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ABSTRACT 

The present study describes the antibacterial behavior and the bacterial resistance 
analysis of extremophile Pseudomonas aeruginosa in contact with copper nanoparticles 
(CuNPs). For this purpose, green synthesis of CuNPs was performed by combined 
ultrasound-assisted and chemical reduction methods, obtaining semispherical CuNPs 
ranging from ca. 4-9 nm. Antibacterial activity (AA) of biosynthesized CuNPs 
demonstrates an antibacterial inhibition of 85 % (LD85) at 400 µg/mL and a minimum 
bactericidal concentration (MBC) of 800 µg/mL after 3 h of contact. Bacterial adaptation 
in contact with CuNPs was observed through the consecutive exposition of 
microorganisms, presenting a significant increase of LD85 values from 400 µg/mL to 6400 
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µg/mL after 11 expositions. This behavior demonstrates the bacterial growth adaptation 
with high-dose of CuNPs. The bacterial resistance mechanism was determined through 
the overproduction of pyocyanin, associated with oxidative stress events, the genomic 
polymorphism of resistant bacteria obtained by PCR-RAPDs, and the morphological 
interaction between P. aeruginosa and CuNPs evidenced by transmission electron 
microscopy (TEM) micrographs. Our results suggest that under controlled CuNPs 
exposition, extremophile P. aeruginosa can generate bacterial resistance mechanisms, 
an important issue for the effective design of antimicrobial nanomaterials. 

Keywords: antimicrobial nanomaterials, bacterial tolerance, copper nanostructures. 

RESUMEN 

El presente trabajo describe el comportamiento antibacteriano y el análisis de resistencia 
bacteriana de Pseudomonas aeruginosa extremófila al contacto con nanopartículas de 
cobre (CuNPs). Para tal efecto, se realizó la síntesis verde de CuNPs asistida por 
ultrasonido con la reducción química, obteniendo CuNPs que van desde los 4 a 9 nm. La 
actividad antibacteriana (AA) de las CuNPs biosintetizadas demostraron una LD85 de 400 
µg/mL y una concentración mínima bactericida (CMB) de 800 µg/mL, después de 3 h. La 
adaptación bacteriana en contacto con CuNPs se observó a través de la exposición 
consecutiva de los microorganismos, presentando un aumento significativo de los 
valores de CMI de 400 µg/mL a 6400 µg/mL después de 11 exposiciones. Este 
comportamiento demuestra la adaptación al crecimiento bacteriano con dosis altas de 
CuNPs. El mecanismo de resistencia bacteriana se determinó a través de la sobre 
producción de piocianina, asociada a eventos de estrés oxidativo, el polimorfismo 
genómico de bacterias resistentes obtenido por PRC-RAPDs y la interacción de las 
CuNPs con P. aeruginosa evidenciados mediante análisis microscópico. Nuestros 
resultados sugieren que, la exposición controlada de CuNPs, P. aeruginosa puede 
generar mecanismos de resistencia bacteriana, un tema importante para el diseño 
efectivo de nanomateriales antimicrobianos. 

Palabras clave: nanomateriales antimicrobianos, tolerancia bacteriana, nanoestructuras 
de cobre. 

 

1. INTRODUCTION 

The uncontrolled development of bacterial resistance by pathogenic microorganisms 
represents an important problem for public health due to the insufficient ability of 
antibiotics to combat the new generation of resistant microorganisms (Fariña, 2016; 
Jones & Pfaller, 1998). To solve this problem, current strategies to develop novel 
antimicrobials are focused on applying nanotechnology (Mubeen et al., 2021). In 
particular, metal-based nanoparticles (NPs) obtained from green sources have emerged 
as a novel tool to produce functional antimicrobial nanomaterials due to their capacity to 
avoid the growth and propagation of a broad spectrum of microorganisms such as 
bacteria, fungi, and viruses (Sánchez-Lopez et al., 2020). The antimicrobial functionality 
of NPs such as silver, copper, zinc oxide, and titanium dioxide, among others, lies in their 
combined intrinsic physicochemical properties, their high surface reactive area 
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associated with the low NPs size (1-10 nm), and their non-specific bacterial toxicity 
mechanisms (Amaro et al., 2021). Furthermore, it has been claimed that NPs display 
multiple antibacterial mechanisms, including the combined bacterial cell wall damage, 
alteration in the protein synthesis, DNA mutations, and the overproduction of reactive 
oxygen species (ROS), resulting in bacterial death (Niño-Martínez et al., 2019). 

Despite the high antibacterial efficacy of nanoscale materials, recent studies have 
demonstrated the possibility of generating bacterial resistance mechanisms in contact 
with low-dose NPs (McNeilly et al., 2021; Panáček et al., 2018). In particular, silver NPs 
(AgNPs) can rapidly develop resistance to their intrinsic antibacterial behavior, showing 
an increase in the minimum inhibitory concentration (MIC) values after repeated exposure 
(20 expositions) against Gram-negative E. coli and P. aeruginosa. As a result, a combined 
NPs aggregation around the bacterial wall and the overproduction of metabolites from the 
extracellular matrix (ECM), such as flagellin, suggest the possible development of 
defense mechanisms by the constant interaction with the nanomaterial (Panáček et al., 
2018). On the other hand, the combined copper oxide NPs and Cu ions in solution can 
stimulate the horizontal gene transference in E. coli and Pseudomonas putida through 
the overproduction of ROS species. As a result, the overexpression of specific genes 
associated with oxidative stress, membrane repair, and ECM metabolites are detected 
under low-dose Cu species (Zhang et al., 2019).  

Most reports on the antibacterial behavior of NPs described the material's susceptibility 
to contact with conventional microorganisms used as models, such as Escherichia coli 
and Staphylococcus aureus. However, little is known about the behavior of extremophile 
microorganisms in contact with nanomaterials. Bacterium extremophiles are a group of 
microorganisms capable of surviving under extreme growth conditions due to their 
peculiar metabolisms, such as temperature, pressure, ionic species or metals, and 
radiation. This behavior commonly allows for the production of biomolecules such as 
metabolites (pigments, lipids, or proteins) concerning their potential industrial 
biotechnological applications, such as bioremediation or energy-renewable production 
(Romano, et al., 2022). In particular, Pseudomonas aeruginosa has been described as 
an opportunist pathogen with high virulence factors and bacterial resistance (included in 
the ESKAPE list) and is considered one of the most aggressive microorganisms 
associated with several infectious diseases (Alonso et al., 2020). In addition, due to their 
versatile metabolism, they can be isolated from complex carbon sources such as 
industrial effluents and gain important attention in ambient processes (Bacame-
Valenzuela et al., 2020). An important characteristic of extremophile P. aeruginosa is the 
production of a redox-active phenazine derivative denoted as pyocyanin as a response 
to the bacterial exposition under extreme growth conditions, associated with the 
overproduction of ROS species (Muller & Merrett, 2014; Whooley & McLoughlin, 1982), 
which is commonly observed by the characteristic greenish-blue coloration. According to 
the above, the expression of pyocyanin in P. aeruginosa could represent a relevant 
parameter to detect bacterial stress associated with the interaction with metal-based 
nanomaterials. 

Therefore, our work describes the antibacterial behavior and the bacterial resistance 
assays of extremophile P. aeruginosa NEJ08 in contact with CuNPs, aiming to determine 
the possible bacterial adaptation mechanisms induced by consecutive contact with 
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CuNPs. For this purpose, CuNPs were biosynthesized by combined ultrasound-assisted 
and chemical reduction methods with the extract of blueberries (Vaccinium corymbosum). 
Also, the antibacterial activity (AA) of CuNPs was performed at different NPs amounts, 
and the consecutive bacterial exposition determined the bacterial resistance analysis to 
NPs. Three targets were studied to determine the possible bacterial resistance of P. 
aeruginosa: the pyocyanin production associated with the oxidative stress event, the 
genomic mutations through the PCR-RAPDs analysis of susceptible and resistant 
bacteria, and the morphological changes of the bacterial structure by the interaction with 
CuNPs. 

 

2. MATERIALS AND METHODS 

 

2.1. Synthesis of CuNPs 

CuNPs were synthesized using copper sulfate pentahydrate (Sigma Aldrich) as a metal 
precursor and Vaccinium corymbosum extract (blueberries) as a reducing/stabilizer agent 
for NPs formation (purchased from the local market of Querétaro, Mexico). Briefly, 16 g 
of blueberries were washed with deionized water, mixed with 20 mL water/30 mL ethanol 
70 %, and filtered with a Whatman filter (1 µm). The pH of the extract was adjusted to 2 
with ascorbic acid (0.5 M). Then, 50 mL of Copper sulfate (0.15 M) was mixed with 50 mL 
of blueberry extract and sonicated with a Q500 Qsonica equipment (20 kHz, 80 % 
amplitude) for 10 min at room temperature. Next, CuNPs were washed with 
water/ethanol, centrifuged (6000 rpm, 15 min), and dried to obtain the CuNPs powder. To 
corroborate the CuNPs formation, 1 mg of powder was dispersed in 50 mL ethanol. A 
drop was placed in a copper grid (300 mesh) coated with lacey carbon and observed by 
Transmission Electron Microscopy (TEM). Micrographs were obtained using a Jeol 1010 
at 80 kV. 

 

2.2. Antibacterial activity of CuNPs against P. aeruginosa  

A strain of extremophile Pseudomonas aeruginosa NEJ08 (GenBank MZ835665) was 
isolated from wastewater obtained from the maize industry in Ambiental Microbiology Lab 
(CIDETEQ SC.) and used as a Gram-negative bacteria model. Microorganisms were 
growth in Mueller Hinton agar (MH, BD Bioxon), employing a bacterial inoculum of 1x106 
colony-forming unit (CFU) per mL. Phosphate buffer solution (PBS) was employed for 
NPs suspension, and Tween 80 (1 wt. %) purchased from Merck was incorporated into 
PBS as a dispersant agent. 

Different CuNPs suspension (100, 200, 400, 800, 1600, 3200 and 6400 µg/mL) were 
evaluated by microdilution method (Fig. 1). A mix of 1:1 bacterial/CuNPs suspension was 
placed in Eppendorf tubes and incubated for 1 h and 3 h at 37 °C. After the interaction, 
an aliquot (50 µL) was plated in Mueller Hinton plates and incubated for 16 h at 37 °C. In 
three independent experiments, duplicated survival bacterial recovery (antibacterial 
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activity, AA) was calculated according to our previous work (España-Sánchez et al., 
2018). 

 

 

Fig. 1. Schematic representation of antibacterial assays of P. aeruginosa in contact with 
CuNPs by microdilution method. 

 

2.3. Bacterial resistance assay of P. aeruginosa with consecutive CuNPs 
exposition 

The consecutive exposition of P. aeruginosa to CuNPs was performed by selecting AA 
results. For this purpose, we select the CuNPs plate that shows the ca. 85 % of bacterial 
inhibition (considered as the LD85) and the CuNPs plate that shows the complete bacterial 
growth (denoted as the minimum bactericidal concentration, MBC). The bacterial 
recovery was performed in the LD85 plate. After bacteria/CuNPs exposition, the bacteria 
recovered were plated in an MH plate and incubated for 16 h at 37 °C. According to the 
AA assay, eleven consecutive expositions of P. aeruginosa NEJ08 with CuNPs were 
performed to evaluate the LD85 value changes attributed to the possible bacterial 
adaptation to the NPs exposition. 

 

2.4. Pyocyanin quantification from P. aeruginosa growth 

The pyocyanin concentration was determined by the modified method reported by 
Bacame-Valenzuela et al., (2020). Luria Bertani agar was prepared and sterilized in an 
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autoclave, and 25 mL of agar was placed in Petri dishes. Subsequently, they were 
massively inoculated with Pseudomonas aeruginosa NEJ08 and incubated at 30 °C for 
48 h. The agar was cut into 1 cm squares and placed in a bottle, and 10 mL of sterile 
water was added. The mixture was vigorously shaken, recovered the supernatant, and 
centrifuged at 7000 rpm for 5 min. A 1:1 mixture of the supernatant and chloroform was 
made, and the organic phase was recovered with the blue pigment. In addition, a 1:1 
mixture of the organic phase with 0.2 N hydrochloric acid was obtained. After shaking, 
the aqueous phase with the red pigment was recovered. The absorbance measured in a 
UV-Vis spectrophotometer (Genesys™ 10S, Thermo Scientific, WI, USA) was 
determined at 520 nm. The absorbance was multiplied by the factor 17.1 to obtain μg 
mL−1 of pyocyanin. This factor represents the pyocyanin quantification in their acidic form 
at 520 nm, according to the equation reported by El-Fouly et al., (2015); Essar et al., 
(1990). 

 

2.5. Genomic DNA analysis of P. aeruginosa exposed to CuNPs 

Genomic analysis of P. aeruginosa NEJ08 (susceptible and resistant) was performed by 
DNA isolation using a Wizard® Genomic DNA purification kit (Promega), following the 
protocol for Gram-negative bacteria extraction. Briefly, 5 mL of Mueller Hinton broth (MH) 
with P. aeruginosa grew at 37 °C for 16 h. All the microorganisms were centrifuged at 
13,000 rpm for 2 min, and the MH media was removed. Bacteria were suspended in 450 
µL of EDTA 50 mM and 20 µL of lysozyme, incubated at 37 °C for 30 min, and centrifuged. 
Afterward, 600 µL of nuclei lysis solution was placed in the bacteria tube and incubated 
at 80 °C for 5 min. The sample was tempered, and 3 µL of Rnase was mixed and 
incubated at 37 °C for 30 min. Protein precipitation solution (200 µL) was vigorously mixed 
with the bacteria tube, incubated in ice, and centrifuged for 3 min. The final DNA 
supernatant was transferred to another Eppendorf tube with 600 µL isopropanol for the 
DNA precipitation. DNA quantification was performed with 20 µL of DNA mixed with 70 
µL of distilled water with a UV spectrophotometer BIOBASE BK-UV1800PC at 260 and 
280 nm, according to the equation: 

50 x Abs260 = DNA concentration (ng/µL) 

Also, the DNA quality was evaluated by agarose gel electrophoresis 1 %. 

 

2.6. PCR-RAPDs of P. aeruginosa exposed to CuNPs 

The effect of the DNA of P. aeruginosa after consecutive bacterial exposition to CuNPs 
was evaluated by random amplified polymorphic DNA-PCR methodology (RAPDs). For 
this purpose, five 10-bases primers were used to evaluate the changes in the DNA 
molecular weight after the interaction with CuNPs (786, OPQ14, OPR12, OPA11, and 
OPE06). The primer sequence is presented in Table 1. The PCR reactions were 
performed with 5 µL of primer, 10 µL of GoTaq, 20 µL of distilled water, and 2 µL of DNA 
(30 ng). Reactions were carried out in a thermal cycler Life ECO TC96/G/H(b)C, including 
1 cycle (5 min, 95 °C) for the initial DNA denaturalization; 40 cycles (95 °C for 1 min/36 
°C for 1 min/72 °C for 2 min) for the DNA amplification and finally, 1 cycle at 72 °C for 5 
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min to complete the DNA extension. PCR products were evaluated by electrophoresis 
using agarose gel 1 %, employing a TrackIt™ marker as molecular weight reference. 
Agarose gels were photographed in a BIOBASE photodocumentator BK-AG100, and the 
images were processed in the GelAnalyzer software. 

 

2.7. Morphological analysis of P. aeruginosa exposed to CuNPs by TEM 

Morphology of P. aeruginosa with low-dose (200 µg/mL) and high-dose (800 µg/mL) of 
CuNPs was evaluated by transmission electron microscopy (TEM) and compared with a 
reference without NPs. Bacterial growth interacted with CuNPs and was processed by 
three steps: prefixation, dehydration, and embedded in epoxy resin. First, 
bacterial/CuNPs interactions were mixed with glutaraldehyde 1 % for 1 h. Subsequently, 
samples were washed 4-5 times with sodium cacodylate solution (0.1 M). Next, samples 
were mixed with glutaraldehyde 1.5 % for 2 h and washed again with sodium cacodylate 
solution. Next, centrifuged samples were stained with 1 mL osmium tetraoxide (1 %), and 
stored for 24 h, at 4 °C. Samples were washed and dehydrated for 10 min with ethanol 
50 %, 70 %, 96 %, and absolute ethanol, respectively. Then, the supernatant was 
removed, and 1 mL of propylene oxide was placed for 10 min at room temperature (three 
times). Finally, samples were embedded in epoxy resin (EPON 812) mixed 1:1 with 
propylene oxide and stored at room temperature for 48 h. Each sample was placed in 
molds and dried for 72 h at 60 °C. The bacterial sample was cut un a microtome with an 
average thickness of ca. 60 nm and placed in nickel grids (300 mesh) for TEM 
observation, employing a Jeol 1010 at 80 kV. 

 

3. RESULTS 

Fig. 2 presents the TEM micrographs of the semispherical and monodispersed CuNPs 
obtained, with an average diameter of ca. 4-9 nm, associated with the combined 
ultrasound-assisted method to NPs synthesis and the capacity of Vaccinium corymbosum 
extract (blueberries) to reduce the copper salt.  
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Fig. 2. TEM micrographs of copper nanoparticles (CuNPs) synthesized by ultrasound-
assisted method, using Vaccinium corymbosum extract as reducing/stabilizer agent. The 
inset represents the histogram of CuNPs. 

 

Antibacterial activity (AA) of biosynthesized CuNPs was performed (Fig. 3) against P. 
aeruginosa NEJ08 at a short contact time (1 h and 3 h). At 200 µg/mL, the AA is ca. 20 
% and 80 %, respectively, while from 400 µg/mL, the complete AA behavior is observed 
in both times evaluated. 
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Fig. 3. Antibacterial activity (AA) of P. aeruginosa NEJ08 after 1 h (light cyan) and 3 h 
(dark cyan) of contact with different concentrations of CuNPs. 

 

To explore the possible bacterial adaptation to CuNPs, consecutive bacteria/CuNPs 
exposition was performed, aiming to determine changes in the LD85 values by the contact 
with different NPs concentrations (as shown in Fig. 4). Initially, P. aeruginosa 
demonstrates a LD85 value of 400 µg/mL, denoted as susceptible (initial bacterial/CuNPs 
exposition). However, after the 1 exposition with CuNPs, a slight decrease of LD85 is 
presented, associated with the known susceptibility of the microorganism to the metal-
based antimicrobials (Evans & Kavanagh, 2021). After 3-4 expositions, the LD85 value 
increases to 800 µg/mL; from 5-10 expositions, the increase of the LD85 is ca. 3200 
µg/mL; after the 11 expositions, the LD85 is ca. 6400 µg/mL, considered resistant. 
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Fig. 4. Bacterial resistance assays of P. aeruginosa NEJ08 after consecutive expositions 
with CuNPs. 

 

Therefore, to evaluate the possible development of the bacterial adaptation mechanism 
of extremophile P. aeruginosa in contact with CuNPs, we evaluate three specific targets: 
the production of pyocyanin (as a metabolite of the ECM associated with oxidative stress), 
the genetic modification expressed by PCR-RAPDs with primers associated with bacterial 
damage, and the morphological analyses of P. aeruginosa by TEM micrographs. Fig. 5 
shows the pyocyanin production from P. aeruginosa plates at lower CuNPs concentration 
(25, 50, and 100 µg/mL, respectively), with representative photographs that shows the 
characteristic green color of plates. Bacterial control shows a slight pyocyanin production 
(ca. 0.43 µg/mL). However, the interaction with 25 µg/mL of CuNPs increases pyocyanin 
production by ca. 0.98 µg/mL. In addition, 50 and 100 µg/mL interaction produces ca. 
0.90 µg/mL of pyocyanin, showing the complete bacterial growth in the MH plates. From 
200 µg/mL, pyocyanin decreased significantly, attributed to the drastic decrease in plate 
colony growth (close to the LD85 value). 
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Fig. 5. Pyocyanin quantification assay of P. aeruginosa NEJ08 in Mueller Hinton (MH) 
plates in contact with different concentrations of CuNPs. 

  

To evaluate the genome alterations of the DNA of P. aeruginosa, we perform the 
comparison of the PCR-RAPDs assays between the susceptible bacteria (LD85 value of 
400 µg/mL) and the resistant bacteria obtained after 11 consecutive expositions to CuNPs 
(LD85 of 6400 µg/mL) through gel agarose electrophoresis, as presented in Fig. 6. The 
reference of unexposed bacteria (Fig. 6a) shows the bands amplification in three primers: 
786 (3 bands located ca. 1589, 921, and 636 bps), OPR12 (3 bands located at 2632, 
1643, and 1075 bps), and OPA11 (2 bands located at 2741 and 2136 bps). However, the 
resistant bacteria (Fig. 6b) increase the band amplification in all evaluated primers, 
indicating a complete polymorphism compared with the susceptible bacteria. The specific 
band amplification between the susceptible and resistant bacteria is shown in Table 1. 
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Fig. 6. RAPDs assays of DNA obtained from P. aeruginosa NEJ08 susceptible (0 
expositions to CuNPs) vs. resistant (after 11 expositions with 6400 µg/mL of CuNPs).  

 

Table 1. Primer’s sequence employed for the PCR-RAPDs analysis and comparing the 
bands' amplification expression between P. aeruginosa susceptible and resistant to 
CuNPs. 

  
P. aeruginosa susceptible P. aeruginosa resistant 

Primer 
code 

Sequence 
5´a 3´ 

Bands 
formed 

Band 
number 

Molecular 
weight 

Bands 
formed 

Band 
number 

Molecular 
weight 

        

786 GCG ATCCCCA 3 1 1589 4 1 2105 

2 921 2 1260 

3 636 

3 1023 
4 708 

OPQ-14 GGACGCTTCA 0 - - 1 1 1609 

OPR-12 ACAGGTGCGT 3 1 2632 1 1 500 

2 1643 

3 1075 

OPA-11 CAATCGCCGT 0 - - 1 1 1453 

OPE-06 AAGACCCCTC 2 1 2741 4 1 2194 

2 1545 

2 2136 

Marker 786 OPQ14 OPR12 OPA11 OPE06

P. aeruginosa NEJ08 

susceptible  

Marker 786 OPQ14 OPR12 OPA11 OPE06

*

*

*

*

*

*

*

*

*

a b

P. aeruginosa NEJ08 

resistant

* *
*

*

*

*

*

*

*
*
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3 1079 

4 963 

The interaction of P. aeruginosa induced by contact with CuNPs was evaluated by TEM 
micrographs (Fig. 7). Untreated extremophile P. aeruginosa NEJ08 (Fig. 7a) 
demonstrates a characteristic bacilli morphology, with an average length of ca. 1.5-2 µm. 
Also, a well-defined bacterial wall is observed, ranging ca. 125 nm. The exposition of low-
dose of CuNPs (200 µg/mL) is presented in Fig. 7b, showing the slight NPs agglomeration 
around the bacterial wall. However, no apparent morphology alteration is observed by the 
NPs exposition. On the other hand, high-dose CuNPs (800 µg/mL) show high NPs 
agglomeration and the NPs adhesion around the bacterial wall. Additionally, some CuNPs 
were internalized into the bacterial cytoplasm. It is important to note that the higher NPs 
interaction with extremophile P. aeruginosa does not alter the characteristic bacterial 
morphology. 

 

a

b

c
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Fig. 7. TEM images of P. aeruginosa NEJ08 and their interaction with CuNPs: a) control, 
b) with 200 µg/mL CuNPs, and c) with 800 µg/mL CuNPs. 

 

 

Fig. 8. Bacterial adaptation mechanism of extremophile P. aeruginosa NEJ08 induced by 
the interaction with antibacterial CuNPs. The process includes the combined CuNPs 
adhesion/internalization in the bacterial wall observed by TEM analysis, the DNA 
fragmentation obtained from PCR-RAPDs, and the oxidative stress reflected through the 
pyocyanin production in the ECM of P. aeruginosa. 

 

4. DISCUSSION 

Green synthesis of metal NPs obtained from combined ultrasound-assisted, and chemical 
reduction methods represent a low-cost, scalable, and environmentally friendly process 
to produce nanostructures with antimicrobial characteristics (Guzmán et al., 2019). In this 
regard, CuNPs synthesis demonstrates the obtaining of semispherical NPs ranging ca. 
3-9 nm (Fig. 2). The above indicates that the Vaccinium corymbosum extract acts as a 
combined reducing/stabilizer agent, promoting the chemical reduction of CuSO4 salt 
(Benassai et al., 2021; Keihan et al., 2017). The complete characterization of the CuNPs 
was previously reported by Humphreys-Salas et al. (2022). In addition, the ultrasound 
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waves catalyze the NPs synthesis and improve the CuNPs dispersion, resulting in a high-
controlled size of NPs (Gu et al., 2018). 

It has been claimed the broad spectrum of antimicrobial properties of CuNPs against 
bacteria, fungi, and viruses (Govind et al., 2021; Muñoz-Escobar & Reyes-López, 2020; 
Salah et al., 2021). In particular, extremophile microorganisms have gained attention due 
to their capacity to biosynthesize metal NPs under extreme environmental conditions, 
such as silver NPs (Atalah et al., 2022). However, the potential antibacterial properties 
and the capacity to generate intrinsic adaptation to the NPs exposition of extremophile 
microorganisms have not been addressed. Our results indicate that biosynthesized 
CuNPs demonstrate high antibacterial properties against Gram-negative bacteria 
associated with the NPs concentration (Fig. 3), higher than reported by Zangeneh et al. 
(2019). 

Despite the metal-based nanostructures have demonstrated unique physicochemical 
properties and a broad spectrum of AA, recent studies have mentioned the development 
of resistant bacteria in contact with silver NPs (McNeilly et al., 2021; Panáček et al., 2018). 
Our results suggest that P. aeruginosa tends to adapt to the CuNPs environment, with 
the capacity to grow with high NPs amounts (Fig. 4), and confirm the bacterial adaptation 
mechanism in contact with CuNPs. It is important to note that extremophiles provide 
specific metabolic mechanisms to produce biomolecules, which can intervene in 
bioremediation processes (Marques, 2018), explaining the possibility of adapting 
bacterial growth under adverse conditions. According to the report by Niño-Martínez et 
al. (2019), the bacterial resistance mechanism produced by the interaction with NPs 
includes the charge modulation of the external cell wall, the regulation of ion efflux, the 
generation of metabolites from the extracellular matrix (ECM), the biofilm production and 
mutations associated with genetic modifications, associates with the alterations of the 
virulence factors. Despite the low doses of CuNPs not demonstrating changes in bacterial 
growth, the physiological manifestation of pyocyanin (Fig. 5) indicates the possible 
oxidative stress induction in P. aeruginosa (Hall et al., 2016; Jabłońska et al., 2022). The 
above is because pyocyanin is a redox pigment considered an important source of 
reactive oxygen species (ROS), and their overproduction can generate significant 
alterations in the bacterial structure. It has been reported that low-dose nanomaterials 
such as zinc oxide and multi-walled carbon nanotubes stimulate the production of 
bacterial pigments (Jabłońska et al., 2022). According to our results, the low-dose 
exposition of CuNPs generates stress in the growth of P. aeruginosa, suggesting the 
overproduction of pigments from the ECM as a possible protective mechanism for the 
bacteria in front of the NPs exposition. 

Changes in the band's amplification obtained by the consecutive CuNPs exposition are 
commonly associated with the genetic variation produced by the horizontal transference 
of resistant genes (Laehnemann et al., 2014), capable of activating the DNA reparation 
mechanisms through the DNA polymerase during the PCR reaction, resulting in the 
inclusion of wrong base pairs and the induction of spontaneous mutations (Tkachenko, 
2018). This behavior corroborates the genetic alteration of P. aeruginosa under the 
consecutive CuNPs exposition (Fig. 6), even the bacterial growth at CuNPs concentration 
is higher than that reported by other references (Ghasemian et al., 2015; Kaur et al., 
2016; LewisOscar et al., 2015). According to Bahram, G. E. (2016), Copper oxide NPs 
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not only affect the bacterial growth of Gram-negative microorganisms but also modify the 
genomic DNA sequences, producing genomic alteration of bacteria at lower NPs amounts 
(30-60 µg/mL). As a result, genomic modification of P. aeruginosa is presented as a 
bacterial adaptation mechanism to high-dose NPs in aqueous media. Finally, the 
morphology of P. aeruginosa and their interaction with different doses of CuNPs (Fig. 7) 
demonstrates that the NPs/bacterial interaction occurs exclusively although the bacterial 
wall by the NP's adhesion, without apparently bacterial alteration by the high-dose of 
CuNPs exposition. The above corroborates that bacterial adaptation protects the bacterial 
structure, developing possible defense mechanisms, as observed by the pyocyanin 
production (Fig. 5). 

Finally, we conclude that CuNPs demonstrate antibacterial behavior against P. 
aeruginosa, with a possible adaptation mechanism after the consecutive bacterial 
exposition, demonstrated by the combined overproduction of pyocyanin associated with 
oxidative stress and the genomic alterations in the DNA sequences of resistant bacteria. 
As a result, the proposed bacterial adaptation mechanism of extremophile P. aeruginosa 
NEJ08 induced by the interaction with CuNPs is presented in Fig. 8. The above opens 
the panorama to developing new strategies to design novel antimicrobials capable of 
avoiding the intrinsic bacterial resistance generated by the pathogen microorganisms. 
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