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Abstract: Background: Propagation of pathogens has considered an important health care problem
due to their resistance against conventional antibiotics. The recent challenge involves the design of
functional alternatives such as nanomaterials, used as antibacterial agents. Early stages of antibacte-
rial damage caused by metallic nanoparticles (NPs) were studied by Transmission Electron Micros-
copy (TEM) and combined Scanning Transmission Electron Microscopy with High Angle Annular
Dark Field (STEM-HAADF), aiming to contribute to the elucidation of the primary antibacterial
mechanism of metallic NPs.

Methods: We analyze the NPs morphology by TEM and their antibacterial activity (AA) with differ-
ent amounts of Ag and Cu NPs. Cultured P. aeruginosa were interacted with both NPs and processed
by TEM imaging to determine NPs adhesion into bacteria wall. Samples were analyzed by combined
STEM-HAADF to determine the NPs penetration into bacterium and elemental mapping were done.
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Results: Both NPs displays AA depending on NPs concentration. TEM images show NPs adhesion
DOI: on bacterial cells, which produces morphological changes in the structure of the bacteria. STEM-
10.2174/2468187307666170906150731 A ADF also proves the NPs adhesion and penetration by intracellular localization, detecting Ag/Cu
species analyzed by elemental mapping. Moreover, the relative amount of phosphorus (P) and sulfur
(S) increases slightly in P. aeruginosa with the presence of NPs. These elements are associated with
damaged proteins of the outer cell membrane.

Conclusions: Combined microscopy analyses suggest that the early stages of antibacterial damage
caused by alteration of bacterial cell wall, and can be considered a powerful tool aiming to under-
stand the primary antibacterial mechanism of NPs.
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1. INTRODUCTION chemical activity, and they are considered as the new genera-
tion of antimicrobial agents [3, 4]. It is well known that sil-
ver (Ag) and copper (Cu) NPs present high antimicrobial
properties in contact with microorganisms, and have an
emerging use in medical devices and health care applications
[5-7]. Several studies have been focused on the antimicrobial
properties of metallic NPs and their action mechanism in
contact with microorganisms, but is still not well understood
[8, 9]. Different bacterial damage processes have been re-
ported, and they are associated with alterations to different

Propagation of pathogens and their antimicrobial resis-
tance against conventional antibiotics have generated scien-
tific interest, aiming to design effective and low-cost alterna-
tives to prevent infectious diseases [1, 2]. Recently, metallic
nanoparticles (NPs) have demonstrated high bacteriostatic
and bactericidal properties associated with the increase of
surface area to volume ratio, enhancing their physical and
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cellular components, such as cell wall [10], proteins [11] and
DNA [12]. All of them induce changes in cell function to
finally promote cell death.

Bactericidal properties derived from NPs, have been
linked to different factors, such as NPs composition and
morphology [13, 14], metallic ions released by the NPs sur-
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face [15, 16], NPs concentration [17], and the structural
composition of bacterial cell [18]. In this regard, Transmis-
sion Electron Microscopy (TEM) is a useful technique for
nanomaterials characterization, since it allows to observe
size, shape, structure, and material dispersion at the
nanoscale [19]. Recent advances in electron microscopy of-
fer new analytical techniques based on the image contrast
and their correlation with the atomic mass, allowing to de-
termine morphology and composition. The implementation
of High Angle Annular Dark Field (HAADF) has made im-
portant developments in NPs analyses [20]. The progress of
combined STEM-HAADF technique is related with the im-
aging of biological samples morphology and its elemental
analysis at nanometric scale. A major challenge of combined
techniques is the analyses of bacterial damage produced by
the interaction with NPs, aiming to elucidate the early stages
of the process.

The present study is focused on the antibacterial damage
produced by the interaction of Ag and Cu NPs with Gram-
negative Pseudomonas aeruginosa by means of TEM and
combined STEM-HAADF. In this regard, NPs morphology
and their antibacterial activity (AA) were determined. The
adhesion and penetration of NPs were determined by TEM
and STEM-HAADF, aiming to contribute to the elucidation
of the primary antibacterial mechanism of metallic NPs.

2. MATERIALS AND METHODS

2.1. Materials

Spherical silver (Ag, 20-30 nm) and copper (Cu, 25 nm)
NPs were purchased from SkySpring Nanomaterials Inc.,
and used as received. Bactericidal assays were done using
Pseudomonas aeruginosa ATCC #13388 from American
Type Culture Collection. Bacterium was growth in Luria
Bertani broth (LB) purchased from BD Bioxon. Sterile
phosphate saline buffer (PBS) with Tween 80 at 1% was
prepared for NPs dispersion before their interaction with
bacterium. Sodium cacodylate, osmium tetraoxide, epoxic
resin EPON 810 and dimethyl phthalate (DMP) for bacterial
sample preparation from TEM were purchased from Electron
Microscopy Sciences.

2.2. NPs Characterization and Antibacterial Activity
(AA)

Ag and Cu NPs (200 pg/mL) suspended in ethanol was
diluted 1:4 and sonicated during 10 minutes. A droplet of
each suspension was placed in copper (for Ag NPs) and
nickel (for Cu NPs) grids at 300 mesh coated with lacey car-
bon, respectively. NPs were characterized by TEM and
STEM, and processed by fast Fourier transform (FFT) for
crystalline structure, using an electron microscope FEI-
TITAN with 200 kV of accelerating voltage. The NPs size
distribution was calculated by image analysis using the soft-
ware ImageJ®. The analysis was done counting the average
of five representative TEM images of Ag and Cu (ca. 300 for
Ag and 500 for Cu NPs), respectively. X ray diffraction
measurements (XRD) were done in a diffractometer Siemens
D5000 in reflection mode, at 35 kV, with a filament intensity
of 25 mA, ranging from 20 to 80 in 20 at 0.1°/min, using a
copper lamp. AA of NPs were determined using an inoculum
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of 1x10° CFU/mL of P. aeruginosa grown in LB broth at
37°C during 16 h. NPs suspensions (25, 50, 100, 200, 400,
800 and 1600 pg/mL) were prepared in PBS/Tween 80
buffer and sonicated during 2 minutes at 70% amplitude. An
equal volume from bacterial/NPs suspension was placed in
sterile eppendorf tubes and mixed during 1 h at 37°C. Sub-
sequently, an aliquot of each suspension was plated in LB
agar and incubated at 37°C during 16 h. The AA was calcu-
lated according to the equation [21]:

Antibacterial Activity (AA) % = (Co-C/Co) x 100

Where Co is the number of bacterial colonies in the con-
trol without NPs, and C is the survival bacterial colonies
after interaction with NPs.

2.3. Electron Microscopy Characterization

Bacteria was brought in contact with Ag or Cu NPs dur-
ing 1 h, and then prepared for conventional TEM. Cells were
collected by centrifugation at 6000 rpm during 2 minutes,
washed with sterile PBS and supernatant was removed. Glu-
taraldehyde (1 mL, 2%) was placed in each sample during 1
h for prefixing and washed with sodium cacodylate buffer.
Samples were stained with osmium tetraoxide 1% during 2
h. Dehydration of cells was carried out using ethanol 50, 70,
96 and 100%, respectively. Subsequently, each sample was
fixed in epoxic resin EPON 810 with DMP and polymerized
at 60°C during 48 h. Fixed samples were cut in a Leica ul-
tramicrotome with an average thickness of 70 nm, and
placed on a copper (bacteria/Ag NPs) or nickel (bacteria/Cu
NPs) grid, accordingly. The bacterial morphology and mi-
crostructure were examined by conventional TEM, STEM
and combined STEM-HAADF using a FEI-TITAN micros-
copy at 80-300 kV, operated at accelerating voltage of 200
kV.

3. RESULTS

First, commercially available Ag and Cu NPs were char-
acterized as received. Transmission Electron Microscopy
(TEM) images show spherical Ag NPs (Fig. 1a), with an
average size of 10-30 nm and semi-spherical Cu NPs of 60
nm (Fig. 1b). Whereas Cu NPs are larger than the value
specified by the suppliers (25 nm), we observe clusters of Ag
and Cu NPs that might be attributed to their high surface
energy. Moreover, the selected area of electron diffraction
(SAED) patterns for Ag NPs show the characteristic crystal-
line planes of metallic Ag. XRD analysis reveal four peaks
located at 20 38.03, 44.20, 64.45 and 77.37°, corresponding
to crystalline planes (111), (200), (220) and (311), associated
to the FCC structure of silver [22].0n the other hand, XRD
confirms the presence of elemental Cu (Fig. 1b) located at 20
43.47, 50.58 and 74.29°, which correspond to crystalline
planes (111), (200) and (220) [23]. Also, Cu,0O is detected by
XRD, located in 20 37.81° (111) and 61.69° (220), suggest-
ing that partial oxidation of Cu NPs takes place on the sur-
face of the particles due to the air exposition.

In a second step, the antibacterial activity (AA) of Ag
and Cu NPs was evaluated against Gram-negative bacteria P.
aeruginosa. Quantitative results of AA after 1 hour contact
between the bacteria and a range of NPs concentrations are
presented in Fig. (2). It is clear that the bactericidal effect
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Fig. (1). TEM images of commercial NPs as received. a) Ag NPs and b) Cu NPs. Upper right histogram and lower right XRD. Ag NPs pre-
sent an average size of 10-30 nm and spherical morphology. Cu NPs shows an average size of 60 nm and semi-spherical morphology. A thin
coating of Cu,0 is detected, associated with a partial oxidation of Cu NPs exposed to air.

after 1 h of incubation depends on NPs concentration for
both NPs, a result in agreement with Mukhherji’s work [17].
In the concentrations spanning from 25 to 800 pg/mL Ag
NPs exhibit lower AA compared to Cu NPs from 25 to 800
pg/mL, reaching up to 60% of AA at 800 ug/mL. Also, Cu
NPs already have ca. 80% AA at 200 pg/mL, and entirely
inhibit bacterial growth from 400 pg/mL. Nonetheless, both
NPs exhibit 100% AA at the highest concentration (1600
pg/mL). It is to noteworthy to mention that we do not ob-
serve any evidence of bacterial inhibition produced by NPs
after bacterium plating.

To continue our study, we followed the interaction of P.
aeruginosa with Ag and Cu NPs by TEM imaging (Fig. 3).
Aiming to compare the early stage of antibacterial damage,
we chose 400 and 100 pg/mL of Ag and Cu NPs, respec-
tively (which in turn produce 35 and 42% of AA, accord-
ingly). Fig. (3a) presents P. aeruginosa before any NPs inter-
action, a typical morphology is observed with an average
size of 1.45 x 0.5 pum [24]. A characteristic thin cell wall
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Fig. (2). Antibacterial activity (AA) of Ag and Cu NPs against
Gram-negative P. aeruginosa at 37°C during 1 h. The bactericidal
effect depends of NPs concentration. Ag NPs shows lower AA
compared to Cu NPs.
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with an average thickness of 40 nm was observed, common
for Gram-negative bacteria [25]. Then, Fig. (3b) shows P.
aeruginosa with Ag NPs, and while Fig. (3¢) displays the
bacteria with Cu NPs. In both cases, it was observed that
NPs adhere on and penetrate the cell wall. Moreover, the
bacteria that are in direct contact with NPs (arrows) present
some alterations in their cellular structure.

Fig. (3). TEM images of P. aeruginosa suspended in LB media
after 1 h. a) control, b) interaction with 400 pg/mL of Ag NPs and
¢) interaction with 100 pg/mL of Cu NPs. It can be seen the pres-
ence of Cu and Ag NPs (arrows) in contact with P. aeruginosa.

Thus, we use HRTEM to go one step closer to the inter-
action between P. aeruginosa with Ag and Cu NPs (Fig. 4).
Fig. (4a) shows the cross section of a bacterium in contact
with 400 png/mL of Ag NPs. We observe the presence of NPs
agglomerates around the bacterial wall, and the defined NPs
of 20 nm. The cell wall is distorted by the Ag NPs (arrows),
which seem to finally lead to NPs internalization. Similarly,
100 pg/mL of Cu NPs were brought in contact with P. aeru-
ginosa. Fig. (4b) shows Cu NPs are trapped in the bacterial
wall. Equally important to point out here, Cu NPs inside the
cell have an average size of 30 nm and their morphology is
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Fig. (4). HRTEM images of cross section of P. aeruginosa in con-
tact with a) Ag NPs and b) Cu NPs during 1 h at 37°C. Alteration
in bacterial structure and damaged cell wall is observed by NPs
adhesion and penetration.

not dominantly semi-spherical. The latter phenomena is
probably associated to the partial dissolution of Cu*" ions in
liquid media [26] associated to the oxide layer, and will be
discussed later on.

Finally, we perfomed combined STEM-HAADF analyses
to confirm that these NPs inside P. aeruginosa correspond to
the our metallic nanomaterials. A qualitative mapping of Ag
and Cu is done therefore. Additionally, phosphorus (P) and
sulfur (S) elements are mapped since both are important
components of bacterial cell wall. In Fig. (5), we observe the
STEM-HAADF image of P. aeruginosa and its elemental
maps prior to the addition of NPs. The smal frames on top
show an extremely low concentration of Ag and Cu. In par-
ticular, the presence of Ag may be attributed for the detec-
tion limit for the equipment, while Cu may be linked to
common metallic traces that result of the bacterial metabolic
process [27]. The bottom frames in Fig. (5) display a rich P



58 Current Nanoscience, 2018, Vol. 14, No. 1

Fig. (5). STEM-HAADF image and elemental mapping of P. aeru-
ginosa. Bacterial cross section shows the morphological character-
istics of bacterial structure. Qualitative elemental mapping show
low concentration of Cu species associated with common metal
levels located inside bacteria. P and S elements present are associ-
ated with the elemental bacterial composition.

and S inside the cell. Both elements are regularly distributed,
since they are components of the lipids, proteins and nuclei
acids in the bacteria [28].

Fig. (6) displays STEM-HAADF images and elemental
mapping of P. aeruginosa with Ag NPs (400 ug/mL, top)
and Cu NPs (100 pg/mL, bottom). Fig. (6a) shows that Ag
NPs are around the bacterial wall and penetrated into bacte-
rial cytoplasm (arrows). When we subtract the Ag content on
Figs. (5 and 6) (before and after NPs interaction) we found
an increase of ca. 30% in Ag species after the NPs exposure.
According to the AA assay (Fig. 2), 400 pg/mL of Ag NPs
decreases bacterial activity by 42%. Therefore, the adhesion
and penetration of this amount of Ag NPs seems to inhibit
bacterial growth. Following the same method of subtraction
for P and S elements, we calculate an increase of ca. 60%
with a change of distribution of both components. The later
might be linked to the interaction between NPs and proteins
of the outer membrane. The increase of P elements can be
associated with the possible repair mechanism of phosphol-
ipidic structure of bacteria [29]. In parallel, the interaction of
P. aeruginosa with Cu NPs (100 p g/mL) was analyzed by
STEM-HAADF (Fig. 6b). The left image shows Cu NPs
well dispersed in the cell structure (arrows), presenting an
increase of ca. 15% of Cu species, and an increase of ca.
20% in P and S concentration, if compared with the un-
treated bacterium (Fig. 5). In both cases, STEM-HAADF
images provide evidence of NPs penetration into the bacte-
ria, while elemental mapping shows a slight increase in
metal species.

4. DISCUSSION

Ag and Cu NPs have emerged as relevant materials for
the synthesis of biomedical devices due to their antibacterial
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Fig. (6). STEM-HAADF image and elemental mapping of Ag, Cu,
P and S in P. aeruginosa interacted with a) Ag NPs and b) Cu NPs.
It can be seen the presence of Ag/Cu species distributed all
throughout the cell (arrows), producing the adhesion and penetra-
tion of NPs. Moreover, P and S elements have been increased by
the presence of NPs.

properties. Here, we go into a detailed observation of the
early stages of AA produced by Ag and Cu NPs using com-
mercial sources. Therefore, we first evaluated the chemical
composition and morphology of the received NPs. TEM im-
ages confirm that Ag and Cu NPs are well in the nano scale
range (Fig. 1), as reported previously [21]. From the XRD
we interpret that Ag are pure but Cu NPs are partially oxi-
dized. Nonetheless, other authors have reported that Cu NPS
hold their antibacterial properties besides a thin layer of ox-
ide [30, 31].

The bactericidal properties (AA) of Ag and Cu NPs were
corroborated and contrasted against P. aeruginosa as a
model bacteria (Fig. 2). In the range of concentrations pre-
sented, both types of NPs reach their full AA. Although,
higher concentrations of Ag NPs are required to have a com-
parable effect with Cu NPs. It has been reported that Cu NPs
and its oxides have high antibacterial effect associated with
the release of Cu®" ions in solution and its feasibility to reach
to the bacterial outer membrane [17, 32]. Moreover, we
should bear in mind that the sensitivity of bacteria towards
NPs concentration varies according to the microbial species
[17].

To observe the early antibacterial damage caused by NPs
in P. aeruginosa, we use different electron microscopy tech-
niques. First, our TEM images (Fig. 3) suggest that the inter-
action between bacteria and NPs induce changes in bacterial
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structure as the overall shape becomes irregular and the cell
wall is distorted after direct contact. Metallic NPs and other
ionic species that they might release from their surface when
in solution could interact with the anionic lipopolysaccha-
rides of Gram-negative cell wall, as it has been reported be-
fore [33, 34]. These interactions then, lead to the disequilib-
rium on the cell causing permeation and resulting finally in
cell death [35, 36]. However, in our early stages AA micro-
graphs, the combined effect of NPs and ion release did not
produce the complete rupture of the outer membrane of bac-
teria [37, 38].

Yet, HRTEM allowed us to clearly identify NPs adhesion
and embedding on the cell wall (Fig. 4). This observation
becomes relevant when we consider that bacterial cell wall
properties play a crucial role in NPs diffusion [18, 39]. Fol-
lowing this principle and our observations of the cross sec-
tion of bacterium, we believe that the cell wall alterations
might lead to a better diffusion of more NPs and finally to
cell death. In fact, a more noticeable NPs adhesion and pene-
tration is detected in Fig. (4b), and Cu NPs achieve AA at
lower concentrations. In this regard, HRTEM resolution is a
valuable tool to elucidate the primary mechanism of metallic
NPs.

It is important to note that different NPs concentrations
(between Ag and Cu) were chosen to achieve significantly
similar AA after 1 h (400 ng/mL of Ag NPs and 100 ug/mL
of Cu NPs). Indeed, Cu NPs have better antibacterial proper-
ties compared with Ag NPs. We think that the improved AA
of Cu NPs, results from the combined effect of Cu NPs and
Cu*'/CuO species that form in liquid media after, Cu NPs
dispersion. This phenomena is called the “Trojan horse ef-
fect” which involves the NPs dispersion and oxide layer
solubilisation in the culture medium and inside the cells [40,
41]. The synergistic effect of penetrated NPs and ions might
induce cytotoxicity by the production of reactive oxygen
species (ROS), with subsequent alteration in respiratory
chain and DNA replication, to finally induce cellular death
[42-45].

HAADF technique is generated for the electron that have
been scattered at high angles, producing an image with high
contrast related with the differences of atomic number (Z)
between organic/inorganic phases, and it is considered a
powerful tool to evaluate nano-sized metallic NPs embedded
on organic substrates [46]. Therefore, we use it to corrobo-
rate the Ag and Cu NPs adhesion and penetration on P.
aeruginosa. STEM-HAADF image and qualitative mapping
of Ag and Cu, (Fig. 6) show NPs distributed within the bac-
teria and on the wall. Moreover, the slight increase and redis-
tribution of P and S elements propose the possible phosphol-
ipid and protein damage produced by the interaction of NPs
with the specific adsorption sites regularly distributed on the
lipopolysaccharidic outer cell of Gram-negative P. aerugi-
nosa [47-49].

Some authors have suggested the bactericidal mechanism
of Ag NPs, based on the electrostatic attraction between Ag+
ions (on the surface of Ag NPs) and the negative charges
present on the cell membrane, which is key to produce al-
terations of cell permeability [50, 51]. Under this criteria,
Lok et al. [11] proposed that Ag NPs can induce the collapse
of E. coli plasma membrane and cell death later on. Other
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authors suggest that the NPs concentration and their interac-
tion with microorganisms is critical to produce the formation
of holes of “pits”, altering the elemental cell function [35,
46, 52]. In both cases, the combined effect of adhesion and
penetration process produced by ions and NPs is crucial to
produce a cytotoxic effect [47]. The novelty of this work is
to visualize the early stages of antibacterial damage pro-
duced by metallic NPs by the use of combined HRTEM and
STEM-HAADF, paving the way to better understand the
bactericidal primary mechanism of Ag and Cu NPs. We be-
lieve that our results contribute in the rational design of
novel antimicrobial nanomaterials.

CONCLUSION

This study shows the early stages of antibacterial damage
caused by metallic NPs on Gram-negative Pseudomonas
aeruginosa by means of HRTEM and combined STEM-
HAADF. Commercial NPs were in nano size range and pre-
sent antibacterial activity as a function of NPs concentration
and chemistry. Cu NPs are more effective than Ag NPs. In
the early stages of antibacterial damage, the bacteria/NPs
interaction in liquid media produces the NPs adhesion into
bacterial wall, resulting in important changes of cellular
structure. STEM-HAADF images corroborates the NPs
penetration inside bacteria, producing an increase of Ag/Cu
species with P and S elements, main components of bio-
molecules in the bacterial cell. This behavior suggest that
protein damage is produced by the interaction of NPs with
the specific adsorption sites regularly distributed on the
lipopolysaccharidic outer cell. Combined analyses of TEM
and STEM-HAADF can be a powerful tool to understand the
primary antibacterial mechanism of metallic NPs and the
bacterial response to damage, which are key for the rational
design of antimicrobial nanomaterials.

LIST OF ABBREVIATIONS

AA = Antibacterial activity

Ag = Silver

Cu = Copper

HRTEM = High Resolution Transmission Elec-
tron Microscopy

NPs = Metallic nanoparticles

P = Phosphorous

S = Sulfur

STEM-HAADF = Scanning Transmission Electron Mi-
croscopy with High Angle Annular
Dark Field

TEM = Transmission Electron Microscopy.
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