
Contents lists available at ScienceDirect

Colloids and Surfaces B: Biointerfaces

journal homepage: www.elsevier.com/locate/colsurfb

Interaction of green silver nanoparticles with model membranes: possible
role in the antibacterial activity

Anike P.V. Ferreyra Maillarda, Pablo R. Dalmassob,⁎,1, Beatriz A. López de Mishimaa,
Axel Hollmannc,d,⁎,1

a INBIONATEC, CONICET, Universidad Nacional de Santiago del Estero, RN 9, Km 1125, 4206 Santiago del Estero, Argentina
b CIQA, CONICET, Departamento de Ingeniería Química, Facultad Regional Córdoba, Universidad Tecnológica Nacional, Maestro López esq. Cruz Roja Argentina, 5016
Córdoba, Argentina
c Centro de Investigaciones en Biofísica Aplicada y Alimentos (CIBAAL), CONICET, Universidad Nacional de Santiago del Estero, RN 9, Km 1125, 4206 Santiago del
Estero, Argentina
d Laboratorio de Microbiología Molecular, Instituto de Microbiología Básica y Aplicada, Universidad Nacional de Quilmes, Roque Saenz Peña 352, B1876BXD Bernal,
Argentina

A R T I C L E I N F O

Keywords:
Green silver nanoparticles
Lipid interaction
Surface pressure
Zeta potential
Interfacial adsorption

A B S T R A C T

Silver nanoparticles (AgNPs) constitute a very promising approach for overcoming the emergence of antibiotic
resistance bacteria. Although their mode of action could be related with membrane damage, the AgNPs-lipid
membrane interaction is still unclear. In this sense, the present work investigated the interaction of model lipid
membranes with AgNPs coated with different capping agents such as citrate (C-AgNPs) and phytomolecules (G-
AgNPs) obtained via a green synthesis. The AgNPs-membrane interactions were evaluated studying i) the surface
pressure changes on both zwitterionic (DMPC) and negatively charged (DMPC:DMPG) lipid monolayers, ii) the
zeta potential and DLS of DMPC:DMPG liposomes and iii) Zeta potential on Escherichia coli membranes, in-
cubated with this nanomaterials. The results showed that both negatively charged-AgNPs can interact with these
lipid monolayers inducing an increase in the surface pressure but G-AgNPs presented a significantly higher
affinity toward both monolayers in comparison with C-AgNPs. Zeta potential data confirmed again the inter-
action event showing that both DMPC:DMPG liposomes and E. coli bacteria became more negative with the
addition of G-AgNPs. This increased net negative charge of the liposomes and E. coli allows to indicate an
interfacial interaction where the green nanometal should keep adsorbed to the membrane via the insertion of
aromatic/hydrophobic moieties of capping agents on the surface of AgNPs into the lipid bilayer. Summarizing,
the AgNPs-membrane interaction should be an essential step in the antibacterial activity either because the
membrane is the main target or by increasing the local concentration of silver from G-AgNPs accumulation
which could cause the bactericidal effect.

1. Introduction

High prevalence of antibiotic resistance in human pathogens is a big
challenge in both the pharmaceutical and biomedical fields and it leads
to fear about the emergence and re-emergence of multi-drug resistance
pathogenic and opportunistic microorganisms, mainly bacteria [1,2].
Thus, the rational development of new antimicrobial agents to improve
bactericidal potential is a priority area of research in this modern era
[3]. In the current scenario, nanotechnology offers new routes to take
advantages of the antimicrobial behavior of known metals by synthe-
sizing highly active metallic nanoparticles, in particular silver

nanoparticles (AgNPs), to solve the problem of emergence of multi-drug
resistance bacteria [4,5].

Even though silver is perhaps the oldest antimicrobial agent known
by human being to fight infections and prevent spoilage [6], the use of
silver in particles of nanoscale dimension with their novel and distinct
physical, chemical, and biological properties is proving as an alter-
native for the development of new antibacterial agents [4,5]. However,
in spite of the presence of many studies devoted to the antimicrobial
activity of AgNPs, the mechanism of action and factors mainly affecting
their antibacterial activity are still not well understood [7–9]. Several
studies have proposed that AgNPs attach to the bacterial surface
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affecting its membrane properties. Likewise, it is possible that AgNPs
can also penetrate inside the bacteria resulting in DNA damage. An-
other possible mechanism involved the dissolution of AgNPs releasing
silver ions into the bacterial cell, which can affect a transcriptional
response. [7]. Recently, AgNPs have also been shown to generate oxi-
dative stress in Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa mediated by the increment of reactive oxygen species and a
reduction of reactive nitrogen intermediates, which can lead to an
oxidation of macromolecules like lipids, DNA, and proteins and con-
sequently, the bacterial death [10].

In recent years, there is a growing interest to integrate green
chemistry with the synthesis of AgNPs giving rise to novel design rules
that are benign and eco-friendly. Thus, the biosynthetic approach using
microorganism, fungi, and especially plant extracts has been proposed
as a possible alternative to chemical and physical methods for the
AgNPs production [10–13]. During the green synthesis of nanoparticles,
functional biomolecules available in biological systems not only act as
reducing agents instead of hazardous reductants but also act as eco-
friendly capping agents in place of chemical ones. Moreover, it should
be noted that green synthesized AgNPs (G-AgNPs) have shown better
antibacterial properties than their chemically synthesized counterparts
even though there was not much difference between their morphologies
[14].

In this scenario, it is essential to study the interactions of G-AgNPs
with model lipid membranes, which imitate the complexity of real cell
membranes, and to extend the existing information in the literature on
nanosilver-bacteria interaction for gaining insight into the mechanism
of their antibacterial activity [15–19]. The present study contributes to
a better knowledge of the interaction of lipid layers as a membrane-
mimetic model with AgNPs coated with different capping agents such
as citrate (C-AgNPs) and phytomolecules (G-AgNPs), which were ob-
tained via a green chemical synthesis using the aqueous leaf extract of
chicory (Cichorium intybus L.). Both surface pressure changes and zeta
potential changes were used to characterize the nature of interaction of
AgNPs with zwitterionic dimyristoylphosphatidylcholine (DMPC) and
negatively charged dimyristoylphosphatidylcholine:dimyristoylpho-
sphatidylglycerol (DMPC: DMPG) lipid monolayers, DMPC:DMPG li-
posomes, and E. coli bacteria. Although in recent years some studies
have adopted other lipid mixtures including dimystoylpho-
sphatidylethanolamine (DMPE):DMPG and cardiolipin (CL):DMPG, the
most widely used DMPC:DMPG lipid mixture was employed as a model
system to mimic the electrical properties of negatively charged bac-
terial outer membranes [20–25]. Moreover, the role of i) the AgNPs-
lipid membrane interaction as an essential step in the mechanism of
action of this nanomaterial, and ii) the nature of surface-capping li-
gands on the enhanced antibacterial activity of G-AgNPs is discussed.

2. Material and methods

2.1. Green synthesis and characterization of AgNPs

G-AgNPs were synthesized using a similar experimental method as
previously reported [14]. Briefly, leaf pieces (5 g) of chicory obtained
from a local market were boiled in 100mL of ultrapure water for 5min,
and filtered to obtain the aqueous extract. Then, 5mL of chicory leaf
extract was added to 50mL of 1mM AgNO3 solution with constant
stirring at 75–80 °C for 15min. C-AgNPs synthesis was performed using
the well-known Turkevich method, which is based in the reduction
properties of boiling citrate solutions. In brief, both a AgNO3 solution
and a citrate solution using a 1:1 Ag+/citrate molar ratio were heated
to boiling on a hot plate with continuous stirring for 30min. AgNO3 and
sodium citrate were purchased from Cicarelli (Argentina) and used as
received.

The formation of AgNPs was monitored by UV–vis spectroscopy
using a Hewlett Packard 8453 diode-array spectrophotometer. The
particle size distribution and colloidal stability of Ag-NPs were

evaluated by dynamic light scattering (DLS) and zeta potential mea-
surements, respectively, using a Horiba SZ-100 nanoparticle analyzer
(Horiba, Kyoto, Japan). Furthermore, the morphological characteriza-
tion of G-AgNPs was done using a JEM-JEOL 1120 EXII transmission
electron microscope.

2.2. Screening for antibacterial activity of AgNPs

Antibacterial efficacy of both G-AgNPs and C-AgNPs was assayed
using both the standard disk diffusion. Bacterial suspensions of S. aureus
and E. coli adjusted to a turbidity of 0.5 McFarland scale were uniformly
spread on Mueller Hinton (MH) agar (BritaniaLab) plates using a sterile
cotton swab. After, filter paper disks impregnated with 10 μL of G-
AgNPs or C-AgNPs at similar concentration were placed on MH agar
plates. Plates were incubated for 24 h at 37 °C, followed by measure-
ment of the diameter of inhibition zone in millimeters (mm), including
the diameter of the filter paper disk [26].

2.3. Lipids

The zwitterionic lipid DMPC and negatively charged lipid DMPG
were obtained from Avanti Polar Lipids (Alabaster, AL, USA). DMPC
was chosen to mimic surface membrane of mammalian cells, as PC is
the major component of mammalian cytoplasmic membranes, and be-
cause the lipid is stable to oxidation and readily hydrates in water
forming lamellar phases at physiological pH and temperatures [27].
DMPG was chosen since phosphatidylglycerol is absent in eukaryotic
plasma membranes, but is ubiquitous and abundant in bacterial mem-
branes [27]. The ratio of PG:PG 5:1 was chosen in order to mimic in a
simple way the bacterial membrane charge [20,21,28–30]. Large uni-
lamellar liposomes/vesicles (LUV) were used trough the study. Briefly,
multilamellar liposome vesicles (MLVs) were prepared by dissolving the
pure lipids in chloroform, followed by evaporation under nitrogen flow
to eliminate solvent traces. The dry lipid film was rehydrated by ad-
dition of 1mL of 10mM HEPES (Merck) buffer solution pH 7.4 and
agitation at 45 °C for 1 h. LUV of 100 nm were prepared from MLVs by
extrusion methods as described elsewhere [31,32].

2.4. Surface pressure

Changes on the surface pressure of lipid monolayers induced by
AgNPs were measured in a Kibron Langmuir-Blodgett trough using
DMPC or DMPC:DMPG (5:1) monolayers at constant temperature of
(20.0 ± 0.5) °C. The surface of the HEPES buffer solution contained in
a Teflon trough of fixed area was exhaustively cleaned by surface as-
piration. Then, a solution of lipids in chloroform was spread on this
surface to reach surface pressures of (20 ± 1) mN/m. Different con-
centrations of AgNPs were injected in the subphase and the surface
pressure changes were recorded until a constant value was reached.
Pressure data obtained were fitted with the following equation:
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where θ corresponds to the degree of coverage, ΔΠ is the surface
pressure shift, [AgNPs] is the AgNPs concentration, n is the hetero-
geneity parameter describing the width of energy distribution, and kd is
the dissociation constant. In addition, the adsorption rate constant (k)
was calculated from the following equation [33]:
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−ΔΠ e ΔΠ ΔΠkt
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2.5. Electrophoretic mobility and zeta potential

Electrophoretic mobility of 1.25mM DMPC:DMPG (5:1) liposomes
incubated with different concentrations of G-AgNPs was determined in
a Z-meter 3.0 (Zeta Meter Inc.) by applying a continuous electric field of
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40 V to a 100 nm extruded liposome suspension. The movement of the
particle in the electrical field was followed by microscopic visualization
in a reticulated objective. Values of the electrophoretic mobility (μ)
were automatically given by the instrument. The zeta potential (ξ) in
volts was calculated by the Smoluchowski equation:

= ×
×

ξ π
η μ

D
4 (3)

where η is the viscosity of the suspension at 20 °C, D is the dielectric
constant of the solution at 20 °C, and μ is the electrophoretic mobility of
particles (micrometer/sec per volt/cm).

Zeta potentials were also determined to evaluate the interaction of
G-AgNPs with a bacterial membrane using E. coli as model. The ones
were measured with the help of a Horiba SZ-100 nanoparticle analyzer
(Horiba Ltd). Suspensions of E. coli were obtained from the 24 h bac-
terial cultures growing in MH broth (BritaniaLab) at 37 °C. Bacterial
suspensions with OD600= 1.0 were injected with different concentra-
tions of G-AgNPs and incubated for 1 h at 37 °C. After incubation, the
suspensions were diluted twenty times and their zeta potentials were
recorded.

2.6. Dynamic Light Scattering (DLS)

DLS experiments on G-AgNPs, DMPC:DMPG (5:1) LUVs, and a
mixture of 1.25mM of LUVs with 0.04 nM of G-AgNPs, were carried out
on a Horiba SZ-100 nanoparticle analyzer with a scattering detection at
90° equipped with a DPPS laser (λ=532 nm) at 25 °C, using disposable
polystyrene cells. Normalized intensity autocorrelation functions were
analyzed using the CONTIN method [34,35], yielding a distribution of
diffusion coefficients (D). The measured D is used for the calculation of
the hydrodynamic diameter (Dh) through the Stokes-Einstein relation-
ship:

=D kT
πηD3h

(4)

where k is the Boltzmann constant, T the absolute temperature, and η
the medium viscosity. The Dh of the sample was obtained from the peak

with the highest scattered light intensity in light scattering intensity
distributions. For all determinations, normalization by the scattering
light intensity mode and polydispersion distribution was chosen from
the software options.

2.7. Data analysis

Fitting of the equations mentioned in this work to the experimental
data was done by non-linear regression using GraphPad Prism 5. Error
bars on data presentation represent the standard error of mean (SEM).

3. Results and discussion

Nanotechnology advances to modify the properties of metal in the
form of nanoparticles appear to revive the use of AgNPs for biomedical
applications, which have proved to be a powerful new generation of
antimicrobial agents against a broad range of microbes including multi-
drug resistance bacteria [4,5]. While the toxic effects of silver on bac-
teria have been investigated for more than 60 years [6,36], the action
mode of AgNPs on the bacteria is still unknown, being suggested pos-
sible mechanisms of action according to the morphological and struc-
tural changes in the bacterial cells [8,9,37], where AgNPs accumulated
in the bacterial membrane caused the permeability, resulting in cell
death. Although this event involves some type of binding mechanism,
the mechanism of interaction between AgNPs and the outer membrane
components is still unclear. In this context, the aim of the present work
is the biophysical characterization of the interactions of lipid mem-
branes with AgNPs coated with phytomolecules (G-AgNPs) or citrate
(C-AgNPs) as capping agents. Thus, the understanding of the interaction
between new antimicrobial agents and membranes (using model
membranes as Langmuir monolayers and liposomes) represent a key
aspect to elucidate their mechanism of action [38–40].

Synthesis of both G-AgNPs and C-AgNPs was visually observed by
color change from colorless (AgNO3 solution) to yellowish brown
(AgNPs) and confirmed based on the UV–vis extinction spectra, which
showed the typical extinction band between 350–450 nm attributed to

Fig. 1. A) Extinction spectrum of G-AgNPs. B) Representative TEM micrograph of G-AgNPs. C) Particle size of AgNPs determined by DLS.
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the excitation of surface plasmon in these metal nanoparticles (Fig. 1A)
[41]. A typical TEMmicrograph indicates that the AgNPs obtained were
almost spherical in shape and relatively uniform in diameter from
40 nm to 50 nm (Fig. 1B). The size distribution and an average nano-
particle size of AgNPs were obtained by DLS measurements (Fig. 1C,
Table 1). The average size was found to be 46 nm and 33 nm for G-
AgNPs and C-AgNPs, respectively. Moreover, the negative zeta poten-
tial values in Table 1 allow to indicate the reasonable stability of AgNPs
in colloidal state and they prove evidence that the metal nanoparticles
were dispersed in the medium.

The biophysical interaction of G-AgNPs with lipid surfaces was first
studied by its effect on the surface pressure of lipid monolayers stabi-
lized on the air-water interface. As revealed in Fig. 2A, the surface
pressure changes increase as a function of the G-AgNPs concentration
injected in the subphase in both pure DMPC or DMPC:DMPG mono-
layers. In addition, despite the net negative charge of G-AgNPs (see
Table 1), it can be surprisingly observed that the highest pressure
changes were found on negatively charged monolayers (PG containing)
for a similar concentration of this nanomaterial. Kd and ΔΠmax values
were determined in order to get an insight on the nature of AgNPs-lipid
membrane interaction, fitting the experimental data from Fig. 2A with
Eq. (1)(see Table 2). In agreement with the pointed above, the highest
ΔΠmax and lowest Kd values were found for the membrane-mimetic
model containing DMPG confirming the affinity between this lipid
monolayer and G-AgNPs, both with net negative charge.

The kinetic behavior of the interaction event is shown in Fig. 2B,
being the adsorption rate constant (k) obtained listed in Table 2. The
kinetic results showed a faster G-AgNPs interaction on the DMPC:DMPG
monolayer in comparison to that on the DMPC model, being the k value
for green nanoparticles almost twice larger on negatively charged
monolayers than on zwitterionic ones. Moreover, the fact that for both
lipid compositions the value of n remains around 1 allow to indicate an
interaction in independent sites. Again, these results indicate that G-
AgNPs exhibited a higher affinity for DMPG-containing membranes
than for zwitterionic ones. This is a very relevant result because DMPG

is the second major phospholipid component of bacterial plasma
membranes [42]. In order to support that the effect on the lipid
monolayers was due to the presence of G-AgNPs and not by the release
of free silver ions in the solution, control experiments were carried out
to evaluate the changes that silver ions are able to induce on the surface
pressure. No significant pressure change was observed (data not
shown). Similar experiments to those indicated above were conducted
with AgNPs coated with citrate (C-AgNPs). However, in order to obtain
comparable results of surface pressure changes, C-AgNPs concentra-
tions at least twenty times higher were required (inset Fig. 2A).
Moreover, the kd values for both lipid compositions ((2.25 ± 0.18) for
DMPC and (0.79 ± 0.03) for DMPC:DMPG) were higher than those
obtained for green nanometals, indicating a lower affinity toward both
membrane-mimetic models.

Antibacterial effect of both G-AgNPs and C-AgNPs was studied
against representative Gram-positive and Gram-negative bacteria using
the disk method. The results obtained show that G-AgNPs had a notable
inhibitory activity of 12mm and 14mm against S. aureus and E. coli,
respectively, and they were more bioactive than C-AgNPs similar in size
and concentration, which showed negligible inhibition zones for both
bacteria. To the best of our knowledge, this work constitutes the first
biophysical analysis of the nanometal-membrane interaction that shows
a clear correlation between membrane affinity/antibacterial activity
and the chemical nature of capping ligands on the surface of AgNPs.
Aromatic/hydrophobic moieties from chicoric and chlorogenic acids, as
characteristic phenolic compounds present in the chicory extract [43],
are expected on the green nanosilver surface; while, C-AgNPs were
coated with aliphatic moieties when citrates adsorbed on the silver
surface. The experimental results shows that both negatively charged-
AgNPs could interact via electrostatic attraction with the polar heads of
lipids, as was previously reported [16]. However, the aromatic/hy-
drophobic moieties adsorbed on G-AgNPs could play a relevance in the
interactions with the hydrocarbon chain of lipids favoring a close
contact of this nanomaterial with the lipid surface and facilitating its
insertion into membrane [17,18]. This hydrophobic interaction for G-
AgNPs should be responsible for their higher affinity toward bacteria-
membrane mimetic systems than C-AgNPs, which could explain the
strong antibacterial activity of G-AgNPs with respect to C-AgNPs.

Table 1
Hydrodynamic size, polydispersity index, and zeta potential of AgNPs obtained
by DLS. Measurements were conducted by setting the software as polydisperse
distribution, but in all determination only one population was obtained (i.e. S.P
Area Ratio:1). Polydispersity index informed correspond to the entry distribu-
tion. Values are presented as mean ± standard deviation (SD); n= 3 runs
(each run correspond to 100 determinations).

Silver
nanomaterial

Size
(nm)

Polydispersity
index

S.P Area
Ratio

Zeta potential
(mV)

G-AgNPs 46 ± 9 0.39 1 −22 ± 5
C-AgNPs 33 ± 3 0.17 1 −45 ± 5

Fig. 2. A) Surface pressure changes as a func-
tion of G-AgNPs addition on DMPC or
DMPC:DMPG monolayers. Continuous lines are
fittings of Eq. (1) to the experimental data. The
inset shows the surface pressure changes for
the addition of C-AgNPs. B) Surface pressure
changes as a function of time after addition of
G-AgNPs to achieve a final concentration of
0.075 pM (dashed vertical line on Fig. 2A) on
DMPC or DMPC:DMPG monolayers. All assays
were carried out at 20 °C using an initial pres-
sure of (20 ± 1) mN/m. Each point is the
average of at least triplicates of independent
samples.

Table 2
Dissociation constant (kd), heterogeneity parameter (n), ΔΠmax, and adsorption
rate constant (k) for green AgNPs-lipid monolayer interaction. Values were
determined from surface pressure experiment by fitting data with Eqs. (1) and
(2).

Lipid mixture kd n ΔΠmax k (s−1× 10−4)2

DMPC 0.21 ± 0.03 ≅1 1.7 ± 0.2 3.51 ± 0.06
DMPC:DMPG (5:1) 0.13 ± 0.05 ≅1 4.4 ± 0.3 6.07 ± 0.09
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The available literature shows that electrostatic attraction between
negatively charged-bacterial cells and positively charged-nanoparticles
is crucial for the activity of nanoparticles as bactericidal agent [44,45].
However, the G-AgNPs evaluated in this study, despite being negatively
charged (see Table 1), can somehow interact with the lipid membrane
causing changes on the surface pressure as reported above. Considering
that surface charges seem to be a key factor in the primary AgNPs-
membrane interaction, zeta potential determinations were conducted
using DMPC:DMPG (5:1) liposomes. Zeta potential data obtained are
displayed in Fig. 3. It can be seen in this figure that the zeta potential of
DMPC:DMPG liposomes become more negative with the addition of G-
AgNPs as expected because of the net negative charge of this nano-
material. These results confirm the interaction between the green na-
noparticles and the lipid membrane, in an excellent agreement with
previous surface pressure data. Furthermore, the fact that the net ne-
gative charge increases on the liposomes after incubation with G-AgNPs
allows to indicate an interfacial interaction, where the nanoparticles or
at least a portion of them via the insertion of aromatic/hydrophobic
moieties of their surface-capping ligands, should be keep adsorbed to
the membrane increasing negatively the liposomes charge.

Afterward, in order to confirm that the increase of zeta potential
observed in Fig. 3 is the result of an interfacial adsorption of G-AgNPs
on the membrane, DLS measurements were conducted on G-AgNPs,
DMPC:DMPG liposomes (LUVs), and DMPC:DMPG liposomes incubated
with G-AgNPs. As it can be seen in Fig. 4, pure liposomes and G-AgNPs
exhibit a defined diameter peak of (46 ± 9) nm and (101 ± 15) nm,
respectively. However, when liposomes were incubated with G-AgNPs a
shift toward higher diameters ((220 ± 100) nm) was observed

concomitant with the size change a more widespread distribution and
an increase on polydispersion factor (from 0.15 ± 0.08 for liposomes
to 0.41 ± 0.05 for liposomes with AgNPs) was observed, confirming a
higher dispersion on particle sizes. Furthermore, at short incubation
times (15min), a small peak corresponding to pure G-AgNPs was ob-
served which disappears at higher incubation times concomitant with
an increase of the liposomes size ((257 ± 106) nm).

The explanation for this increase on the size of liposomes could be
ascribed to an interfacial adsorption of the AgNPs, in good agreement
with zeta potential measurements. The increase in liposomes size due to
the adsorption of nanoparticles or peptides was previously reported
[46,47]. It was previously reported that the size increase is related with
the size of the nanomaterial [47], the fact that the AgNPs using in this
study is relatively large (i.e. 50% of LUV size) could explain the dra-
matic size change. However, also another phenomenon could be in-
volved in the size increase, as liposomal aggregation where the AgNPs
would be a bridge between adjacent liposomes, thereby introducing
interactions and thus accelerating their fusion or aggregation [48], or
some others vesicle restructuring events. Overall, the obtained results
confirm an interfacial interaction between AgNPs with liposomes.

Finally, in order to validate our observations in a real bacterial
membrane, zeta potentials were determined to evaluate the ability of G-
AgNPs to bind to the E. coli surface. As it can be observed in Fig. 5, 1 h
of incubation with two different concentrations of G-AgNPs induces a
significant decrease in the zeta potential values of E. coli confirming the
capability of G-AgNPs to bind to the outer membrane of these bacteria,
and the key role of the green nanosilver-lipid membrane interaction
mediated by hydrophobic interactions as an essential step in the anti-
bacterial mechanism of action of G-AgNPs either perturbing/modifying
the lipid packing or acting as a local silver reservoir adsorbed that al-
lows a higher toxic silver ions released into the bacterial cell [17,49].

4. Conclusions

In this work, a biophysical analysis using surface pressure, zeta
potential, and DLS measurements allow probing that green negatively
charged-AgNPs are able to interact with zwitterionic and negative lipid
membranes via the insertion of aromatic/hydrophobic moieties of
capping agents on the surface of G-AgNPs into lipids. Moreover, this
research demonstrates for the first time that affinity toward lipid
membranes is related with the antibacterial activity of G-AgNPs.

Beside further experiment should be made in order to fully char-
acterization of mechanism of action of these green AgNPs, the results
obtained in the present work allowed to claim that the interfacial in-
teraction of this nanomaterial with bacterial membranes should be an

Fig. 3. Zeta potential values of DMPC:DMPG liposomes incubated with dif-
ferent concentrations of G-AgNPs. Each point represents the averages of twenty
independent measurements in at least two different batches. Error bars indicate
standard deviations of means. All assays were carried out at 20 °C. *, P<0.5;
***, P<0.001, one-way ANOVA followed by a Dunnett posttest for multiple
comparisons versus the control column (without G-AgNps).

Fig. 4. Size distributions, obtained by DLS, of G-AgNPs, DMPC:DMPG lipo-
somes, and liposomes in the presence of G-AgNPs after 15 and 60min of in-
cubation.

Fig. 5. Zeta potential values of E. coli incubated with different concentrations of
G-AgNPs. Each point represents the averages of twenty independent measure-
ments in at least three different batches. Error bars indicate standard deviations
of means. All assays were carried out at 20 °C. *, P<0.5; **, P<0.01, one-way
ANOVA followed by a Dunnett posttest for multiple comparisons versus the
control column (without G-AgNPs).
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essential step in the antibacterial activity either because the membrane
is the main target or by allowing the accumulation of G-AgNPs thereby
increasing the local concentration of silver that could lead then the
bactericidal activity.

Furthermore, these findings relating membrane binding to the im-
proved antibacterial potency of AgNPs, offer a rational basis for the
application of green chemistry in the colloidal synthesis of new anti-
microbial metal nanoparticles.
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