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The extensive use of nanoparticles (NPs) in industrial processes makes their potential release into the environment an
issue of concern. Ag and ZnO NPs are among themost frequently used NPs, potentially reaching concentrations of 1–4
and 64 mg/kg, respectively, in Wastewater Treatment Plants (WWTPs), with unknown effects over microbial popula-
tions. Thus, we examined, in depth, the effect of such NPs on a P. aeruginosa strain isolated from a WWTP. We evalu-
ated the growth, ROS production and biofilm formation, in addition to the transcriptomic response in presence of Ag
and ZnO NPs at concentrations potentially found in sewage sludge. The transcriptomic and phenotypic patterns of
P. aeruginosa in presence of AgNPswere, in general, similar to the control treatment, with some specific transcriptional
impacts affecting processes involved in biofilm formation and iron homeostasis. The biofilms formed under Ag NPs
treatment were, on average, thinner and more homogeneous. ZnO NPs also alters the biofilm formation and iron ho-
meostasis in P. aeruginosa, however, the higher and more toxic concentrations utilized caused an increase in cell death
and eDNA release. Thus, the biofilm developmentwas characterized by EPS production, via eDNA release. The number
of differentially expressed genes in presence of ZnO NPs was higher compared to Ag NPs treatment. Even though the
responses of P. aeruginosa to the presence of the studied metallic NPs was at some extent similar, the higher and more
toxic concentrations of ZnO NPs produced greater changes concerning cell viability and ROS production, causing dis-
ruption in biofilm development.
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1. Introduction

Nanoproducts and nanomaterials with novel physical and chemical
properties, such as increased surface area and reactivity, have been
widely applied in areas such as medicine, cosmetic, or textile (Fabrega
et al., 2011). Because of their extensive use, the occurrence of nanopar-
ticles (NPs) in the environment has become an issue of concern. Silver
(Ag) and zinc oxide (ZnO) are among the most frequently used NPs,
and thus, their potential release into waste streams poses a risk to envi-
ronmental and human health (Ma et al., 2013; Sikder et al., 2017). One
of the main ways for metallic NPs to reach the environment is through
wastewater treatment plants (WWTPs), where NPs tend to accumulate
in the sludge (Durenkamp et al., 2016). The performance of wastewater
treatment relies in activated sludge processes, and hence, the presence
of toxic levels of NPs in these systems is likely to have adverse effects
on the activity and structure of resident microbial communities (Brar
et al., 2010; Gwin et al., 2018). Previous studies have reported concen-
trations of Ag NPs in environmental systems in the range of 0.01 ng/L to
10 μg/L (Gottschalk et al., 2013). However, their Predicted Environ-
mental Concentrations (PECs) of Ag NPs in sewage sludge rise to 1–4
mg/kg levels (Gottschalk et al., 2009). Besides, the predicted concentra-
tion of ZnO NPs ranges from 1 to 100 ng/L in rivers and wastewaters to
100 mg/kg measured in soil (Jones et al., 2008). However, PECs in sew-
age sludge reach up to 64.7 mg/kg (Majedi et al., 2012).

The toxicity and antimicrobial effect of Ag and ZnO nanoparticles is at-
tributed to numerous factors and is dependent of factors like particle size,
concentration, and surface charge (Silva et al., 2014). Ag NPs are often
used as antimicrobial agents in a wide variety of products. This toxicity is
the result of the combination of various simultaneous effects on bacterial
cells, hindering their adaptation and defense against Ag NPs presence
(Slavin et al., 2017). Among these effects, the release of silver ions through
particle oxidation has been discussed (Zhang et al., 2011). These ions can
damage several functions of the bacterial cell, through forming bonds
with functional groups that contain sulfur (Lalley et al., 2014). The expo-
sure of Ag NPs to oxygen also produces Reactive Oxygen Species (ROS), ox-
idizing important bacterial cellular components (Fauss et al., 2014). On the
other hand, the exact mechanism of action of ZnO NPs against bacterial
cells is still not clear, however, their role in the generation of ROS is thought
to be the main cause of their antimicrobial activity (Pati et al., 2014; da
Silva et al., 2019). Besides, the release of toxic levels of Zn2+ has been pro-
posed as anothermajor cause of their cytotoxicity (Ivask et al., 2014). In ad-
dition, interactions between ZnO NPs with the cell wall and intracellular
components lead to interrupted bacterial growth, cellular surface abrasive-
ness and cell wall deformation (Ahmed et al., 2019).

The biocide activity of nanomaterials can be exploited for numerous ap-
plications, but most research on this topic focuses on toxicity against spe-
cific bacterial strains, in the search of new tools against bacterial
infections (Liao et al., 2019). Another studied application that intends to
use the antimicrobial activity of NPs is to enhance the performance of con-
ventional filtration membranes at the industrial scale, by improving the
prevention of biological fouling (Liu et al., 2017; Beisl et al., 2019). Similar
efforts have been put on developing enzymatic approaches to minimize the
colonization and growth of microorganisms in filtration membranes (de
Celis et al., 2021).

Bacteria colonize surfaces, such as industrial filtration membranes or
implantedmedical devices, by forming biofilms, growing in aggregates em-
bedded in amatrix of Extracellular Polymeric Substances (EPS) (West et al.,
2006). These biofilms provide bacteria multiple advantages such as struc-
tural stability or protection and increased access to nutrients, representing
an essential mechanism of colonization in many natural and anthropic sys-
tems (Huang et al., 2019). In addition to an improved resistance against tra-
ditional antimicrobial agents (i.e., antibiotics), biofilm formation allows the
bacterial cells to escape the immune response of the host, whose immune
system is not able to eliminate the pathogen, but instead increase collateral
tissue damage (Vestby et al., 2020). Currently, there is a myriad ofmethods
targeting biofilms for therapeutics against bacterial infections, like
2

phytochemicals, bacteriophage therapy, antimicrobial peptides, or nano-
particle treatment (Sharma et al., 2014).

Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium, that
is one of the most common causes of opportunistic human infections, and
which is found in water systems, like WWTPs (Slekovec et al., 2012). Bio-
film formation in P. aeruginosa is regulated by Quorum Sensing (QS) sys-
tems, that controls the behavior of diverse bioactivities, metabolic
pathways, and stress responses compared to planktonic cells (Klausen
et al., 2003). Nowadays, there is a knowledge gap concerning the gene re-
sponses triggered by the influence of metallic NPs and their effect on bacte-
rial features controlled by QS, like biofilm formation (Gómez-Gómez et al.,
2019a).

In this context, we examined the effect of Ag and ZnO NPs in a biofilm-
forming P. aeruginosa strain isolated from a WWTP. In this work we exam-
ined the biofilm inhibition activity and the potential danger of PECs of Ag
and ZnO NPs in bioreactors of WWTP, using a P. aeruginosa strain. We
assessed the antimicrobial effects of NPs at concentrations potentially
found in sewage sludge, evaluating the growth and biofilm formation capa-
bilities of P. aeruginosa. Besides, we evaluated the production of ROS and
the structural characteristics, as well as matrix composition, of matured
biofilms exposed to NPs. Finally, we conducted a transcriptomic study to
gain insight into the changes in gene expression produced by the impact
of Ag and ZnO NPs at PEC concentrations in P. aeruginosa.

2. Material and methods

2.1. ZnO and Ag nanoparticles

ZnO NPs aqueous dispersion was purchased from Sigma-Aldrich, and
AgNPs coated in citrate and of 20 nm sizewere obtained as an aqueous dis-
persion fromNanocomposix™ (Nanocomposix). The desired concentrations
of NPs were obtained by diluting NPs dispersions in sterile Milli-Q water
and sonicated 30 min in an ultrasonic bath prior use. A full description of
the NPs preparations used, and their physical-chemical characterization
were done by Gómez-Gómez et al. (2019a) and are represented in
Table S1. Considering that the characterization of NPs made in this study
was in standard conditions, for further studies assessing the NP-
P. aeruginosa cells interactions additional NP characterization should be
made in the experimental conditions used in this study. The used NPs are
mostly aggregated (Fig. S1); however, no prevention of aggregationwas ap-
plied since NPs tend to be aggregated in the environment (Hotze et al.,
2010). We tested broad concentrations of Ag and ZnO NPs (Fig. S2) how-
ever, we selected two environmentally relevant concentrations, as revealed
by the modeling studies (Jones et al., 2008; Gottschalk et al., 2009; Majedi
et al., 2012).

2.2. Bacterial strain and growth conditions

The P. aeruginosaM3.15R2 strain used in this study was isolated from a
full-scale MBR-WWTP described elsewhere (de Celis et al., 2020).
P. aeruginosa was grown at 28 °C in Luria-Bertani Broth (LB) medium pre-
paredwith potassium phosphate buffer 0.1MpH6.5, to compare the poten-
tial biofilm inhibition effectiveness of the NPs selected in this study (Ag and
ZnO NPs) with acylase enzymes (de Celis et al., 2021).

2.3. Effect of Ag and ZnO nanoparticles on the viability and ROS formation in
P. aeruginosa

P. aeruginosa was inoculated at 0.01 OD600nm in LB medium in absence
and presence of Ag (1 and 5mg/L) and ZnO (50 and 100mg/L) NPs. LBme-
dium was buffered (phosphate buffer 0.1 M) to prevent pH changes. Cul-
tures were incubated for 24 h at 28 °C and 120 rpm shaking. Then, an
aliquot of each culture was serially diluted and spread on LB-agar plates
to determine the number of Colony Forming Units (CFU) per milliliter. Be-
sides, the same experiment was repeated measuring OD600nm every hour
using a microplate reader (Varioskan Flash Multimode Reader, Thermo
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Scientific, USA). Growth curves were further analyzed using the
growthrates R package (Petzoldt, 2017) to find the maximum growth rate
and the carrying capacity of P. aeruginosa, the lag time was estimated calcu-
lating the intercept of the tangent to the growth curve with the x axis
(Zwietering et al., 1990). Significant differences between NPs addition
and control condition were studied using Student's t-test.

The intracellular ROS was measured using 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-Aldrich, USA) fol-
lowing the procedure described by Gerber and Dubery (2003). Briefly,
P. aeruginosa cultures in mid-exponential growth phase (5 h) were trans-
ferred to fresh LB medium and treated with 50 and 100 mg/L ZnO NPs,
and 1 and 5 mg/L Ag NPs as the four experimental conditions or left un-
treated as the control condition. Then, 190 μL of cell suspensions were
transferred to multiwell dishes and were incubated for 2 h in presence of
10 μL of DCFH-DA 1 mM. After entering the cells, intracellular esterases
transform DCFH-DA into 2′, 7′-dichlorodihydrofluorescein (H2DCF) and
latter converted to fluorescent 2′, 7′-dichlorofluorescein (DCF) by intracel-
lular ROS. For intracellular ROS quantification the absorbance at 600 nm
and the Fluorescence Intensity (FI), with excitation and emission wave-
lengths of 485 nm and 530 nm, respectively, were measured in a Varioskan
Lux plate reader (Thermo Scientific, UK). Significant effect of NPs addition
against control condition was studied using Student's t-test.

2.4. P. aeruginosa biofilm formation assays in Ag and ZnO NPs dispersions

Biofilm formation was assayed in 96-well plates following the method
previously described by Merritt et al. (2005) with some modifications.
Briefly P. aeruginosa suspensions (final OD600 = 0.01) were incubated in
absence or presence of Ag (1 and 5 mg/L) and ZnO (50 and 100 mg/L)
NPs. Plates were incubated at 28 °C for 24 h without shaking. After remov-
ing medium and planktonic cells, wells were washed with distilled water
and biofilm biomass stained for 15 min using a 0.1% (p/v) Crystal Violet
(CV) solution. Unbound dye was removed by washing wells with distilled
water and plates were air-dried before solubilizing CV with 30% (v/v) ace-
tic acid. After 20min of incubation, absorbance wasmeasured at 570 nm in
a Varioskan Lux plate reader.

Besides, P. aeruginosa suspensions, with and without adding the studied
concentrations of NPs, were used for inoculating chamber slides (final
OD600=0.01) that were incubated at 28 °C for 24 h in a closed, humidified
container. After the incubation, planktonic cells were washed, and the bio-
film structure was studied by confocal laser scanning microscopy (CLSM).
The slides were stained using LIVE/DEAD BacLight Bacterial Viability kit
(Thermo Scientific, USA) with propidium iodide (PI) and SYTO9 to detect
dead and live cells, respectively. Image acquisition was performed using a
LEICA TCS SP8 STED 3× equipped with a 20× dry objective (Leica,
Germany). For each image stack, roughness coefficient (indicator of biofilm
heterogeneity), surface/biovolume ratio, surface area, cellular biomass and
average thickness were calculated using COMSTAT (Heydorn et al., 2000).
Significant differences between conditions were studied using ANOVA and
Least Significant Difference (LSD) tests (a-c significance groups).

2.5. Extraction of biofilm extracellular matrix and quantification of eDNA, pro-
teins and carbohydrates

Extracellular polymeric substances (EPS) of P. aeruginosa biofilms were
extracted as previously described (Ouyang et al., 2020) with modifications.
Briefly, we incubated P. aeruginosa in absence and presence of studied NPs
in 12-wells culture plates and cultured for 24 h at 28 °C without shaking.
Planktonic bacterial cells were washed with phosphate-buffered saline
(PBS; VWR Life Sciences, Ohio), while biofilms were recovered by scrap-
ping and resuspended in 1 mL PBS. Then, biofilm samples were vortexed
for 1 min and then sonicated in an ultrasonic bath for 5 min, followed by
another vortex step of 1 min. Lastly, we centrifuged the samples (3000 g;
10 min) and filtered the supernatant fraction through 0.2 μm PVFD filters.
For dry weight calculations filters were weighted before and after biofilm
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filtration followed by drying at 60 °C, obtaining the difference between
the two weight measures.

The major components of EPS in biofilm matrix are eDNA, proteins and
carbohydrates, thus these substances were quantified. The amount of eDNA
was determined measuring the absorbance at 260 nm of the extracted bio-
filmmatrix, as it is themain nucleic acid present in the P. aeruginosa biofilm
(Flemming and Wingender, 2010). The Bradford method, with modifica-
tions, was used for quantification of extracellular proteins present in bio-
film matrix. Briefly, 50 μL of Bradford reagent was added to 150 μL of
diluted biofilmmatrix, incubated 5min at room temperature andmeasured
its absorbance at 595 nm using a plate reader (Varioskan Lux). Total carbo-
hydrate content was determined based on the phenol–sulfuric acid method
of Dubois et al. (1956). Although the phenol-sulfuric method is used to
quantify neutral sugars, it is suitable to quantify the main polysaccharides
conforming the EPS of P. aeruginosa biofilms (Jennings et al., 2015;
Pestrak et al., 2018). Briefly, 200 μL of the isolated EPS were mixed with
1000 μL of sulfuric acid and then with 200 μL phenol 5% and incubated
10 min at room temperature. The absorbance of the mixture was measured
at 490 nm. Total eDNA, protein and carbohydrate contents were expressed
as a function of the dry weight of the biofilm (milligrams per gram of bio-
film dry weight). Student's t-test was used to assess the significance of NP
effect against control condition.
2.6. Transcriptomic response of P. aeruginosa to Ag and ZnO NPs

P. aeruginosaM3.15R2 strain was cultured in buffered LB for 17 h at 28
°C and 180 rpm in presence or absence of Ag and ZnO NPs at the studied
concentrations. Cultures were then centrifuged at 1500 g for 10 min and
biomass was immediately frozen at −80 °C until RNA extraction.
2.6.1. RNA preparation and sequencing
RNA was extracted from frozen biomass using NZY total RNA isola-

tion kit (NZYtech, Portugal). RNA quality analysis, library preparation
and RNA sequencing were carried out at the Bioinformatics and
Genomics Unit of The Institute of Parasitology and Biomedicine
“López-Neyra” (IPBLN-CSIC, Granada, Spain). The quality of the RNAs
was evaluated by Bioanalyzer (Agilent Technologies) and samples
with RNA Integrity Number (RIN) ≥ 8.1 were selected to subsequent
analysis. Next, rRNA was depleted using the NEBNext rRNA Depletion
Kit (Bacteria; New England Biolab) following manufacturer's specifica-
tions. Finally, libraries were constructed using TruSeqTM Stranded
RNA sample preparation Kit, according to Illumina's instructions. In ad-
dition, libraries quality was validated by Qubit dsDNA HS Assay Kit
(Thermo Fisher) and 2100 Bioanalyzer (Agilent Technologies). After-
wards, these libraries were sequenced on an Illumina NextSeq 500,
producing 30 Gbp of 75bp paired end reads.
2.6.2. Transcriptome data analysis
MiARma-Seq pipeline, with modifications, was used to analyze tran-

scriptomic data (Andres-Leon et al., 2016). Briefly, quality evaluation of
raw data was done using FastQC software (Andrews, 2010). We used
sortmeRNA software to filter overrepresented rRNA fragments (Kopylova
et al., 2012). Then, the resulting reads were mapped to P. aeruginosa
PAO1 genome (GenBank accession code: ASM676v1.37) using Burrows-
Wheeler Aligner (BWA) v0.7.11 (Li and Durbin, 2009), and the number
of read counts per feature was obtained using Htseq-count v0.6.1 (Anders
et al., 2015). Differently Expressed (DE) genes were calculated in compari-
sons between different treatments, using DESeq2 package v1.26.0 (Love
et al., 2014). A gene is considered DE if the False Discovery Rate (FDR)
value is <0.05. In order to envisage the effect of gene expression alteration
in a broader way, Gene Ontology (GO) biological process enrichment was
calculated from the locus gene name from P. aeruginosa previously acquired
from GenBank.
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3. Results and discussion

Currently, there is little concern in the environmental risk of nanomate-
rials, however, more attention should be paid to the risk in scenarios close
to potential point sources such as sewage sludge or wastewater effluent
(Zhao et al., 2021). The highest PECs, in the range of mg/kg, have been
found in wastewater sludge (Sun et al., 2016), and their areas of discharge
(Li et al., 2016; Wimmer et al., 2019). Bioaccumulation and
biomagnification of nanomaterials in nature will make their toxic effects
more evident, with the potential to affect all living organisms, making
their misuse one of the biggest threats to the environment (Danabas
et al., 2020). Thus, we studied the antimicrobial effect of Ag and ZnO
NPs on a WWTP-isolated strain of P. aeruginosa, at concentrations
(PECs) that are expected to be found in sewage sludge (Gottschalk
et al., 2009; Majedi et al., 2012).

3.1. Antimicrobial effect of ZnO NPs and Ag NPs in P. aeruginosa

The antimicrobial effect of Ag and ZnO NPs was assessedmeasuring the
cellular viability, the oxidative stress, and the biofilm formation ability of
P. aeruginosa when treated with 1 and 5 mg/L of Ag NPs and, 50 and 100
mg/L of ZnO NPs. The cellular viability was studied measuring the cell
count after 24 h incubation. In presence of Ag NPs there were no significant
changes in cell viability, however, when exposed to 50mg/L and 100mg/L
ZnO NPs the viability was decreased by 90% and 99.7%, respectively
(Fig. 1A). Besides, growth curves of P. aeruginosa in presence of 50 and
100 mg/L ZnO NPs showed the lower growth rates and maximum density,
compared to control and Ag NPs treated cultures (Fig. S3; Table S2). Al-
though the studied concentrations of Ag NPs are considered within the
toxic range for clinical isolates of P. aeruginosa (Habash et al., 2017), the
WWTP-isolated strain used in our study seemed to show an increased resis-
tance toAgNPs possibly caused by a constant exposition to suchNPs or sim-
ilar toxic agents present in wastewater. Despite the increased lag time in
presence of Ag NPs, growth rate and carrying capacity were not affected
(Fig. S3; Table S2). The increase in lag phase has been described as a key
strategy for bacteria to defend themselves from sub-inhibitory concentra-
tions of Ag NPs (Guo et al., 2020). Thus, this strain could be more adapted
to Ag NPs, and hence, be able to resist higher concentrations (Dhas et al.,
2013), or this reduced toxic effect of Ag NPs could be explained by the ef-
fect of the assayed conditions which could affect speciation, inactivate, or
precipitate Ag NPs reducing their toxicity. The oxidative stress production
agreed with the cell viability results obtained, without significant changes
in presence of Ag NPs but an increase in ROS production in presence of
ZnO NPs. In presence of 100 mg/L of ZnO NPs the ROS production almost
Fig. 1.Responses of P. aeruginosa to Ag and ZnONPs exposition. A) Total cell count after
control levels. C) Total biofilmbiomass relative to control production, after 24 h incubatio
50 and 100 mg/L, respectively. Error bars refer to ± standard deviation from the mean
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doubled compared to the control, whereas in presence of 50 mg/L it in-
creased by close to 30% (Fig. 1B). Indeed, the cytotoxicity observed for
ZnO NPs are attributed to the generation of ROS when they get in contact
with bacterial cells (Chen et al., 2017). Lastly, wemeasured the biofilm de-
velopment by CV staining. We observed higher levels of biofilm formation
when P. aeruginosa grew in presence of all the studied NPs concentrations
compared to control cultures (Fig. 1C). In particular, we found a greater in-
crease in presence of 100 mg/L ZnO NPs, where the biofilm formation in-
creased by approximately 250% compared to the control, doubling the
increase produced in presence of the rest of the treatments. This increase
in biofilm formation in presence of NPs, could be probably related to the
greater stress tolerance that P. aeruginosa gets when growing on biofilms
(Periasamy et al., 2015). In fact, we observed that, when the oxidative stress
is higher and the cell viability lower, the biofilm biomass is also higher,
responding to the stress in an attempt to survive in such harsh conditions.
The stress produced by ZnO NPs could induce an eDNA release and EPS
(Fig. 2), increasing the biofilm formation measured compared to the cell vi-
ability observed. It should be considered that biofilm formation was
assessed by the CV method that stains both bacterial cells and EPS. At the
studied concentrations ZnO NPs have higher toxicity to P. aeruginosa
M315R2 than Ag NPs. In addition to the different NP concentration tested,
ZnO NPs have higher magnitude of charge difference than Ag NPs with
P. aeruginosa cells (Table S1), revealing higher attraction forces (Silva
et al., 2014). This might represent increased physical contact between
ZnO NPs and bacterial cells, leading to higher toxicity.

3.2. Effect of Ag and ZnO NPs on the composition and structure of biofilms of
P. aeruginosa

To evaluate the effect of studied NPs on the biofilm matrix (EPS), the
concentration of extracellular components of the biofilm matrix
(i.e., eDNA, proteins, and carbohydrates) was quantified (Fig. 2). As signif-
icant changes compared to the control condition, the content of eDNA and
carbohydrates in P. aeruginosa biofilm matrix decreased, on average, by
32.82% and 59.92%, after exposure to 1 mg/L Ag NPs, respectively,
whereas protein content increased by 49.16% after exposure to 5 mg/L
Ag NPs. On the other hand, the composition of the biofilm matrix in pres-
ence of ZnO NPs differed mainly on eDNA concentrations, giving 50 and
100 mg/L ZnO NPs a similar response of an overall average increase of
91.97% compared to the control condition. Protein concentration was de-
creased after exposure to ZnONPs, again independently on the NPs concen-
tration used, in a 62.04%, on average, compared to the control condition.
Additionaly, after incubation with 50 mg/L ZnO NP, the concentration of
carbohydrates decreased by 59.33%; however there is a notable dispersion
24 h incubation. B) Relative fluorescence production after DCFH staining, relative to
n. Ag1 andAg5 refers to AgNPs at 1 and 5mg/L, and Zn50 and Zn100 to ZnONPs at
of triplicate measurements.



Fig. 2. Characterization of biofilms produced by P. aeruginosa exposed to Ag (1 and
5 mg/L) and ZnO (50 and 100 mg/L) NPs compared to unexposed control cultures.
A) Amounts of eDNA (red bars), proteins (blue bars) and carbohydrates (orange
bars) in the biofilm matrix of treated cultures, relative to untreated cultures.
B) UV/vis spectra of biofilm matrix of treated and untreated samples diluted in
saline buffer. Asterisks (*) represents significant differences compared to control
samples (p-value <0.05). Error bars refer to ± standard deviation from the mean
of triplicate measurements.
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in the data obtained on this parameter. Bacteria secrete EPS in response to
different stress agents, such as NPs at non-inhibitory concentrations (Chen
et al., 2012). Biofilm formation and EPS production are important mecha-
nisms for the bacterial resistance against heavy metals (Chien et al.,
2013). The concentrations of Ag and ZnO NPs used in this work were not
sufficient to completely inhibit cell growth and biofilm formation, thus
the cells could recover growth and develop biofilms, as a response to the
multiple stresses caused by NPs (Al-Shabib et al., 2016). Besides, subinhib-
itory concentrations of Ag NPs have been shown to enhance biofilm forma-
tion in P. aeruginosa isolates (Saeki et al., 2021). The best-known
mechanims in P. aeruginosa for eDNA release are through cell death by pro-
duction of H2O2 or pyocyanin, but also, ROS production can enhance this
process (Sarkar, 2020). In fact, this is a plaussible explanation of our results,
relating the increase in eDNA concentration in ZnO NPs treatment with the
increase of intracellular ROS produced. Outer-membrane stresses triggered
by oxidants, bactericides or, as in this study, metalic NPs, favor the EPS pro-
duction (Riquelme et al., 2020). Although it increases the amount of eDNA
released, cell death prevents the production and release of proteins or car-
bohydrates as protective EPS.

We compared the structure of biofilms formed under the studied condi-
tions, using CLSM (Table 1). The control biofilm of P. aeruginosa M3.15R2
showed an average thickness of 23.16 ± 5.37 μm, with few dead cells
(red) dispersed in between the live (green) cells (Fig. 3A). Ag NPs at 1
and 5 mg/L produced the same effect on P. aeruginosa biofilms. Biofilms
treated with Ag NPs had no difference in cellular biomass when compared
to control conditions, however, they were thinner and presented less sur-
face area and roughness. The concentrations of Ag NPs tested caused
Table 1
COMSTAT analysis of biofilm development experiments1.

Treatment2 Roughness Surface/biovolume ratio

Ag1 0.18 ± 0.02c 1.70 ± 0.12b

Ag5 0.20 ± 0.07c 1.96 ± 0.64b

Zn50 0.46 ± 0.20b 1.83 ± 0.09b

Zn100 1.55 ± 0.21a 4.11 ± 0.98a

Control 0.45 ± 0.20b 4.44 ± 0.52a

ANOVA test and LSD test were performed (a, b and c indicate significance groups).
1 Results are averages ± standard deviation for n = 5 samples.
2 Ag1 and Ag5 refers to Ag NPs at 1 and 5 mg/L, and Zn50 and Zn100 to ZnO NPs at
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some cell damage but, over time, cell growth recovered (Fig. S3), and the
development of biofilms accelerated resulting in homogeneous biofilms
(Fig. 3BC) (Ouyang et al., 2020). On the other hand, the studied ZnO NPs
concentrations were more toxic than those of Ag NPs to P. aeruginosa.
This resulted in less cellular biomass at 100 mg/L ZnO NPs compared
with the control condition, although no significant differences in cellular
biomass were found at 50 mg/L. Compared to control biofilms, the expo-
sure to 100 mg/L ZnO NPs produced very heterogeneous biofilms, with a
higher roughness coefficient (Table 1). ZnO NPs reduced the surface cover-
age and broke the microstructure of biofilms causing a rougher and patch-
ier bacterial colonization of the slides (Moreno et al., 1993; Rodrigues and
Elimelech, 2010). The increase in the number of living bacteria allowed an
accelerated biofilm formation as response of the stress caused by ZnO NPs,
and thus, producing a more complex biofilm than with 100 mg/L ZnO NPs
(Fig. 3DE). The sensitivity of the confocal laser scanning microscope and
the stains used were not appropriate for eDNA staining (Dominiak et al.,
2011; Domenech et al., 2016), thus we could not observe the increase in
eDNA release in presence of ZnO NPs.

3.3. Transcriptomic responses to ZnO and Ag NPs

We compared the transcriptomic responses of P. aeruginosa M3.15R2
strain after exposition to Ag NPs (1 and 5 mg/L) and ZnO NPs (50 and
100 mg/L) with that in control conditions. We observed conserved tran-
scriptomic profiles of P. aeruginosa in response to the different metallic
NPs studied, being more similar at different concentrations of the same
NPs. Besides, the transcriptome of Ag NPs treated cultures were more sim-
ilar to control than to ZnO NPs treated cultures (Fig. S4). We found 60 Dif-
ferentially Expressed Genes (DEGs) in common between all the
experimental conditions tested (Fig. 4A; Supplementary Table S3). ZnO
NPs also produced bigger transcriptomic changes, with 753 and 934
DEGs (|logFC| > 1, FDR < 0.05), and an accumulated absolute fold change
(log2) of 1395.86 and 1746.01 in presence of 50 mg/L and 100 mg/L, re-
spectively. Meanwhile, Ag NPs produced smaller changes, with 135 and
270 DEGs, and 178.55 and 368.12 absolute accumulated fold change at 1
and 5 mg/L, respectively (Fig. 4B).

DEGs were mapped to the gene ontology (GO) database to elucidate
enriched biological processes. After treating P. aeruginosa cultures with 50
and 100 mg/L ZnO NPs the transcriptomic responses were similar, having
in common most of their enriched biological processes, which were mainly
related to oxidation and reduction, biosynthesis, and transport. However,
the processes enriched by Ag NPs treatment were related with the iron ho-
meostasis and transport, being the later a conserved response to both Ag
and ZnO NPs treatment (Fig. 4C).

Ag and ZnO NPs are described to induce the production of intracellular
ROS and the expression of oxidative stress related genes (Dwivedi et al.,
2014; Yan et al., 2018), however, we only observed the upregulation of
sodM that encodes for a superoxide dismutase (SodA). While no impact in
ROS production was observed under Ag NPs treatment, a significative in-
crease was observed under ZnO NPs treatment (Fig. 1B), and accordingly,
a downregulation of some genes related to oxidative stress response
(Fig. 5; Supplementary Table S4). Additionally, under ZnO NPs treatment,
we observed an increase in the expression levels of the fprA gene, which
is involved in the release of stored iron, in ferritin-like molecules, into the
Surface area Biomass Average thickness

1.40 × 106 ± 2.46 x 105b 9.75 ± 1.47a 11.29 ± 1.68b

1.30 × 106 ± 6.89 x 104b 9.17 ± 0.99a 11.10 ± 0.86b

1.43 × 106 ± 3.77 x 105b 9.19 ± 2.24a 11.70 ± 2.19b

2.61 × 105 ± 9.17 x 104c 0.90 ± 0.60b 4.72 ± 1.19c

3.09 × 106 ± 5.74 x 105a 7.98 ± 1.96a 23.16 ± 5.37a

50 and 100 mg/L, respectively.



Fig. 3.Confocal laser scanningmicroscopy (CLSM) images of P. aeruginosa biofilms after 24 h incubation in A) absence of NPs, and in presence of B) 1mg/L AgNP, C) 5mg/L
Ag NPs, D) 50 mg/L ZnO NPs, and E) 100 mg/L ZnO NPs. Cells were stained using the LIVE/DEAD BacLight Bacterial Viability Kit with propidium iodide (PI) and SYTO9 to
detect dead (red) and live (green) cells, respectively.
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cytoplasm (Romsang et al., 2015). This excess of labile iron can create
harmful side effects via the Fenton reaction, which leads to hydroxyl radi-
cals (HO•) and ROS production (Morones-Ramirez et al., 2013). Besides,
we observed the upregulation of fprB gene in every studied experimental
Fig. 4. Expression and function analysis of the transcriptome in Ag and ZnO NPs treated
ZnONPs at 50 and 100mg/L, respectively. A) Venn diagram representing the shared diff
fold change frequency of the different conditions of Ag (red) and ZnO (blue) NPs. C)
enriched.
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condition, which is required for [4Fe4S] cluster biosynthesis, potentially
causing a decrease of intracellular iron availability (Romsang et al.,
2015). The higher intracellular ROS production under ZnO NPs treatment
may be related to the imbalance of iron homeostasis in P. aeruginosa cells.
P. aeruginosa. Ag1 and Ag5 refers to Ag NPs at 1 and 5mg/L, and Zn50 and Zn100 to
erentially expressed genes (DEG) between treatments. B) Histogram showing the log
GO enrichment cluster analysis of the DEGs, representing the biological processes
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Moreover, biological processes enriched by Ag and ZnO NPs are related to
this iron homeostasis and transport, indicating the importance of such ele-
ment in the response to the stress caused by said NPs. The iron imbalance
may be justified by the upregulation of siderophore biosynthesis genes,
pyochelin and pyoverdine (Takase et al., 2000). Iron is important for
P. aeruginosa biofilm development, promoting the production of
exopolysaccharides and reducing the synthesis of rhamnolipids (Yu et al.,
2016). However, in addition to improving the bioavailability of iron, bacte-
ria also use these siderophores to bind other metals and reduce the concen-
tration of free toxicmetals in the environment (Hesse et al., 2018; Sun et al.,
2021). In Fig. 5 it can be observed the upregulation of said siderophores
under Ag and ZnO NPs treatment. This siderophore overproduction can
be the response of this WWTP adapted P. aeruginosa strain, explaining the
differences in the described response mechanisms with clinical isolates
(Zhang et al., 2020). Finally, we found that the transcripts of prrF1 and
prrF2, which regulate several genes involved in protection from oxidative
stress and iron storage (Reinhart et al., 2015), were overexpressed in
Fig. 5. Transcriptomic analysis of P. aeruginosa exposed to studied concentrations of Ag
change is calculated against untreated cultures. Ag1 and Ag5 refers to Ag NPs at 1 and 5m
in gene expression are expressed as the fold change of the genes under the NP-treated c
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presence of ZnO NPs. A potential adaptive mechanism has been described
suggesting that regulatory PrrF sRNAs are key players mediating eDNA re-
lease leading to increased biofilm formation (Tahrioui et al., 2019). This
would explain the increased eDNA concentration observed, which would
shield biofilms against antimicrobial particles, such as ZnO NPs.

Concerning quorum sensing (QS), we observed a downregulation of lasI
(acyl-homoserine lactone synthase) under ZnO NPs treatment. It has been
reported an inhibition of QS processes by Ag and ZnO NPs in
P. aeruginosa and other bacteria with similar QS systems (Gómez-Gómez
et al., 2019a; Badawy et al., 2020). Besides, QS inhibition by heavy metal
NPs is described to inhibit biofilm formation in P. aeruginosa by distortion
of the biofilm structure (Gómez-Gómez et al., 2019b). However, we did
not observe any significant and conserved change concerning QS, aside
from the aforementioned repression of lasI. Apart from the ROS production,
the increased eDNA release in presence of ZnO NPs could also be explained
by an increase in QS regulated phenazine production (de Celis et al., 2021),
however, we did not observe any significant changes in the phenazine
and ZnO NPs. Selected genes from functional categories of interest. Expression fold
g/L, and Zn50 and Zn100 to ZnONPs at 50 and 100mg/L, respectively. All changes
ondition compared to the untreated condition.
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biosynthesis pathway. Interestingly, we observed an increase in biofilm for-
mation, which is regulated, among other processes, by QS (Flemming et al.,
2016). The expression of rhlABC rhamnolipid production genes were in-
creased in the presence of ZnO NPs. Rhamnolipids play multiple roles in
biofilm formation, like allowing surface motility, maintaining channel
structures, or inducing biofilm dispersion (Rasamiravaka et al., 2015).
In addition to QS regulation, rhamnolipid production is also induced
by iron-limiting conditions, increasing surface motility and the forma-
tion of flat biofilms (Glick et al., 2010), like those observed under ZnO
NPs treatment.

4. Conclusions

This work reports the adaptive response of aWWTP-isolated P. aeruginosa
strain to Ag and ZnO NPs exposition. The transcriptomic and phenotypic re-
sponses of P. aeruginosa to Ag NPs were mainly related to the biofilm forma-
tion and iron homeostasis. The biofilms formed under AgNPs treatmentwere
on average thinner, andmore homogeneous than control biofilms. During the
growth, P. aeruginosa suffered the toxicity of Ag NPs, but could recover and
the development of biofilms is accelerated in response to the stress, resulting
in simple and homogeneous biofilms (lower roughness and surface to
biovolume ratio). ZnO NPs also altered the biofilm formation and iron ho-
meostasis in P. aeruginosa cells, however, the higher and more toxic concen-
trations utilized produced an increased cell death and eDNA release. Thus,
the lower biofilm development was based on EPS production, via eDNA re-
lease. The transcriptomic response of P. aeruginosa to ZnO NPs was also
higher compared to Ag NPs, with 5 to 10 times the accumulated fold change
and differentially expressed genes. Both Ag and ZnO NPs are reported to
cause cell death and disruption of QS and biofilm formation on clinical iso-
lates of P. aeruginosa. However, we observed an increase in biofilm biomass,
and cell death only by ZnO NPs, while expression of QS system genes re-
mained unaltered. A possible explanation is that the studied strain is well
adapted to wastewater conditions, where biofilm formation and siderophore
production is increased as an adaptive mechanism to cope with high heavy
metal concentrations (Sun et al., 2021). Although we found a conserved re-
sponse of P. aeruginosa to the presence of the two studied metallic NPs
(Fig. 4a), the higher andmore toxic concentrations of ZnO NPs produced sig-
nificant changes concerning cell viability and ROS production, leading to
greater alterations on the transcriptome and biofilm structure.

In this work we report the possible adaptive mechanisms by which
P. aeruginosa could survive potentially high environmental concentrations
of metal-based nanoparticles. This study contributes to improve our under-
standing between biofilm andmetal-based nanoparticles, giving a better in-
sight in the effect of nanomaterials on biofilm formation in the natural
environment. Potential releases of these nanoparticlesmight accelerate bio-
fouling and biocorrosion in industrial systems or alter ecological balances
in natural systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153915.
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