
silver NPs were immersed in solutions containing different
amounts of GSH, and the UV−vis spectra were measured
before and after immersion.
The LSPR spectra36 of the Ag NPs anchored to the thiol-

modified surface presents a maximum around 390 nm,33 that
red shifts up to 416 nm after immersion for 5 min in the
solution of GSH (see Figure 4a). As can be observed, the

position of the maximum depends on the concentration of
GSH in solution (Figure 4b). The progressive variation of the
LSPR band can be ascribed to the modification of the effective
refraction index experienced by the NPs, when the monolayer
of GSH is formed on silver surface.27 The profile of Δλ as a
function of the concentration of GSH in solution displays a
plateau at 10−5 M (Figure 4b). Using this concentration, we
performed coatings with different immersion times, and we

observed that the maximum red-shift of the LSPR band was
reached after a few seconds. Therefore, it is reasonable to
consider that, for this concentration or higher, the coating
process is complete using short immersion times. For
simplicity, we adopted a coating procedure with immersion of
NPs to functionalize glasses in solutions 10−3 M of GSH for 5
min, in order to ensure reproducibility.
AFM images of the glass slides before and after GSH coating

were very similar using this functionalization procedure (see
Figure 7S in Supporting Information). Furthermore, ICP-OES
assays on etched samples (i.e., NP-functionalized surfaces
treated with HNO3 to oxidize silver) demonstrated that the
amount of silver grafted to the surface (0.35 μg/cm2) remains
unchanged after the GSH coating process.33 Merging these
results, we can conclude that the simple coating procedure
adopted here yields saturated coating layers on Ag NPs grafted
to the surface and does not modify the dimension of the NPs or
the surface concentration of NPs in the grafted monolayer.

Antibacterial Activity of GSH Coated Silver-NPs
Grafted on Glass Surface. The antimicrobial activity of
these GSH Ag NPs monolayers against E. coli and S. aureus was
investigated. The procedure employed allows the evaluation of
the microbicidal effect (ME) in a thin liquid film in contact with
the functionalized surface.33,36 Experimental results after 5 and
24 h showed that the glass slides functionalized with Ag NPs
coated with GSH displayed a reduced bactericidal effect,
compared to disperse GSH Ag NPs (Table 2). As for colloidal
dispersion, Gram negative microorganisms are more sensitive
than Gram positive bacteria to the grafted biomimetic Ag NPs.

Considering that the surface concentration of silver,
calculated from ICP-OES data, in our biomimetic-coated NPs
monolayer is about 0.35 μg/cm2, taking a 5.76 cm2 microscope
slide and 10 μL of PBS solution containing the bacteria, as used
in ME experiments, we can calculate that the overall
concentration of silver is about 200 μg/mL (i.e., the
concentration calculated dividing the mass of grafted silver by
the total volume of the solution). In other words, during the
ME experiments on GSH-coated Ag NPs grafted to the surface,
the overall concentration of silver is 1 order of magnitude
greater than the MIC observed for E. coli using dispersed NPs.
Additionally, as described in the previous sections, when E. coli
was exposed to dispersed GSH Ag NPs, the cellular damage
was relevant even below the MIC. Combining these results, we
can suggest that the less efficient antibacterial activity of the

Figure 4. (a) UV−vis spectra of glass slides functionalized with SAMs
of Ag NPs native (solid line) and the same after immersion in 10−3 M
GSH for 5 min (dashed line). (b) Plot of variation of LSPR peak
position of grafted Ag NPs after 5 min immersion of functionalized
glass slides in GSH solutions of different concentration.

Table 2. Microbicidal Effect (ME) of GSH Capped Silver NP
Colloid, GSH-Coated Silver NP Grafted on Glass, and
Uncoated Silver NP Grafted on Glass, after 5 and 24 h of
Contacta

contact time of
GSH coated NPs

colloidb

contact time of
GSH coated NPs
grafted on glassc

contact time of
uncoated NPs

grafted on glassd

5 h 24 h 5 h 24 h 5 h 24 h

cell strain ME ME ME

E. coli 1.2 3 0.42 1.38 4.93 5.90

S. aureus 0.5 1.5 0.24 0.96 1.37 5.54
aAll values are obtained as an average of 3 experiments. ME = log NC

− log NE (NC is the number of CFU/mL developed on the
unmodified control glasses, and NE the number of CFU/mL counted
after exposure to modified glasses; CFU = colony forming unit). bref
26. cthis work. dref 33.
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GSH-coated Ag NPs grafted to the surface might be a
consequence of the restriction of translational freedom of the
NPs, limiting penetration into E. coli cytoplasm.
On the other hand, the total amount of silver present in the

monolayer is very close to the MIC previously obtained for S.
aureus, for the dispersed colloid.26 The greater resistance of S.
aureus against the grafted GSH-coated Ag NPs is not surprising,
considering that the relatively thicker cell wall of this Gram
positive bacteria is presumably resistant enough to prevent
action of Ag NPs, no matter if they are bound to a glass surface
or dispersed in solution. These results can be argued as indirect
evidence of a short-range mechanism of action for the
antimicrobial activity of GSH coated Ag NPs.
Moreover, when the results of the ME on glass slides

functionalized with GSH Ag NPs are compared (Table 2) with
the ME data for glass slides bearing the Ag NPs monolayer as
prepared,33 it becomes evident that the coating with GSH of
the exposed silver surface strongly reduces the antibacterial
proprieties of this material. The dramatic decrease of ME is to
be ascribed to the GSH coating itself, since the total amount of
silver and the shape and dimensions of the NPs did not change
after coating.
We investigated the release of silver ions in water from the

glass slides functionalized with Ag NP monolayers coated with
GSH. Samples were placed in ultrapure water and shaken for 24
h, the maximum time interval considered for the ME test used
in our work. The concentration of Ag+ in solution was
measured by means of atomic absorption spectrophotometry,
using a graphite-oven atomizer, and we compared these data

with the Ag+ release from the equivalent uncoated NP
monolayers (i.e., in absence of GSH coating). GSH-coated
Ag NPs grafted on glass released 12% (standard deviation 4%)
of the total amount of silver in the monolayer, while glasses
functionalized with bare NPs (i.e., in absence of GSH coating)
reached a release of 14% (standard deviation 1%).33 This
evidence suggests that the antibacterial activity of grafted Ag
NPs is not necessarily related to silver ion release, and that NP
surface coating plays a crucial role in the interaction with
bacteria coming in close contact. In other words, if Ag+ release
was the only thing responsible for the Microbicidal Effect, the
value of ME should be the same in both cases (i.e., for glass
samples coated with bare Ag NPs and with GSH Ag NPs).
Nevertheless, using the experimental results presented here,

we can conclude that the release of ionic silver is not strongly
influenced by the coating with GSH, but ME is considerably
reduced after coating with GSH the surface of AgNPs grafted
on glass. Moreover, one can note that the amount of silver
released (12−14%) from both GSH-coated and bare Ag NPs
grafted on surfaces reaches the MIC of ionic silver for E. coli
and S. aureus under our experimental conditions.26 This
apparent contradiction can be explained by considering that
MIC is the minimal concentration that inhibits cell
proliferation, but it does not necessarily cause cell death,
which is the phenomenon measured by ME tests: release of
those silver ion concentrations do not strictly imply death of all
bacteria present in the sample. On the other hand, one must
keep in mind that, when using dispersed NPs, the amount of
ionic silver released from the colloid is much lower,26 and the

Figure 5. Representative AFM images of E. coli bacteria after contact for 5 h with (a,b,c) reference clean glass slides; (d,e,f) glass slides functionalized
with GSH-coated Ag NPs; (g,h,i) glass slides functionalized with bare Ag NPs.
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greater microbicidal effect is observed when the NPs are able to
penetrate into the cytoplasm (i.e., for E. coli) as shown by TEM
images. It is reasonable to conclude that we are observing two
different processes that may concur with the overall micro-
bicidal effects: the “long-distance” release of silver ions from the
NPs and the “short-distance” nanomechanical action, involving
interaction with membranes, which as expected is more intense
toward Gram negative bacteria. The overall mechanism of
action of both grafted and dispersed Ag NPs should be analyzed
as a combination of these two processes.
AFM of E. coli on NPs Functionalized Glass Slides. In

order to further investigate the action of the NPs grafted on the
surface, we have performed AFM characterization of the
interaction of E. coli with functionalized glass surfaces. We
decided to concentrate our efforts on E. coli, since this
microorganism shows the greater sensibility to grafted NPs,33

and TEM data analysis revealed that internalization of NPs
played an important role in their antibacterial activity against E.
coli (see previous sections).
The procedure adopted to prepare AFM samples was similar

to the experimental conditions used in ME experiments, but
water was used instead of PBS, to avoid the deposition of
massive material that might interfere during AFM imaging. The
set of experiments includes clean glasses, glasses functionalized
with bare Ag NPs, and glasses bearing the GSH-coated Ag NPs.
The morphology of E. coli bacteria after being in contact for 5 h
with clean glass slides (Figure 5a,b,c) revealed intact cells,
featuring undamaged membranes and well-defined flagella.
These results demonstrated that the procedure adopted to
prepare the samples was not aggressive to the microorganisms.
AFM imaging of E. coli after 5 h in contact with glass

functionalized with bare Ag NPs (Figure 5f,g,h) showed that
cell membranes are completely disrupted, with evidence of
cellular damage. The intracellular material has leaked and just a
few cells still showed the rod-like characteristic morphology of
E. coli, very distorted and characterized by irregular membrane
surfaces. The volume of cells was considerably depressed, with
respect to the control sample.
When E. coli was in contact with glass functionalized with

biomimetically coated Ag NPs, AFM images (Figure 5d,e,f)
revealed that bacterial morphology was in many cases still rod-
like, and no evident intracellular material was found outside the
cells. Nevertheless, cellular membranes were evidently
damaged, and their surfaces were irregular, with large zones
of depression.
These results can be interpreted by considering the two

mechanism of action discussed in the previous section. When
bacteria are exposed to glass functionalized with bare Ag NPs,
the Ag+ release mechanism and the direct nanoscale contact
with silver surface are both present. The synergy of these two
processes leads to generalized cell damage and causes a very
strong microbicidal effect. On the other hand, when E. coli cells
are exposed to GSH-coated NPs grafted to glass surface, Ag+ is
released, but the GSH coating presumably prevents the direct
contact of cell membrane structures with Ag surfaces; therefore,
cellular damage is less evident, corresponding to less intense
antibacterial activity. It is not surprising that the nano-
mechanical contact effect produces the most dramatic damage
to the cells, considering that cellular membranes contains thiol-
bearing proteins and phospholipids that present high affinity for
silver surfaces.23 Indeed, when the dispersed colloid was used,
TEM imaging revealed that NPs were surrounded by biological
material produced by the cell (see previous sections). AFM data

reinforce the hypothesis that surface features of grafted and
disperse Ag NPs play a crucial role in their interaction with
bacteria, modulating the mechanisms for their microbicidal
effect.

■ CONCLUSIONS

In this work, the mechanisms of action of colloidal silver NP
protected with GSH were investigated on two representative
Gram positive and Gram negative bacterial strains. The effect of
dispersed GSH coated Ag NPs on Escherichia coli is more
intense and can be associated with the penetration of the
colloid into the cytoplasm, with the subsequent local
interaction of silver with the cell components, causing damages
to the cells. For S. aureus, the antimicrobial effect is limited
since the thick peptidoglycan layer of the cell wall prevents the
penetration of the dispersed NPs inside the cytoplasm.
Moreover, we showed that GSH-protected Ag NPs presented
lower antibacterial activity when grafted onto functionalized
glass surfaces. These GSH Ag NPs grafted on glass are also less
active than the homologous bare NPs, even if the amount of
Ag+ released from the two kinds of functionalized surfaces is
not strongly modified by the biocompatible coating. To
interpret the data presented, the coexistence of different
mechanisms already proposed in the literature15b should be
taken into account: release of Ag+ from NPs, and short-distance
nanomechanical action, which, as expected, is more active
toward Gram negative bacteria as a consequence of their less
rigid membrane structure.
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