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Abstract
The use of metal-based and, particularly, Al2O3 nanoparticles (Al2O3−NP) for diverse purposes is
exponentially growing. However, the growth of such promissory market is not accompanied by a parallel
extensive investigation related to the impact of this pollution on groundwater and biological systems.
Pseudomonas species, ubiquitous, environmentally critical microbes, frequently respond to stress
conditions with diverse strategies that generally include extracellular polymeric substances (EPS)
formation. The aim of this study is to report that changes in the aqueous environment, particularly, the
addition of Al2O3-NP without and with humic acids, induce different adaptive strategies of P. aeruginosa
early bio�lms. To this purpose, early bio�lms were incubated in diluted culture media without (control)
and with Al2O3-NP, and with humic acids (HA-control, HA-Al2O3-NP) for 24h. 3D colonies with EPS strings
and isolated bacteria in their surroundings were detected in the control bio�lms. Unlikely, an unusual
adaptive behaviour was developed in presence of Al2O3-NP. Bacteria opt to disassemble the 3D
arrangements, and to implement a 2D network promoting morphological and size changes of bacterial
cells (small coccoid shapes). Remarkably, this strategy allows their temporarily non-EPS-depending
survival without decreasing the number of cells. This behaviour was not observed with ZnO-NP, HA-Al2O3-
NP, or HA-ZnO-NP. Physicochemical analysis revealed that HA were adsorbed on Al2O3-NP and promoted
the Al(III) ions complexation. This supports the hypothesis that the reduction of toxicity of Al ions and the
3D colony formation in presence of HA-Al2O3-NP is promoted by the complexation of the metal ions with
HA components.

Introduction
Production of the engineered nanoparticles (NP) is growing exponentially due to their multiple
applications. However, our understanding on the environmental fate and effects of these nanoproducts is
far from being complete. There are several important factors to be considered in relation to groundwater
contamination by NP, among them: release of metal ions by NP, surface reactions with organic
components of aquatic media and NP impact in the biological environment [1]–[4]. Although most
studies have been made considering the effect of high NP concentrations, latest investigations also
report sublethal effects detected in some species over various generations [5].

Among metal oxide NPs, aluminium oxide NP (Al2O3-NP) are widely used. Considering the possible future
expansion of this particular NP market, their impact under different natural exposure scenarios where Al-
containing NP can accumulate deserves a special attention since they may affect biological ecosystems
[5]–[7],.

When the effects of NP disposal is investigated, the presence of dissolved organic matter and,
particularly, humic acids (HA) should be taken into account [8] since they include –C = O, –COOH, –OH, –
NH–, –NH2, –N functional groups capable of interacting with NP and, in turn, conditioning the NP
interaction with the microbial community.
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Metal oxide NP are signi�cant challenges for bacterial well-being since they may be toxic and create
stress conditions such as pH and osmotic changes. Mature bio�lms are generally more resistant to
aggressive environments than the planktonic counterpart. Their resilience is frequently associated to the
development of persisters (specialized survivor cells) able to survive to hard stress condition, and to the
generation of the protective extracellular polymeric matrix (EPS) [9]. The EPS matrix is composed of DNA,
bacterial polysaccharides, and proteins. Extracellular DNA (eDNA) is a highly anionic polymer that
functions as a structural support to maintain bio�lm structure. However, at speci�c concentrations, may
cause cell lysis by chelating metal cations (such as Mg2+ and Ca2+) that stabilize lipopolysaccharides
and the outer membrane, inducing the release of the cytoplasmic content. [10], [11]

Pseudomonas species are ubiquitous, environmentally critical microbe able to employ many resistance
mechanisms to survive in toxic environments and to thrive in human environments by bio�lm
development [11],[12]. In case of exposures to metal ions, the survival mechanisms do not seem to be
similar to those for other toxic agents since, unlike antibiotics, both, planktonic and attached bacteria,
may be tolerant to high concentrations of speci�c metal ions developing different strategies [13].

The aim of this work is to report an atypical adaptative strategy developed by P. aeruginosa early bio�lms
to survive in aqueous suspension of the widely used Al2O3-NP.

Materials And Methods

Materials
The assays with NP were made at 50 ppm concentration (subinhibitory concentration) using of
commercially available Al2O3-NP (GetNanoMaterials, Purity: 99.97%) or ZnO-NP (GetNanoMaterials,
purity:99.8). They were suspended in simulate natural waters inorganic matrix (SIM) (see experimental
details in supporting information (SI)).

The different solutions/suspensions employed were: Control (SIM without NP); HA-Control (SIM with
10ppm of HA, without NP); NP (SIM with 50ppm NP in suspension: Al2O3-NP or ZnO-NP); HA-NP (SIM
with 50ppm NP suspension with 10ppm of HA, HA-Al2O3-NP or HA-ZnO-NP).

Characterization assays and spectroscopic analysis:
Dynamic Light Scattering (DLS), FTIR-ATR spectroscopy analysis, and inductively coupled plasma (icp)
atomic emission spectroscopy were used to physicochemical characterization of the NP and their
suspensions (experimental details are included in SI).

Bio�lm formation
Details of bio�lms assays are described in SI following those previously reported with minor
modi�cations [14], [15] [16]. Brie�y, Pseudomonas aeruginosa (PAK wt) bio�lms were formed during 1h in
diluted culture medium (DCM) on sterilized glass slides and then were introduced into a multiwell plate
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(24 wells) to form 24h-bio�lms under different conditions: with 10 ppm HA, and 50 ppm of either a)
Al2O3-NP or HA-Al2O3-NP; b) ZnO-NP or HA-ZnO-NP. The experiments were performed in duplicate, and the
assays were repeated at least three times.

SEM microscopy
A scheme of bio�lm formation like that described in the literature [17] with additional pretreatment to
preserve biological material was used to perform SEM observations (see Supplementary Materials for
details). EDS analysis was also performed (ESEM, FEI, Quanta 200 with EDX).

The analysis of the distribution of the lengths of the bacteria growing in bio�lms was made using the
images of SEM microscopy.

Results And Discussion
P. aeruginosa bio�lm formation

Control. Initially early 1h-bio�lms were formed on all glass samples after exposing the substrates to the
planktonic culture in DCM. Epi�uorescence microscopy (Figure S1) showed that isolated bacteria were
attached on the surface and small microbial agglomerates were formed. The glass samples with the
early bio�lms were placed in a multiwell, the DCM was added, and the bio�lm was following incubated
for 24h. SEM observations (Fig. 1A, centre) showed that 3D colonies were formed on the control surface
and the isolated bacteria were detected around the colonies (Fig. 1A (a)). Extracellular polymeric
substances (EPS) can also be noticed in the microphotograph, EPS strings similar to those previously
reported for other nanostructures [18] that connect bacteria and stick them to generate a 3D matrix can
be identi�ed (Fig. 1A, control (b) yellow arrows).

Al2O3-NP suspensions. Surprisingly, the addition of Al2O3-NP did not imply the reduction in the number of
bacteria in relation to the control (Fig. 2A and 2B). However, SEM observations showed morphological
changes of the rod-shape bacteria (Fig. 1B(b)) to coccoid and the reduction in the size (Fig. 2C), revealing
a stress response to the toxic environment. Additionally, 3D colonies were not formed and a 2D bacterial
net can be distinguished. Remarkably, bacteria were connected by �agella/nanotubes (Fig. 1B(b) blue
arrows) that formed a biological meshwork without producing EPS. Considering that after the initial
bio�lm formation small microbial agglomerates were formed (Figure S1) and the surrounding bacteria
were isolated without connections with the others, it can be inferred that during the subsequent 24h
period, a peculiar restructuration occurred.

ZnO-NP suspensions. We wondered if bacterial nets were also formed in presence of other NP. Thus,
similar experiments were performed in the presence of ZnO-NP, a widely used metal-based NP. In this
case, the addition of 50 ppm ZnO-NP showed signi�cantly higher living attached bacteria than the control
(Fig. 1C, centre) but allocation of cells and distribution of sizes (Fig. 1C) were similar. Within the colonies,
high amounts of EPS strings can be noticed (Fig. 1C(b), yellow arrows). In all cases nanotubes can be
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distinguished, some of them are in the polar position and are probably �agella (blue arrows in Fig. 1C)
while others seem to be generated to provide a connection between the bacterial cytoplasm.

Bacterial size and morphology

SEM microphotographs of attached bacteria allowed the statistical evaluation of bacterial sizes. It could
be observed that in the presence of Al2O3-NP the attached bacteria were signi�cantly smaller than those
of the control (average lengths of 0.8µm and 1.4µm, respectively). The frequency distribution of the
lengths (Fig. 2C) showed the marked in�uence of the environment both, in the bacterial size and
morphology, the smaller sizes correspond to coccoid shapes. Conversely, in the presence of Zn-NP the
bacterial size was larger, like that of the control. Thus, aluminium ions release by the Al2O3-NP may be a
toxic agent for bacteria causing morphological and size changes in response to the stress condition.
Consequently, considering that complexation of the cations may reduce the toxic effect and that the
components of humic acids (HA, frequently present in natural aqueous environments) may function as
chelator agents, we decided to add HA to the Al2O3-NP suspension and to investigate their in�uence in the
physicochemical and biological response.

Physicochemical characterization.

Adsorption of humic acids. Figure S2 shows that the E465/E665 ratio in the liquid �ltrate of a Al2O3-NP
suspension containing HA is close to 3, indicating that the high molecular weight aromatic structures
remain in the liquid �ltrate and the low molecular weight aromatic compounds containing carboxylic
and/or carbonyl groups are adsorbed on the Al2O3-NP surface. DLS results (Table S1) showed that the
distribution of the diameters of the Al2O3-NP aggregates changes if HA is present.

FTIR-ATR results presented in Figure S3 complement this information (see SI for details). There, the
spectra corresponding to HA, Al2O3-NP and the solid (HA-Al2O3-NP(s), Figure S3 left) and liquid phases
(HA-Al2O3-NP(l), right) obtained by centrifugating the HA-Al2O3-NP suspensions are shown. Interestingly,
the ATR-IR spectrum of HA-Al2O3-NP(s) showed the appearance of new important peaks at 3350 and

1620 cm− 1, characteristic of HO− and COO− vibrations, respectively, which were not observed for Al2O3-
NP. The observed shift in the bands due to carboxylic groups on HA- Al2O3-NP (s) seems to support the
formation of Al-carboxylic complexes on the Al2O3−NP surface, in line with E465/E665 results and
literature reports [19]. On the other hand, in case of the liquid �ltrate HA-Al2O3-NP(l) the shift of the band

at 1586 cm− 1 to 1637 cm− 1 can be attributed to the carboxylate groups with covalent coordinated bonds
formed when HA and Al(III) are present. Additionally, a shift from the 1090 cm− 1 (HA) to 1114 and 1124
cm− 1 for HA-Al2(SO4)3 and HA-Al2O3-NP(l), respectively, also indicates the formation of coordination
complexes between Al(III) and the organic aliphatic molecules with -OH groups.

Release of Al(III) ions. To determine the release of Al(III) by suspended Al2O3-NP, the concentration of Al-
containing species in the liquid phase was evaluated. To that purpose, Al2O3-NP(l) was analysed by ICP.
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The results showed that the Al-containing species released by Al2O3-NP in SIM suspensions was 0.993
ppm, while in the presence of HA (HA-Al2O3-NP(l)), the NP were able to release 2.77 ppm. Thus, these
results are in accordance with FTIR-ATR �ndings supporting that the presence of HA favours the release
of less toxic Al-carboxilic complexes.

Addition of HA-Al2O3-NP to the culture medium. The addition of HA-Al2O3-NP suspension to the bacterial
culture medium resulted in the increase of the number of attached bacteria in relation to the control. SEM
observations revealed that 3D colonies with EPS strings were formed and, consequently, HA addition
probably led to the reduction of the stress by the chelation of Al-containing ions.

In HA-Al2O3-NP-containing medium isolated bacteria did not form a network. The average size was
slightly larger with less coccoid shape bacteria than in the case of Al2O3-NP without HA but signi�cantly
smaller that the control (Fig. 1D, Fig. 2C).

As expected, the complexation of the Al ions by HA reduced the toxicity caused by these ions, however,
the wellbeing growth condition not be achieved since their size is smaller.

In agreement, EDS analysis after the bio�lm formation showed a decrease of Al/C ratio from 0.088 in
presence of Al2O3-NP to 0.070 in presence of HA-Al2O3-NP, revealing a decrease of the relative Al content
on the surface after the addition of these HA-containing NP due to the consequent complexation process.

Al2O3-NP toxicity and bacterial adaptive behaviour.

Pseudomonas species display different strategies to survive at high levels of Al ions. [21],. One of them is
the generation of complexation agents where, among ligands of Al ions, citrate is a very good one [7].
Cellular changes are displayed and lead to a metabolic shift in order to convert malate to citrate to
overcome the stress produced by high concentrations of Al ions [22]. It should also be considered that the
resistance of P. aeruginosa bio�lms decrease with time and they may be eradicated at similar ions
concentrations than planktonic cells after 1 day exposure [23].

Results reported here show that in the case of P. aeruginosa transformations other than chemical can be
produced since morphological and size changes of cells and architectural reforms of the bio�lm take
place. In fact, Fig. 2C shows bacterial size distributions for each condition and a sharp maximum close to
0.8 µm (corresponding to ca. 70% of the cells) can be seen for Al2O3-NP suspension while broad peaks in
the 0.6–1.2 µm and in the 1.0-1.6 µm range are depicted for the HA-Al2O3-NP and HA-control conditions,
highlighting the in�uence of the medium composition on the bacterial size distribution. Analogously, it
has been reported that under stress conditions the morphology of these cells change to U shape and
�nally to coccoid bacteria probably by modi�cations in cell wall crosslink or metabolic activity.
Morphological changes, motility and surface properties changes were also observed for media with sub-
MIC antibiotics [24]. Atypical results are shown here for Al2O3-NP since they show that the original 3D
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aggregates disappear and a 2D network is formed with nanotubes as connectors of small coccoid
bacteria.

Nanotubes are intercellular connections between neighbouring bacteria when the surface density of some
bacteria is low. It has been hypothesized that these nanotubes enable bacteria scavenge and deliver
molecules inside them and represent an important form of bacterial communication in nature, providing a
network for exchange of cellular molecules within and between species [25]. It was found that nanotubes
mediate the transfer of cytoplasmic molecules between adjacent cells [26],[27]. Moreover, they may also
enable transiently acquired nonhereditary resistance to antibiotics. Besides, the transference of plasmids
also occurred granting hereditary features to recipient cells [28].

On the other hand, eDNA that may be produced through explosive cell lysis events could facilitate the
survival in non-nutrient stress condition [29]. It was hypothesized that in unfavourable conditions weak
bacterial cells die, and the survival cells live on their expense (strategy known as “bust-and-boom”) [30].
The detailed observation of Fig. 1B (left, red arrow) reveals that the direction of the nanotubes of several
bacteria is focused on a particular cell that may act as a nutrient donor. Thus, bust-and-boom strategy
may also be used by P. aeruginosa in the networks.

Notwithstanding that there is a persistent tendency in environmental literature to link toxicity with EPS
formation our results show that, under the in vitro conditions analysed, EPS is not the way that P.
aeruginosa use to adapt to the metal toxicity.

Conclusions
Results showed that changes in the aqueous environment, particularly, the addition of Al2O3-NP without
and with HA, induce different adaptive strategies of P. aeruginosa early bio�lms. Under the stress
condition created by the presence of free Al ions released by the Al2O3-NP, early bio�lms are restructured
(Fig. 4). The initial small aggregates of bacteria disassemble, and a network is developed without EPS
production. To the best of our knowledge this type of strategy has not been previously reported for P.
aeruginosa associated to the presence of NP or Al ions.

During the meshwork generation, isolated bacteria joint with the neighbouring cells by using intercellular
connections known as nanotubes that may be used to transport biological molecules, for bacterial
communication and interaction, and for the network members to acquire nonhereditary resistance. This
adaptive strategy leads to the reduction of the interactions with the toxic free Al-ions by restricting the
contact of each cell with the environment to the nanotube-connectors.

2D network formation was associated to the presence of Al(III) free ions since it was observed neither
with ZnO-NP nor when HA was added to the Al2O3-NP. In the case of HA-Al2O3-NP suspension,
physicochemical results support the assumption of the adsorption of HA on Al2O3-NP and the
complexation of metal ions with HA components that leads to the reduction of the toxicity. Under these
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less toxic condition EPS is produced and 3D colonies are formed but the size of the bacteria growing with
HA-Al2O3-NP, although larger than those obtained with Al2O3-NP, are smaller than that of the control cells,
con�rming that certain stress level persists. Remarkably, this strategy allows their temporarily non-EPS-
dependent survival without decreasing the number of cells.

The atypical strategy reported here reveals the diverse mechanisms developed by bacteria to overcome
stress conditions that should be considered for the design of the bioremediation processes and medical
treatments for infections. Results contribute to the understanding of how bacteria cope with
environmental changes that challenge survival, although further studies are being designed to achieve a
detailed information about metabolic changes in different environmental conditions and exposure
periods.
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Figure 1

SEM microphotographs of early bio�lms that were exposed for 24h to: (A) DCM (control), (B) the DCM +
Al2O3-NP; (C) the DCM + ZnO-NP, (D) DCM + HA- Al2O3-NP. The �gure in the centre correspond to the
2000X magni�cation while those on the left and on the right are details of the same sample at higher
magni�cation. Yellow arrows point out EPS strings; blue arrows, the nanotubes and red arrows indicates
that several nanotubes are directed to the same bacteria.

Figure 2

A and B: Enumeration of attached bacteria in the assays with and without NP The number of bacteria is
normalized with respect to the control (N°). Control assays with and without HA are represented by the
brown and orange columns respectively, the assays with the addition of Al2O3-NP or ZnO-NP are shown
with light green and the HA-Al2O3-NP and HA-ZnO-NP assays with dark green columns. C: Percentage of
bacteria of each size for the different conditions assayed: Control (blue solid line); Control + HA (blue
dashed line); Al2O3-NP (red solid line); HA-Al2O3-NP (red dashed line); ZnO-NP (green solid line), and HA-
ZnO-NP (green dashed line).

Figure 3
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FTIR and ATR spectra. Left: ATR spectra obtained with Al2O3-NP solid phase (yellow), HA-Al2O3-NP solid
phase after �ltration (blue). Right: FTIR spectra obtained with HA + Al2(SO4)3 solution (green) and HA-
Al2O3-NP liquid �ltrate (light blue).

Figure 4

Scheme of the transformation of early bio�lm architecture after being exposed for 24h to different media:
culture medium (3D colony formation of normal rod-shape bacteria with EPS strings), Al2O3-NP
suspension (network of smaller bacteria without EPS strings), and HA-Al2O3-NP (3D colony formation of
smaller rod-shape and coccoid bacteria with EPS strings).
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