
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Electron microscopy broadens the horizons of toxicology:  
The role of nanoparticles vehiculated by bacteria 
 

ABSTRACT 
This communication shows the ways in which 
nanoparticles, originated by the biodestruction 
of plastic materials carried out by microbes, are 
able to access human organs by means of 
microorganisms acting as facilitators. The aim of 
this work is to highlight how electron microscopy 
is a fundamental and versatile technique of high 
value in the investigation of the interaction 
between bacteria and polymeric materials. 
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INTRODUCTION 
Biodestruction [1] can occur, for instance, in the oral 
cavity [2], where bacteria such as Staphylococcus 
aureus [3, 4] organized in microcolonies embedded 
in the biofilm [1], attack polymeric polyurethane 
(PU) prostheses [5] generating micro- and nano-
sized debris [6, 7]. Electron microscopy is a 
fundamental and versatile technique of high value 
[8-14] in the investigation of the interaction 
between bacteria and polymeric materials [15]. In 
particular it can be of help since NPs are capable 
 

of interaction with the cellular machinery and are 
transported by active processes [16]; moreover NPs 
have other ways of interaction with cells, since in 
biological media, proteins and other biomolecules 
can arrange themselves in layers on the NPs’ 
surface (protein corona). The corona is stable for 
time periods [17] similar to or longer than the 
typical time scale of the NPs uptake into the cells. 
Thus this is really “what the cell sees” [18, 19], 
with the protein corona acting as a “Trojan horse” 
that hides the NP [18]. 
The understanding of what controls the interactions 
at the interface between NPs and cells is essential 
to be able to exploit the potential of NPs for 
applications in nanomedicine [18, 20-22]. NPs 
may gain access to the body by inhalation, 
ingestion, intravenous administration, via skin 
absorption, or from prostheses generating debris 
[19, 22-27]. NPs can also be structured as 
nanofibers, thus introducing mechanical processes 
to the cell-NP interactions [28]. 
NPs based on materials such as natural or synthetic 
polymers, lipids and metals have received considerable 
interest as drug delivery vehicles [29, 30] or possible 
sources of toxic effects [25, 30-32], although as 
yet there is limited evidence of hazards [16, 33-35], 
and hence should be supplemented by the 
precautionary principle [36-38]. 
We will not consider any kind of engineered NP, 
but will focus on nanosized debris generated from 
the biodestruction of PU dental prostheses, the 
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electron microscopy is discussed by Didenko et al. 
[7, 15]. 
Transmission Electron Microscope and Scanning 
Transmission Electron Microscope images were 
obtained with a Tecnai F20 X-TWIN microscope 
(FEI Company, USA) equipped with a 200 kV 
FEG column and a CCD detector. In addition to 
TEM and SEM images, STEM technique was 
used and Bright Field, Dark Field and High Angle 
Annular Dark Field images were collected for 
better contrast and resolution and to gain more 
information on PU NPs’ size and relative position 
compared to cell structures. Samples were analyzed 
in dual beam FIB/SEM Quanta 200 3D (FEI Company, 
USA) in both high and low vacuum, mostly at 5 kV 
electron beam acceleration. 
 
RESULTS 
FIB/SEM images show the bacterial bioadhesion 
to the plastic material, the subsequent biofilm 
formation, the nanosized debris generation (Fig. 1) 
and their attachment to the cell surface (Fig. 2). 
TEM Bright Field image shows that bacteria are 
able to internalize one or more NPs (Fig. 3). A 
detailed analysis of this image and similar ones 
[15] shows different steps of the internalization 
process (endocytosis) [26, 46]. PU NPs (whose 
size is less than 10 nm) appear enclosed in round 
membranous structures (vesicles) whose diameter 
is approximately 30 nm (Fig. 3). 
TEM Dark Field image proves that bacteria are 
viable since typical features of bacterial reproduction 
through fission are visible even after long incubation 
time with the plastic material [49]. Therefore it 
can be said that the NPs internalization does not 
affect S. aureus viability (Fig. 4). 
 
DISCUSSIONS 
From our in vitro experiments and from literature 
[1, 7, 15], it is known that planktonic cells detach 
themselves from the biofilm. Hence it can be 
expected that in vivo bacterial nomad cells containing 
PU NPs contribute to the dissemination of the 
nanomaterial while spreading the infection to tissues.
S. aureus is known to be able to escape immune 
system surveillance [50-52] and to invade a number 
of organs through systemic dissemination provoking 
infections [53]. Moreover these bacteria after 
 

internalization of NPs by bacterial cells [15] 
and the subsequent invasion of host cells by 
NP-loaded bacteria. 
The augmentation of the number of bacterial cells 
and the consequent depletion of nutrients together 
with the bacterial metabolic activity, that cause an 
increment of the acidity in the environment, 
damage the PU, generating NPs [7, 39]. They can 
interact with biological systems, move inside the 
body, reach the bloodstream and organs and can 
persist in the body for a very long time [23, 40, 41]. 
The effects of the NPs depend on their shape, size, 
surface characteristics and inner structure [16, 23, 42]. 
They can remain free or group together depending 
on the attractive or repulsive interaction forces 
between them [40, 43, 44], that can be affected 
when NPs move in a biological medium enveloped 
in the protein corona [17-19]. 
Nanosized particles have different characteristics 
compared to bigger ones while and when absorbed 
by an organism [23, 45]. This, together with the 
bioaccumulation associated with different rates of 
uptake and exit dynamics [16], can enhance the 
possible toxicity of nanosized materials. The typical 
time scale of NPs uptake, as well as the protein corona 
time stability, is in the order of hours [18]. Several 
reports show that NPs of 20-50 nm are taken up 
more rapidly than smaller or larger particles [45]. 
For particles with a positive charge will bind to 
the negatively charged cell surface, one would expect 
positively charged particles to be endocytosed 
[26, 46] more efficiently than negatively charged 
particles, influencing endocytic pathways (endocytosis, 
phagocytosis and pinocytosis) based on the formation 
of intracellular vesicles following invagination of 
the plasma membrane [23, 47]. 
It has been shown that PU micelles can act as an 
engineered drug deliverer [29]. Bulk PU is not 
toxic [48] but possible toxic effects can be 
associated to the small size of the particles [23], to 
the presence of the protein corona [18] and to the 
bioaccumulation [16] (ruled by the uptake time 
[16, 17, 19] and by the presence or absence of 
transport backward to the cell surface [16, 47]). 
 
MATERIALS AND METHODS 
In our experiment PU was incubated with S. aureus 
from 1 to 45 days at 37 °C. Sample preparation for 
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attachment and colonization on host surfaces can 
eventually invade organ cells promoting their apoptotic 
processes and necrosis of the tissue [54, 55]. 
This allows microorganisms loaded with PU NPs, 
viable after the NPs internalization [49], to act as 
targeted vectors, vehiculating the NPs to the places 
 

Fig. 1. FIB/SEM images at different magnifications show the fundamental steps of the interaction 
between S. aureus and PU: amicrobic film, bioadhesion, microcolonies formation, biofilm, nomad cells 
and biofilm crushing. 

Fig. 2. SEM image of slices and fine grains of PU in 
bacterial mass. 

Fig. 3. TEM image of S. aureus after incubation 
with PU. PU particles can be observed on the cell wall 
(black ↑), inside the cell surrounded by membranes 
(white ↑) and in the external environment, in the 
proximity of the cell wall (black dashed ↑). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(host organ cells) that will become the infection 
loci. NPs spread in an efficient and oriented way 
reaching different body districts and, being hidden 
within the microorganisms, can move in the body 
without stimulating host innate and adaptive 
immune responses [53, 56, 57] (Fig. 3). 
To sum up, our focus is on the PU NPs uptake by 
bacterial cells. Bacteria-tissue interaction in the 
infection processes [53] leads us to the conclusion 
that bacterial cells are an active and selective 
vehicle for NPs dissemination and cellular uptake. 
Therefore intracellular transport, recycling of NPs 
to the cell exterior, disturbance of cellular functions 
and metabolism of NPs both in bacterial and host 
cells have to be re-discussed. 
S. aureus when internalized in the host cells 
(protected by phagocytes or linked to internal 
membranes and cytoskeleton [53, 58]) has three 
outcomes: 
- reproduction, by which the number of bacterial 

cells increases, with one or more cells containing 
NPs;  

- release of NPs inside the host cell through 
exocytosis [59], with NPs losing their enveloping 
membrane; 
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- natural or specific antibiotic induced death, 
with the consequent membrane lysis and the 
release of the NPs, still inside the vesicles, 
within the host cell. 

Therefore in the host cell it is possible to find: 
-  PU NPs not surrounded by a membrane (free 

NPs) derived from exocytosis [59], although 
some researchers conclude that the import 
processes are irreversible and hence the export 
processes are absent [16]. NPs uptake and 
biodistribution are even more complex since 
endocytosis and exocytosis are influenced by 
the protein corona [16, 18, 42, 59] and by the 
cytoskeleton activity [58, 60]; 

- NPs not surrounded by a membrane (likely 
shielded by the protein corona) attached to the 
bacterial outer surface, therefore carried into 
the host cell by the bacteria themselves (Fig. 3); 

- NPs shielded by vesicles. 
Thus NPs behave differently according to their 
interface with the surrounding medium. Free NPs 
can display their toxic potential unless neutralized 
by phagocytosis. This endocytic process is 
influenced by the NPs effective charge that can be 
modified by the protein corona [61]. The 
membrane bound vesicles uptake by host cells 
allows the NPs to strictly interact with the cells’ 
internal structures [61], specifically with the 
mechanisms involved in the vesicles’ trafficking 
[47], and to escape phagocytosis. In both cases 
NPs coating (membrane vesicles or protein corona) 
delays immune (phagocytic) clearance of foreign 
particles [60]. 
 
CONCLUSIONS 
In conclusion, the TEM, FIB/SEM and STEM 
ensemble, spanning over a wide range of 
magnifications and associated to different preparation 
methods, points to the existence of a complex NPs 
non-diffusive strategy by giving shots of different 
steps, such as NPs production, release and spreading 
driven by infection committed bacteria. This provides 
new opportunities in nanomedicine and gives 
evidence of unexplored processes responsible for 
the NPs toxicity that necessitate careful consideration 
from the point of view of nanomedical safety 
issues [16, 47]. 

Fig. 4. TEM image of S. aureus fission proves that the 
cell viability is not compromised by the NPs internalization. 
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