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6 A cell-to-cell communication system called quorum sensing (QS) promotes the
7

8 transcription of certain target genes in bacterial cells leading to the activation of
9

10 different cellular processes, some of them related to bacterial biofilm formation. The
1

:g formation of bacterial biofilm favours antibiotic resistance that is nowadays a
14

15 significant public-health problem. In this study, the effect of selenium (SeNPs) and

A6

g7 tellurium (TeNPs) nanoparticles was examined in two bacterial processes mediated by

S8

%g QS: violacein production by Chromobacterium violaceum and biofilm formation by

21 . . . o

2 Pseudomonas aeruginosa. For this purpose, quantification of the pigment production in

723

24 presence of these nanoparticles was monitored using the C. violaceum strain.

25

g? Additionally, a combination of different microscopical imaging techniques was applied

%g to examine the changes on the 3D biofilm structure of P. aeruginosa which were

30

31 quantified through performing architectural metrics calculations (substratum area, cell

32

33 area coverage and biovolume). SeNPs produces an 80% inhibition in the violacein

34

%2 production by C. violaceum and a significant effect in P. aeruginosa biofilm

37

3s architecture (a reduction of 80% in the biovolume of the bacterial biofilm was

39

%O obtained). TeNPs similarly affect violacein production and P. aeruginosa biofilm
1

fé structure but at lower concentration levels. The results obtained suggest an important
44 . . . . .

45 disruption of the QS signalling system by SeNPs and TeNPs supporting nanotechnology
46

47 as a promising tool to fight against the emerging problem of bacterial resistance related
48

gg to bacterial biofilm formation.

51

gg Keywords: selenium nanoparticles, tellurium nanoparticles, quorum sensing,
54 " .. .

55 antibiofilm activity, biofilm structure.

56
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SIGNIFICANCE TO METALLOMICS

The interaction between nanoparticles with bacterial cells as individual entities has been
extensively evaluated. However, in many persistent infections bacteria behave as a
cooperative group of bacterial cells coordinated through a Quorum sensing (QS)
signalling system that favours, among other factors, the formation of bacteria biofilm.
This strategy provides bacteria resistance to host defences or antibiotic treatments. This
study presents for first time the effect of SeNPs and TeNPs on different process
regulated by QS. Understanding the interaction between nanoparticles and bacterial
community behaviour will allow developing new and more efficient strategies for

controlling bacterial persistent infections.
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" 1. INTRODUCTION DOl 101039/COMT00044E
Z Several bacterial processes are ruled through a cell-to-cell communication system by
; means of releasing chemical signal molecules called autoinducers, in a cell density
?o dependent process known as quorum sensing (QS). One of the main groups of
E autoinducers identified as QS signalling molecules in Gram-negative bacteria are the N-
};‘ acyl-L-homoserine lactones (AHLs). When the microbial population reaches high
g? density, these molecules link to specific receptors promoting the expression of genes
%g related with specific responses such as the production of violacein, antibiotics
0
%; resistance, biofilm formation and interaction with host.!3 Pathogenic bacteria could
%i establish a persistent infection when they adopt a biofilm mode of growth, which results
;g in an increased resistance to antibiotics. Biofilm formation involves the growth of
27
%g microbial communities attached to a surface and embedded in a self-produced
;g? polymeric matrix, providing structural stability along with resistance against traditional
§§ antimicrobial agents.*® Disruption of the QS signal is currently explored as an
gg alternative strategy to fight against microbial resistance.” In this context,
g; nanotechnology has been considered as a promising approach to tackle persistent
%g bacterial infections. Metal and metal oxide nanoparticles such as silver, copper, zinc
Qj; oxide and copper oxide nanoparticle are gaining large interest within the scientific
43
j;' community as it is shown in the increasing number of articles in which their potential
j? antimicrobial activity is reported.®!* Furthermore, metal/metal oxide nanoparticles are
jg expected not only to inhibit bacterial growth but also to avoid antibiotic resistance
50
g; mechanism due to their interaction with bacterial cells through different pathways.’
gi Likewise, less explored nanoparticles such as metalloids nanostructures have been
?2 synthesized at laboratory scale for being used as new antimicrobial nanomaterials with
gé more effectiveness and less toxicity for human cells. For example, selenium
e

nanoparticles (SeNPs) have revealed as interesting tools due to their antioxidant,

5
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anticarcinogenic and antimicrobial properties together with their low toxicity gcompargd:.= e

oNOYTULT D WN =

with other nanoparticles such as AgNPs and even with other selenium compounds.!!
Tellurium compounds can be found in applications related to solar panels, glasses,
rubber, rechargeable batteries, semiconductors and they have been also evaluated for
their potential antimicrobial, anti-inflammatory and anticarcinogenic effects therefore,
although less investigated, they have been gaining attention for -electronics,

biotechnology and medical applications.!?!3

Most of the articles published in the literature on the antimicrobial activity of
nanoparticles are focused on their effect in planktonic cultures or in biofilm
inhibition.'42! However, more studies need to be performed with the aim of
understanding how nanoparticles affect bacterial environments in which bacterial QS
plays a key role. Evaluating the effect of metal-based nanoparticles in processes
regulated by QS along with information on the effect of nanoparticles towards biofilm
structure parameters will provide a better knowledge of their effect on bacterial
community behaviours that may allow researchers to develop new strategies for

controlling biofilm development and consequently to control bacterial resistance.

Hence, in this study the potential of SeNPs and TeNPs of inhibiting different processes
regulated by QS (violacein production and biofilm development) was evaluated with the
aim of giving a deeper insight into the influence of these nanoparticles on bacterial
communication. The inhibition of violacein production of C. violaceum by these
nanoparticles was assessed by using two different strains, being one of them an AHL-
deficient mutant. Furthermore, the antibiofilm potential of SeNPs and TeNPs was also
proved against a strain of P. aeruginosa, paying special attention to the changes induced
by these nanoparticles in the structure of the biofilm. For this purpose, data from the

crystal violet staining assay were combined with the information provided by a panel of


http://dx.doi.org/10.1039/c9mt00044e

Page 7 of 35 Metallomics

1

2

2 imaging techniques including traditional microscopy techniques such as electron (TEMy /e e

Z and optical microscopy (DICM and PCM), and advanced imaging techniques such as

7

8 confocal laser scanning microscopy (CLSM) together with digital image processing.

9

10

11 2. METHODS

12

13

14 2.1 Synthesis, purification and characterization of selenium nanoparticles and tellurium
15

46 nanoparticles

97

8

%g SeNPs were synthesized following the procedure described by Palomo et al. (2017).2?

g; The method is based on the chemical reduction of sodium selenite with ascorbic acid in
3

%4 presence of hydroxyethyl cellulose (HEC) as coating agent. In case of TeNPs, a similar

25

26 procedure was applied but the chemical reduction of tellurium salt (K,TeOs) was

27

%g performed with gallic acid and, similarly, HEC was employed as coating agent. The

30

31 resulting SeNPs and TeNPs were purified through a dialysis process and characterized

32

33 in terms of size and composition by TEM (JEOL JEM 2100; USA) equipped with an
34
%2 Energy-Dispersive X-ray Spectroscopy (EDXS) microanalysis composition system
37 . :
38 (Oxford Inca). More than 1500 SeNPs and TeNPs dispersed in about 20 TEM photos
39
%0 were viewed to measure the size distribution either in water or in LB media

1
42
43 2.2. Bacterial strains culture
44
45
46 Two C. violaceum strains were used: C. violaceum ATCC 12472 and the AHL-deficient
47
48 mutant CV026. Both strains were aerobically cultured in 15 mL Falcon® with LB
49
g? media at 30°C during 14-18 h under stirring conditions (120 rpm). Optical density (OD)
52
53 of bacterial cultures was adjusted to 0.2 at 620 nm before performing the QS inhibition
54
55 experiments. Likewise, P. aeruginosa cultures (Department of Genetics, Physiology and
56
;73 Microbiology culture collection) were grown and the resulting bacterial suspensions
59
60
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performing biofilm assays.

2.3 Violacein production assays

The C. violaceum ATCC 12472 strain produces the pigment violacein in a QS mediated
process induced by N-acyl homoserine lactones (AHLs) while CV026 strain is deficient
in the autoinducer synthase requiring the exogenous addition of AHL to produce
violacein. Both strains are usually employed for evaluating the QS inhibition of

different substances.?3-26

Both strains of C. violaceum (0.2 OD at Agomm) Were cultivated simultaneously in
presence of 0, 10, 100 and 250 mg Se L' in sterile Eppendorf tubes. For the
experiments carried out with TeNPs, lower concentrations were added to bacterial
cultures (10, 50, 100 and 250 pg Te L") as they exhibit higher toxicity against C.
violaceum. Tubes were subsequently incubated at 30°C under shaking at 120 rpm during
24 h. Eight replicates were performed for each concentration. The same protocol was
applied when using the strain CV026 although, in order to induce the violacein
production, the autoinducer N-hexanoyl-L-homoserine lactone (C6-HSL) (Sigma-

Aldrich) (10 mM) was previously added to the culture media.

After 24 h incubation, tubes were centrifuged at 13000 rpm for 15 min to allow the
insoluble violacein settle down. Afterwards, 1 ml of DMSO was added to the resulting
pellet. The mixture was vortexed until the violacein was completely solubilized and
centrifuged at 13000 rpm during 10 min. 250 pL of supernatant containing the
solubilized violacein were placed in a 96 flat-bottom well microtiter plate. The

absorbance was measured with a microplate reader at a wavelength of 570 nm.
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2

2 To check whether changes in violacein production were related to modificatins in Q8 /e e
Z processes or were due to a decrease in cell viability produced by the antibacterial
573 activity of SeNPs, strains of ATCC 12472 and CV026 were incubated with different
?(1) concentrations of SeNPs (0, 10, 100 and 250 mg Se L") and TeNPs (0, 10, 50, 100 and
:g 250 pg L") during 24h. After that, an aliquot of each culture was serially diluted and
}g 100 pL were spread on LB-agar plates. The plates were incubated at 30°C for 48 h and
gz the grown bacterial CFU (Colony Forming Units) were counted.

A9

§ﬁ0 2.4 Biofilm development in presence of SeNPs and TeNPs. Crystal violet assays

%i The effect of SeNPs and TeNPs on P. aeruginosa biofilm formation was evaluated at
gg different nanoparticle concentrations: 10, 100 and 250 mg Se L' and 0.1, 0.5, 1, 5, 25,
g; 50 and 75 mg Te L-'. The experiments were conducted following the procedure
%9) described by Merritt ez al. ( 2011). 27 25 uL of SeNPs or TeNPs dispersions were placed
§§ into a well of a sterile polystyrene non-treated 96 flat-bottom well microtiter plate
%ﬁ (Costar) before adding 75 pL of the diluted P. aeruginosa culture (0.1 ODgy). Then the
%Z plates were incubated at 28°C under stirring (120 rpm) during 24 h. Eight replicates of
gg each experiment were done and a negative (LB medium) and a positive control (diluted
nj; bacterial culture without adding selenium or tellurium) were performed in parallel.
jjf Afterwards, non-adherent bacterial cell suspensions were discarded. The biofilm
45

j? adhered to the wells was subsequently stained with 125 pL of 0.1 % (w/v) crystal violet
jg solution and kept in darkness during 15 min. The excess of dye in the plates was
?1) removed with Milli Q-water. Finally, 200 pl of glacial acetic acid 30% (w/v) were
gg added to each stained well to dissolve the stain adsorbed to the bacterial biofilm. The
gg absorbance was then measured at 570 nm at room temperature by using a Varioskan
;73 LUX Multimode Microplate Reader (Thermo-Fisher). The average of the results was
Zg compared with those obtained from the positive controls.

9
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according to the procedure previously described with a slight modification. In this case,

biofilms were first developed and,SeNPs or TeNPs were subsequently added.

2.5 Microscopic analysis of bacterial biofilms

The effect of SeNPs and TeNPs on P. aeruginosa biofilm architecture was evaluated by
Confocal Laser Scanning Microscopy (CLSM, Leica SP2 with Leica DFC 350 FX
digital camera). For this purpose, biofilms were grown in flat bottom sterile non-treated
24-well plates (Thermo Fisher Scientific) in presence of SeNPs at 10, 100 and 250 mg
Se L' and TeNPs at 1, 25 and 125 mg Te L-'. Once the incubation period was
completed, the supernatant with non-adherent cells were carefully removed and the
biofilm was stained with SYTO 9 and PI fluorescent dyes. After 15 min incubation,
between four and six CLSM image stacks of each plate were acquired from random
positions using a 20x lens leading to a total area under investigation of 7.76-11.64 x 103
um?. Images were collected at 2 pm intervals from the bottom of the surface of the plate
to the top of the biofilm, and the number of images in each stack varied according to the
thickness of the biofilm. All the images were collected with a resolution of 1,024 x
1,024 pixels. Images stacks were evaluated by using the Image J and biolmage L v.2.1

software packages.?®

Additional information on the structural changes of biofilm by nanoparticles was
obtained by applying Differential Interference Contrast (DICM, Nikon Eclipse 801 with
a Nikon Digital Sight DS-Fil camera) and Phase Contrast (PCM, Olympus BX50 with a

Canon Power Shot A620 digital camera) microscopy.

10
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3 . . . iew Article nline
4 26 Statlstlcal analYSIS DOI: lO.lOS\é/C9AMTé)O%4L4E
5

g The results obtained from the experiments were expressed as the mean + standard
g deviation (SD). Statistically significant differences between groups were detected by a
10

1 two-way analysis of variance (ANOVA) and by using Statgraphics v6.0 software
12

13 (Manugistics, Rockville, USA). Only results with a p-value of less than 0.05 were
14

51-2 considered to be statistically significant different.

g7

gg 3. RESULTS AND DISCUSSION

20

g; 3.1 Effect of Luria-Bertani culture medium in nanoparticles stability

723

%2 SeNPs and TeNPs were successfully synthesized through the procedure described in

26 : : : : .

%7 section 2.1. TEM micrographs evidenced the presence of spherical and dispersed SeNPs
8

29 and TeNPs with an average diameter size of 90+10 and 125+40 nm respectively.

30

§; Furthermore, EDXS analysis confirmed the presence of Se ((L, (1.4 keV), K, (11.22

33

;;;4 keV) and K (12.49 keV)) and Te (L, (3.77keV), K, (27.47 keV) and K3 (31.72 keV)),

35

36 in both cases (Figure 1a and Ic). Additionally, the electron diffraction pattern confirmed

37

gg the non-microcrystalline structure of both types of nanoparticles. The nanoparticles

%(1) were also characterized in LB with the aim of assessing their stability in presence of the
42

43 culture medium used for growing the bacteria: 8515 nm and 130+£35 nm were the
44

22 average diameter size for SeNPs and TeNPs respectively. No significant differences
47 . . . .

48 between average size diameter and morphology of SeNPs and TeNPs dispersed in the
49

50 synthesis media (Figure la and 1c) and in LBS media (Figure 1b and 1d) were
51

52 detected.

53

54

55

56

57

58

59

60

11
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production

During last years, disruption of the QS signal has been explored as new strategy for
antimicrobial therapy with the aim of opening new alternatives to fight against
microbial resistance. Briefly, the repression of cell-to-cell communication may take
place at three different levels: (i) by inhibiting the synthesis of signal molecules, (ii) by
limiting the accumulation, exchange and transport of QS signal and (iii) by disturbing
signal perception and response (Figure 2a).2? Most of the reported studies on the effect
of nanoparticles on QS processes have been focused on quantifying the modification of
QS signal instead of evaluating at what stage cell-to-cell communication is disturbed.
In this sense, C. violaceum has been widely employed as a model organism in QS
research due to its capacity of producing the purple pigment violacein through a QS
regulated process.?3-2¢ In the current study, a simple procedure was applied to evaluate
at which stage nanoparticles alter the QS process. For instance, a decrease in violacein
production by the strain ATCC 12472 accompanied with no variation in violacein
production by the CV026 mutant strain suggests a disruption of the biosynthesis
production of the autoinducer (Figure 2a step i). In contrast, a decrease in violacein
production by CV026 in presence of AHL indicates that the recognition of the QS
signal and reception might be interfered as long as the production of the purple pigment
in the strain ATCC 12472 is not decreased. To understand the last statement, it is
important to keep in mind that CV026 cannot produce the QS signal responsible of the
violacein production (Figure 2a step ii and iii).

Figure 2b evidences an 80% decrease in violacein production by ATCC 12472 strain in
presence of 250 mg Se L' while the pigment production was kept constant by CV026

strain where the exogenous addition of C6-HSL is not needed as this strain is able to

12
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1

2

2 intrinsically produced violacein as stated in Methods (section 2.3). Moreovgr, if W'
Z proved that the viability of both strains remains unaffected during experimental with
573 SeNPs (Figure 2¢ and 2d). Therefore, changes on violacein production seem not to be a
?(1) consequence of cell population density reduction and may be related to the interruption
:g of bacterial QS. Consequently, in agreement with our previous statement, SeNPs might
}g affect in a greater extent the biosynthesis of the autoinducer (Figure 2a step i) rather
SS than to disturb signal perception and response (Figure 2b step ii and iii).

5

%‘1) Regarding to TeNPs, 50 pug Te L' of TeNPs was enough to inhibit the 70% of the
;%g violacein production by CV026 while the pigment production was kept constant by
%ﬁ ATCC 12472 strain. However, a higher concentration of TeNPs caused the inhibition of
%Z the 80% of the violacein production in both, CV026 and ATCC 12472 (Figure 3a). As
%g for SeNPs, viability of both strains remains unaltered during the experiment (Figure 3¢
g; and 3c). According to the aforementioned comments, the presence of TeNPs as a
%’E concentration level of 50 pg Te L-! mainly affect processes related to the signal
g? perception and response rather than those linked with the synthesis of the autoinducer.
gg Nevertheless, when higher levels of TeNPs were supplemented to the bacterial culture
%(1) it was not possible to determine which of QS steps were disturbed in a greater extent
g since both strains were similarly altered.

s

j? It is worth mentioning that the presence of nanoparticle of different composition leads
jg to different responses in QS system. SeNPs might affect in a greater extent the
?1) biosynthesis production of the autoinducer whereas TeNPs seem to disturb the signal
gg perception and response. Moreover, differences in the quantity of nanoparticles that is
gg needed to reach one of the responses were also observed. No changes in violacein
;73 production of CV026 were achieved in presence of 250 mg Se L-! of SeNPs while only
Zg 50 ug Te L! of TeNPs were needed for decreasing the violacein production in this

13
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250 mg Se/L while only 100 pug Te L' of TeNPs were required to reach the same effect.

3.3 Antibiofilm activity of SeNPs and TeNPs assessed by the colorimetric method

Another process regulated by QS is the formation of biofilms which represents a key
step in the pathogenicity of many bacterial species. In the current study, the antibiofilm
activity of SeNPs and TeNPs on P. aeruginosa was assessed by using the colorimetric
method described in section 2.4. Figure 4a evidenced that the production of biofilm by
P. aeruginosa was significantly inhibited in presence of 100 mg Se/L as SeNPs (Figure
3a) suggesting a reduction of the 60% of the biofilm developed by the bacteria.
Furthermore, the presence of 250 mg Se L' SeNPs exhibits an increased ability to
inhibit biofilm formation in more than the 70%. No changes on P. aeruginosa viability
were observed when cultures were exposed to the assayed NPs concentrations (data not
shown); therefore changes in developed biofilms were not due to a reduction of
bacterial population density. However, when the biofilm was previously formed (Figure
4b), only a 15% of biofilm reduction in presence of 250 mg Se L' was achieved.
Therefore, from the results obtained for both experiments it can be highlighted that
SeNPs showed more effectiveness in inhibiting the biofilm development rather than in
removing the biofilms once formed. This fact agrees with our previous results, in which
SeNPs showed the ability of interrupting bacterial QS at certain step (disruption of the
biosynthesis production of the autoinducer) and thus to interfere with biofilm formation.
On the other side, when biofilm is already formed, the QS signalling is a less critical

stage and SeNPs are less effective in removing pre-established biofilms.

With reference to experiments carried out with TeNPs, it was evidenced an 80% of

biofilm reduction at concentration levels higher than 25 mg Te L-! (Figure 4c). Once

14
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1

2

2 again, the population density of P. aeruginosa was no affected by the NPg:./ce e
Z concentrations employed (data not shown). In contrast to SeNPs, Figure 4d showed that
373 0.1-5 mg Te L! concentration of TeNPs was able to reduce just the 30% of biofilm once
?(1) formed. In this particular case, it was difficult to establish a correlation between C.
:g violaceum and P. aeruginosa data since at concentration levels higher than 5 mg L1, it
}‘51 was not possible to determine which the QS step was disturbed in a greater extent,
gz since, as it is was previously mentioned, both strains (ATCC 12472 and CV026) were
%g similarly altered.

21

gg However, it is to point out the presence of a black colour in those wells where TeNPs
%ﬁ were supplemented with more than 5 mg Te L-! and after 24h of culture incubation in
%Z biofilm removing experiments. This fact lead to erroneous absorbance readings when
%g performing colorimetric experimental revealing non-accurate results which might
2

g; explain the increase of percentage of biofilm formation observed at concentration higher
%’i than 5 mg Te L' (Figure 4d). Changes in the colour of growing biofilm from nearly
=5

g? colourless to deep black can be explained by the presence of biogenic tellurium
gg nanostructures. Figure 4e showed how P. aeruginosa was able to modify the shape of
%(1) tellurium nanoparticles from spherical to nanorods structures being the latter
42

ji responsible of the black colour of the solution. This fact, the transformation of metal
22 and metalloids ions into extracellular nanomaterials by bacterial cells (and also
2573 biofilms), has been previously reported as a mechanism to reduce toxicity.'> However,
5(19) as far as we know, this particular morphological transformation from spherical TeNPs
g g to nanorods after being exposed to P. aeruginosa biofilm has not been reported to date.
gg Sinha et al. (2014) and Gates et al. (2002) described a similar process by which
g? selenium nanorods can be formed from selenium nanospheres as an aggregation and
58

Zg dissolution process.’®3! So, a similar mechanism could likely occur when spherical

15
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explained by the less toxicity of nanorods structures. The fact that the black colour only
appeared when bacterial biofilm was present suggest bacterial biofilm as responsible of

the nanospheres transformation into nanorods instead of planktonic bacterial cells.

3.4 Effect of SeNPs and TeNPS on biofilm architecture evaluated by different imaging

approaches

Previous results have demonstrated that SeNPs and TeNPs disturb biofilm production.
The Cristal violet colorimetric assay enables the quantification of developed biofilms
but it does not allow examining the structural properties of the biofilm, which is needed
for properly evaluating changes induced in the architecture and cell distribution in the
biofilm. Therefore, the impact of nanoparticles on P. aeruginosa mature biofilm was
evaluated by different imaging techniques: CLSM, DICM and PCM. Figure 5(a) and (b)
show 3D projections and CLSM micrographs respectively of P. aeruginosa biofilm
structure, with or without SeNPs and after 24h of incubation time. CLSM imaging
clearly revealed a highly heterogeneous structure of the biofilm in absence of SeNPs
rendering to a low substratum coverage percentage (Table 1). From the obtained
images, bacterial cells seemed to be accumulated around the network structure of the
extracellular polymerics substances (EPS) produced by the bacteria. However, the
presence of SeNPs notably altered the microbial biofilm structure with respect to the
control. As it is shown, in presence of SeNPs, P. aeruginosa developed a heterogeneous
structure containing discrete separate micro-aggregates. These significant changes in the
3D biofilm architecture led up to a 98% reduction in biovolume (the overall volume of
cells in the observation field) as SeNPs concentration increases (Table 1). Despite the
striking reduction in biovolume, the percentage of viable cell in the biofilm remained

constant or slightly decreased with increasing SeNPs concentration (Table 1). This fact
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1
2
2 was corroborated by performing a viability analysis in the biofilm treated with SeNPg:/ s onine
Z using fluorescent dyes (data not shown). In parallel to the reduction of the biovolume,
573 the cell area coverage (and therefore the percentage of cells) suffered also a great
?(1) diminution which evidenced less effectiveness in the surface colonization and distortion
:g in the biofilm architecture (Table 1).
14
51'2 The images provided by PC and DIC microscopy (Figure 4c and Figure 4d) showed a
§§73 heterogeneous biofilm structure similar to that previously detected by CLSM. Bacterial
%‘19) biofilm seems to be continuous and heterogeneous in the untreated glass slide. In
3; contrast, the presence of SeNPs resulted in a significant structural distortion of the
%2 biofilm architecture where nanoparticles seemed to be attached to the biofilm surface as
g? revealed by the distinctive red colour of SeNPs.
5
jg? Similar images were acquired form P. aeruginosa biofilm treated with different
§§ concentration of TeNPs (1, 25 and 125 mg Te L!). Once again, CLSM micrographs
gg (Figure 6a and 6B) showed highly heterogeneous biofilm with bacterial cells attached
%Z around the network structure of the EPS at the lowest concentration of TeNPs.
%g However, the microbial structure of P. aeruginosa biofilm was visible altered when the
Qj; concentration of TeNPs increased forming heterogeneous structure containing separate
ng microaggregates. These changes in 3D biofilm structure were accompanied by a
j? biovolume reduction up to the 97% at 125 mg Te L' (Table 2). While in the case of
jg SeNPs the percentage of viable cells remained constant, the presence of TeNPs
?1) produced losses in cell viability (Table 2). The reduction in the biovolume was also
2
gi accompanied by a reduction in the cell area coverage. Phase contrast and DIC images
gg obtained from experiments carried out with TeNPs were not included in the manuscript
;73 The white colour of TeNPs makes difficult to determine their location of the
Zg nanoparticles as it was the case for the red SeNPs (Figures 5S¢ and 5d).
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Regarding to the results related to both nanoparticles, it is worth highlighting that the: e onine

9MT00044E
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application of imaging techniques allowed us to directly observe SeNPs and TeNPs
activity within the bacterial biofilm structure and hypothesize about the mechanism of
the antimicrobial effect of SeNPs. The proposed path may consist in three consecutive
steps: transport of NPs to the confines of the biofilm, attachment to the surface and
finally migration within the biofilm. These results are in agreement with the
experimental observation made by other authors when using other type of

nanoparticles.3?

Finally, it is worth mentioning that different values in biofilm inhibition were provided
by CLSM and colorimetric methods. Differences can be attributed to the different
information provided by both techniques. Crystal violet assay allows quantifying
biofilm biomass through the staining of the whole microbial population as well as other
components present in the biofilm matrix. Although is one of the most common
methods for evaluating microbial biofilms, it presents some drawbacks mainly
associated to the washing step employed for removing unattached cells that may lead to
a poor reproducibility of the results and erroneous conclusions. CLSM allows obtaining
three-dimensional examination of the biofilm and information on structural parameters
such as biofilm biovolume as well as spatial distribution of viable and non-viable
bacteria within the confines of a biofilm. 33 Otherwise, when nanoparticles are involved
in crystal violet assays, erroneous results could be obtained. Thuptimdang et al. (2017)
reported differences in biomass results from crystal violet staining experiments and
CLSM measurements when AgNPs were tested as antibiofilm agent. Variations in
results were attributed to the ability of the dye to stain all biofilms components
including EPS and live and dead cells whereas the physical characteristics calculated by

imaging software programs are exclusively based on 3D images of cell populations.’*

18
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1

2

2 Additionally, nanoparticles can interact with either the EPS of the biofilm matrix o1/ >ne

> with the microplate surface producing a non-specific staining which may contribute to

6 P p g p g y

7

8 inaccurate conclusions.

9

10

A 4. CONCLUSIONS

12

13 Results presented in this work suggest that metalloid nanoparticles such as SeNPs and
14

31.5 TeNPs disturb QS signalling system and hence bacteria-bacteria communication. It has
6

g; been showed that these nanoparticles produce the inhibition of QS-mediated violacein

39

20 synthesis in C. violaceum and biofilm formation in P. aeruginosa. SeNPs greatly affect

21

22 the violacein production (80%) in C. violaceum strain ATCC 12472 suggesting the

723

gg interruption of QS signal biosynthesis by nanoparticles whereas TeNPs might mostly

26 . . :

%7 affect processes related to the signal perception and response. So, nanoparticles seem to
8

29 disturb QS processes depending on their characteristics. Furthermore, results from

30

=]

g; colorimetric assays showed that SeNPs nanoparticles are more effective when inhibiting

33 . : . . . P

% biofilm formation than removing the pre-established biofilm, which is in agreement

34 g p g

35

36 with ability of SeNPs to interrupt the bacterial signalling needed for developing biofilm.

37

=

38 In case of TeNPs, lower concentration was required to cause a similar inhibition values

39

20 in P. aeruginosa biofilm. Finally, a multiplatform of imaging techniques along with

1 g y p gmg q g

42

43 bioinformatics tools have allowed the evaluation of the mechanism by which SeNPs and

44

45 TeNPs could behave as antibiofilm agents. Digital image processing of CLSM and

46

j; microscopy techniques have shown that both nanoparticles produce a severe distortion

49 . . . :

50 in the biofilm structure developed by P. aeruginosa. The alteration of the organized

51

52 structure of biofilm may influence biofilm antibiotic tolerance, thus reducing antibiotic

53

gg resistance. Data from performing architectural metric calculations evidenced that

56 . el - . . . .

57 decreases of biofilm structure stability is associated with a biovolumen reduction.

58

59

60
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The present study provides for first time information on the mechanisms by whigh' /<= One
metalloid nanoparticles disturb bacterial QS communication and population behaviour.

The results obtained open new approaches to fight against bacterial persistent infections,
multidrug resistance or any other QS-related process of medical, biotechnological or
environmental concern.
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Figure 1. Transmission electron microscopy (TEM) images and X-ray energy dispersive
spectroscopy (EDXS) spectrum of SeNPs and TeNPs dispersed in (a,c) synthesis and

(b,d) LB media.

Figure 2. (a) QS-signal pathways that can be affected by nanoparticles (adapted from
Grandclement et al. (2015).2° (b) Evaluation of violacein production by C.violaceum
(ATCC 12472 and CV026) in presence of different concentrations of SeNPs. Bacterial
CFU counted from the viability test of C. violaceum CV026 (c¢) and C. violaceum
ATCC 12472 (d). Columns with asterisks (*) indicate statistically significant

differences (p < 0.05) between the control and the tested concentrations.

Figure 3. (a) Evaluation of violacein production by Chromobacterium violaceum
(ATCC 12472 and CV026) in presence of different concentrations of TeNPs. Bacterial
CFU counted from the viability test of C. violaceum CV026 (b) and C. violaceum
ATCC 12472 (c). Columns with asterisks (*) indicate statistically significant differences

(p < 0.05) between the control and the tested concentrations.

Figure 4. Percentage of biofilm formation related to the inhibition assay with P.
aeruginosa (a,c) and biofilm removing ability (b,d) in presence of increasing
concentrations of SeNPs and TeNPs respectively. e) Biogenic tellurium nanorods
observed when concentrations over 5 mg Te L' of TeNPs were employed. Data are
expressed as the mean+SD (n=8). Wells where biofilm was produced in absence of
SeNPs or TeNPs were labelled as the cero point of concentration and designed as
control. Columns with asterisks (*) indicate statistically significant differences (p <

0.05) between the control and the tested concentrations.
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Figure 5. (a) 3D distribution of the analysed biofilm population obtained from one of /<= >ne

9MT00044E

oNOYTULT D WN =

the confocal z-stacks using biolmagel software, (b) examples of different CLSM
images composing a stack (different sections of a biofilm population). Bacteria with
intact cell membranes are stained fluorescent green whereas bacteria with damaged
membranes are stained fluorescent red; (c) phase contrast-microscopy
microphotographs and (d) differential interference contrast microscopy images. All of
them correspond to P. aeruginosa biofilm developed in presence of different
concentrations of SeNPs after 24 h of exposure.

Figure 6. (a) 3D distribution of the analysed biofilm population obtained from one of
the confocal z-stacks using biolmageL software and (b) examples of CLSM images
composing a stack (different sections of a biofilm population). Bacteria with intact cell
membranes are stained fluorescent green whereas bacteria with damaged membranes
are stained fluorescent red. All of them correspond to P. aeruginosa biofilm developed

in presence of different concentrations of TeNPs after 24 h of exposure.
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Table 1. Analysis of biofilms developed by P. aeruginosa in presence and absence 0.\

9MT00044E
SeNPs. Data were calculated from the images obtained by CLSM with biolmage L

software.

SeNPs  Substratum Cell area Coverage Biovolume Biovolume Viable cells

(mgSe L!) area (um?) coverage (%) (um?) reduction  biovolume
(nm?) (%) (%)
0 775809 34886 4 294487 ---- 95
10 775809 21055 3 80864 70 90
100 775809 17372 2 68716 80 100
250 775809 10490 1 6937 98 99
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Table 2. Analysis of biofilms formed by P. aeruginosa in presence and apsence of /e e

9MT00044E
TeNPs. Data were calculated from the images obtained by CLSM with biolmage L

software.

oNOYTULT D WN =

TeNPs Substratum  Cell area Coverage Biovolume Biovolume Viable cells
2 (mgTe L")  area (um?) Coverage (%) (um?) reduction  biovolume

(um?)

(%0)

%

973640

1 973640
25 973640
125 973640

34345

35345

33894
2887

4
4
4
1

148361

123177

112533
3619

17
30
97

83
85
70
79
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Figure 6
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