www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Acid Red 88 biodegradation by
Cu nanoparticles stabilized on

Marinospirillum alkaliphilum strain
N

Samira Eshghi & Fereshteh Jookar Kashi™*

In recent years, Cu nanoparticles (CUNPs) have emerged as a widely used and cost-effective tool,
especially in analytical fields. This study investigates the biological properties of CUNPs synthesized by
strain Cul and their efficiency in degrading Acid Red 88 dye. Additionally, it evaluates the potential of a
novel combination of Marinospirillum alkaliphilum strain N and CuNPs for AR88 biodegradation. Strain
Cul, a copper-resistant strain from the Sungun copper mine, was used for biosynthesizing CuNPs,

with 16S rDNA sequence analysis showing a 99.10% similarity to Micrococcus lylae. Characterization
via UV-Vis, FTIR, XRD, and SEM-EDX confirmed that the CuNPs were spherical-shaped and ranged

in size from 20 to 100 nm. These nanoparticles demonstrated antimicrobial effects against various
bacteria. The cell free extract/CUNPs and biomass/CuNPs of the degrading Marinospirillum alkaliphilum
strain N achieved 100% degradation of Acid Red 88 within 11 h. In contrast, cell free extract and the
biomass of strain N alone required 24 h to achieve the same result. FTIR and GC-MS analyses verified
the degradation of AR88 dye. Toxicity assessments using Artemia salina and radish seeds revealed that
Acid Red 88 dye was toxic. In contrast, metabolite biodegradation and CuNPs exhibited low toxicity,
no mortality of A. salina, and no inhibiting seed germination.
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Abbreviations

ARS8 Acid Red 88

CFE Cell free extract

CuNPs Cu nanoparticles

GC-MS Gas chromatograph mass spectrometer
BST Brine shrimp lethality assay

M-BD Metabolite biodegradation

IN-M Intracellular metabolites

EM-EDX  Scanning electron microscope-energy dispersive X-ray espectroscopy
FTIR Spectrometer Infrared Fourier Transform
RSG Relative seed germination

RRG Relative root growth

GI Germination index

NA Nutrient agar

NB Nutrient broth

Dyes from industries like textile, automotive, or cosmetics are polluting our sewage. New inexpensive methods
to remove high-yield dye impurities are being developed as a solution!. The textile industry has not used all
physicochemical decolorization techniques for the last two decades. Their non-implementation was mainly
due to many dyes’ high cost, low efficiency, and impracticability?. The ability of microorganisms to perform
decolorization has received much attention. Decolorization and microbial degradation of dye are considered cost-
effective methods to remove these contaminants from the environment®. Also, microorganisms do not quickly
degrade textile dyes. Research has shown that microorganisms can destroy various dyes. However, this method
is not desirable due to the production of aromatic amines. Amine components may be toxic and carcinogenic.
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Azo compounds, synthetic inorganic chemical compounds, comprise 70% of the dyes used today. According to
studies, 10-15% of the dye used in textile processing is lost and released as effluent. Various microbial species
such as bacteria, fungi, yeasts, algae, and actinomycetes can degrade azo dyes. In the meantime, bioremediation
by bacteria is much faster and leads to better decolorization efficiency’~!4. Microorganisms can survive in harsh
conditions and contaminated environments, allowing them to produce novel enzymes and metabolites that
can help tackle environmental issues. Bioremediation utilizes these microorganisms as a viable alternative to
traditional physicochemical methods. They can effectively break down polyaromatic hydrocarbons, transform
heavy metals into less harmful states, degrade pesticides, and reduce or eliminate azo dyes. The processes for
removing dyes involve both adsorption and enzymatic degradation. While adsorption operates through ion
exchange, it does not convert azo dyes into non-toxic forms. In contrast, microbial enzymatic degradation can
fully break down these dyes!>. Copper has been known and utilized as an antimicrobial agent since ancient
times. Today, copper-based nanoparticles with antimicrobial properties are extensively used across various
sectors of daily life. Due to their unique properties, these nanoparticles are particularly effective in combating
harmful microorganisms!'®.

Copper nanoparticles are particles of 1 to 100 nm!”. Biological or chemical processes were applied in the
formation of copper nanoparticles. Copper nanoparticles were formed via biological or chemistry methods, like
other nanoparticles. Nanoparticles are used as dyes and biomedical agents due to their unique properties!'®. Green
nanotechnology provides eco-friendly solutions, reducing reliance on toxic chemicals and finding applications
in environmental remediation and sustainable energy development. Bioreduction is a sustainable alternative to
chemical reduction, avoiding harmful reducing agents and instead using environmentally friendly substances.
This method controls the size and shape of nanoparticles by adjusting the concentration of biological extracts
and adding natural reducing agents'®. Copper nanoparticles have unique properties like catalytic, antifungal, and
antibacterial activity. They have a large catalytic surface and small and high porosity, which makes them more
efficient and faster in synthesizing organic and metallic metals. For instance, copper nanoparticles achieved
88% conversion to biphenyl in the iodobenzene compaction reaction, while commercial copper only managed
a 43% conversion rate?’. Small copper nanoparticles have a potent effect against bacteria and fungi. Their
interaction with microbial membranes and release of metal ions in solutions causes significant antimicrobial
activity, making them a promising solution for infectious diseases?!. Nanoparticles oxidizing in solutions release
cupric ions that can form toxic hydroxyl free radicals near the lipid membrane. These radicals break down
lipids through oxidation, ultimately destroying the membrane. As a result, intracellular material leaves the cells
through damaged membranes. Free radicals damage cells, hindering their ability to maintain basic biochemical
processes. Eventually, intracellular changes occur, leading to cell death??. Copper oxide nanoparticles are used
in industrial production, and releasing these nanoparticles into the environment causes toxicity to aquatic
organisms. Copper oxide nanoparticles are used in skincare, oils, polymers, metal coatings, plastics, and inks.
Research has shown that copper sulfate and copper oxide nanoparticles can induce genetic toxicity of cells and
damage cellular DNA?. This study isolated copper-producing bacteria from the Songun mine, producing copper
nanoparticles from strain Cul. The antimicrobial properties and toxicity of the nanoparticles were studied. The
study focused on examining the toxicity and antimicrobial properties of nanoparticles.

Materials and methods

This research used materials from Merck, Germany, and AR88 dye synthesized by Alvan Sabet in Iran. Bacterial
strain N was acquired from the microorganism collection at Kashan University, isolated from Kashan textile
effluent, and identified as Marinospirillum alkaliphilum at 97.24% similarity.

Isolation of bacteria

Bacterial strains from Sungun copper mine slime were cultured on CuCl -supplemented nutrient agar at 30 °C
for 24 h. Strain Cu,-copper resistance was selected for further study. Experiments were conducted on strain
Cu, using standard assays for phenotypic designation, including oxidase, catalase, cell morphology, and gram-
staining. Strain Cul chromosomal DNA was extracted using the Marmur method®*. 16S rDNA genes were
amplified with 27 F and 1492 R primers?>?°, followed by sequence analysis using ChromasPro software and the
BLASTn sequence adjustment assay on the EzBioCloud site. Coordination was done using Bioedit software.
MEGA X software was used for phylogenetic analysis. A thousand replicates of bootstrap values constructed the

evolutionary history. Tajima-Ney assay studied base switches and evolution distances®’.

Bacterial synthesis of CUNPs

Bacterial strain Cul was cultured in 50 ml of nutrient broth and incubated in a shaker at 30 °C with a speed of
120 rpm for 24 h. After incubation, the bacterial suspension was centrifuged at 7000 rpm for 15 min at 4 °C to
separate CFE from IN-M. The collected supernatant was then utilized for synthesizing copper nanoparticles?.
To achieve this, 50 ml of 2 mM CuCl2 solution was mixed with 1 ml of CFE. The biosynthesis of CuNPs was
studied using UV-Vis (300-800 nm) after a color change due to exposure to light. After 6 h, NPs separated from
CuCl2 solutions centrifuged (12,000 rpm, 20 min) and then dried at 60 °C in an oven for 24 h. Mix the dried
NPs powder with 2 ml of distilled water and 10 ml of 96% ethanol, and sonicate the mixture 20 times for 2 min
in a container for perfect consistency. CuNPs were thoroughly investigated using FTIR, XRD, and SEM-EDX
after sonication, drying for 24 h at 60 °C and placing in a kiln for 5 h at 450 °C. Average NPs size was calculated
using Debye-Scherrer Eq. (1)%:

D = 0.94\/p cos 6, (1)
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where D is the crystal size, B is full width at half maximum (FWHM), A is the X-ray wavelength, and © shows
the diffraction angle.

Antimicrobial assay

CuNPs were tested as antimicrobial agents on standard strains using a diffusion assay. Strains tested: Escherichia
coli (ATCC 10536), Staphylococcus aureus (ATCC29737), Shigella dysenteriae (PTCCL1188), Salmonella
paratyphi-A serotype (ATCC 5702), and Candida albicans (ATCC 10231). CuNPs were used to inhibit bacterial
growth on nutrient agar. The plates were inoculated with 0.5 McFarland bacterial suspension, and 20 ul of
CuNPs (30 mg/ml) was placed into wells and incubated for 24 h at 30 °C. The study measured the inhibition
zone diameter and examined the antimicrobial activity of AR88 and M-BD through diffusion assay on standard
strains. 10 pl of AR88 and M-BD (20 mg/ml) were incubated in wells at 30 °C for 24 h; then, the inhibition zone
diameter was recorded.

Toxicity assay

The toxicity of AR88, BD-P, and CuNPs was assessed using lethality tests on saltwater shrimp larvae and
Raphanus sativus L. seeds. For the shrimp hatching procedure, 0.1 g of shrimp eggs were exposed to light in a
saltwater aquarium for 48 h, with continuous aeration maintained at 30 °C. The experimental setup involved
glass tubes filled with saltwater at a pH of 9.0. Ten shrimp larvae were exposed to different concentrations
(25-2500 pg/ml) of CuNPs and AR88 dye M-BD. After 24 h, the number of live and dead larvae was recorded
in a 30 °C water bath under light after soaking the larvae in brine. The experiment was repeated three times to
ensure accuracy and reproducibility. Ten live larvae were used for control, along with 5 ml of saline water in each
sample. The mortality rate was calculated using the formula (2):

Percentage of dead larvae after 24 h = [(m — M) /S] x 100, (2)

m: The average number of dead larvae in the samples, M: Mean number of dead control larvae, S: The average
number of live control larvae.

Biotoxicity of AR88, M-BD, and CuNPs was assessed on Rhaphanus sativus L. seeds using sterilized filter
paper placed in plates through an autoclave from Abzar Teb Mahan, Iran. The seeds were soaked in 70% alcohol
for 1 min, UV-exposed for 90 min in Laminar Flow II (120RS, Jal Tab, Iran), rinsed in distilled water (10 min),
and bleached (20%) for 5-6 s. Samples (5 ml) were added to plates with seeds for toxicity assessment. Distilled
water was used as a control. Seeds were exposed to sunlight for eight days. This experiment analyzed seed growth
by examining the number of leaves, roots, and stems and analyzed using formula (3) to examine RSG, RRG, and
GI%:

Number of germinated seeds in aqueous extract
RSG = - - —
Number of germinated seeds in deionized water (control)

x 100%, 3)

Radiclelength of germinated seeds in aqueous extracts
RRG = - - - —
Radiclelength of germinated seeds in deionized water (control)

x 100%,

GI = RSG x RRG x 100%.

Bioremediation of AR88 using CFE and CuNPs CFE

A mix of 10% peptone, 0.5% yeast extract, and 1% glucose at pH 7 was used to grow Strain N in an Erlenmeyer
flask. The flask was incubated at 37 °C and 150 rpm for 24 h. After that, it was centrifuged at 6000 rpm for 15 min
at 4 °C. After 24 h, 100 mg/] of AR88 was added to the CFE and incubated at 30 °C. Moreover, bioremediation of
ARB88 was evaluated using CFE /CuNPs.Steps were repeated, and CuNPs (30 mg/ml) were added to CFE. Results
were analyzed via UV-Vis. The percentage of BD was determined by Formula (4)%:

Biodegradation efficiency (%) = Initial abs[o;i);zlczb—sO};lz)zzlczbsorbance x 100 (4)

Bioremediation potential CUNPs/strain N

Strain N biomass was separated via centrifuge at 5000 rpm and mixed with CuNPs powder (30 mg/ml) in PBS
buffer. The solution was incubated at 30 °C with 100 mg/l AR88 and 50 mg/l glucose for 13 h to bioremediate
ARS8 dye. The results were evaluated using UV-Vis, and % BD was determined by Formula (4). Fixation of
CuNPs on strain N was investigated using SEM-EDX analysis.

Decolorization metabolites assay

Strain N was used to treat the AR88 dye solution, and decolorization products were extracted through
centrifugation at 1000 rpm, 8 min, and 4 °C. The metabolites were effectively dissolved by vigorously shaking
10 ml of the supernatant with an equal volume of ethyl acetate. To identify intermediates, the organic phase was
separated, evaporated, dissolved in methanol, dried with Na,SO,, and analyzed by FTIR and GC-MS3L,

Statistical analysis

In this study; all tests were conducted in triplicate, and the results were reported as mean + standard deviation.
Data analysis was performed using GraphPad Prism version 10.4.1, and the significance of the differences was
evaluated using ANOVA analysis followed by the Tukey post-hoc test.
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Results and discussion

Identification of CUNPs-synthesizing bacterial strain Cul

A copper-resistant bacterial isolate was chosen among isolates screened from samples collected from the Songun
copper mine to synthesize CuNPs. Figure 1 shows the use of the GenBank database to analyze the relationship
between strain Cul and nucleotide sequences of other strains. Bacterial strain Cul was related to the Micrococcus
genus and had a 99.10% similarity with Micrococcus lylae NBRC 15355 (T). Strain Cul is a candidate for new
species, with its 16S rDNA gene sequence linked to the gene bank (https://www.ncbi.nlm.nih.gov), access
number OR421360. 16S rDNA gene sequence of strain Cu, is linked to the gene bank https://www.ncbi.nlm.nih
.gov, access number OR421360, indicating it is a candidate for new species.

Synthesis and characterization of Cu,0-NPs
A comprehensive physicochemical analysis was conducted to characterize copper nanoparticles (CuNPs)
biosynthesized using bacterial culture, as illustrated in Fig. 2.

UV-Vis spectroscopy

The UV-visible absorption spectra (Fig. 2A) revealed two distinct but complementary phenomena. First,
the characteristic surface plasmon resonance (SPR) band observed between 580 and 600 nm confirmed the
successful biosynthesis of CuNPs, with peak intensity increasing over time and reaching a maximum at 120 h.
A slight red-shift in the SPR peak position suggests particle growth or aggregation, consistent with previous
studies®*~3,

In parallel, the absorption spectra demonstrated a gradual decrease in the dye peak around 510-520 nm
during the decolorization of AR88 over 24, 48, 72, and 120 h, indicating progressive biodegradation by bacterial
strain N. Gaussian fitting curves further confirmed the temporal decline in chromophore intensity, which was
visually supported by the fading color of the solution (Fig. 2A). These results suggest the simultaneous synthesis
of CuNPs and degradation of dye molecules, highlighting the multifunctional capability of the strain.

FTIR analysis

Fourier-transform infrared (FTIR) spectroscopy (Fig. 2B) was performed to elucidate the functional groups
involved in dye degradation and nanoparticle biosynthesis. The untreated bacterial supernatant (spectrum b)
exhibited typical peaks at 3434 cm™! (O-H stretching), 2906 cm™! (C-H stretching), 1657 cm™! (amide I, C=0
stretching), and 1404 cm™! (amide II, C-N stretching), indicative of proteins, carbohydrates, and other cellular
metabolites.

After CuNP formation (spectrum a), notable reductions in the intensity of amide bands and the emergence of
anew peak at 616 cm™!'—assigned to Cu-O bonding—were observed, signifying the involvement of biomolecules
in nanoparticle stabilization. Additionally, FTIR analysis of decolorized dye samples revealed the disappearance
or shifting of azo and aromatic group peaks, supporting the chemical breakdown of AR88 by bacterial action.
These spectral changes collectively underscore the role of microbial metabolites in both the biotransformation
of pollutants and nanoparticle formation.

XRD analysis

X-ray diffraction patterns (Fig. 2C) confirmed the crystalline nature of the biosynthesized CuNPs. Diffraction
peaks at 20 values of approximately 43.4°, 50.5°, and 74.2° correspond to the (111), (200), and (220) planes of
face-centered cubic (FCC) copper, aligning with standard JCPDS card No. 04-0836. The absence of peaks for
Cu,O or CuO phases suggests the predominant presence of metallic copper. Peak broadening is indicative of
nanoscale crystallinity. The average crystallite size was estimated at 27.88 nm using the Debye-Scherrer equation.
In a related study, Ashrafi et al. characterized Ag/CuO nanoparticles in epoxy composites and confirmed their
presence through multiple XRD peaks™®.

Micrococcus endophyticus YM56238(T) EU006372

, _{ Micrococcus luteus NCTC2665(T) CP001628
78| | Micrococcus lylae strain Cul
Micrococcus psychrophilum T2(T) AJ005932
| Micrococcus flavus LW4(T) DQ491453
Citnicoccus nitrophenolicus PNP1(T) GU797177
‘“3{ | Citnicoccus zhacaiensis FS24(T) EU305672
*

Citnicoccus parietis 02-Je-010(T) FM992367

— = Bacillus cereus ATCC14579(T) AB190226
0.010

-

Fig. 1. The phylogenetic tree shows the relation of strain Cul with similar strains in GenBank.
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Fig. 2. (A) UV-Vis absorption spectra showing the decolorization of AR88 dye over time (24, 48, 72, and

120 h) using the bacterial treatment. The corresponding Gaussian fitting curves demonstrate the progressive
decrease in absorption, particularly around 510-520 nm, indicating effective dye degradation. Inset images
show the visual color change of the dye solution at different time points. (B) FTIR spectra of (a) untreated
ARS8 dye and (b) bacterial decolorization product after 120 h, indicating changes in functional groups due to
biodegradation, including the disappearance or shifting of characteristic azo and aromatic peaks, XRD pattern
of CuNPs produced using strain Cul (C), EDX spectrum (D), SEM images of CuNPs produced using the CFE
by strain Cu, (E,F), and Biosynthesized CuNPs size distribution (G).
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EDX analysis

Energy-dispersive X-ray spectroscopy (Fig. 2D) revealed copper as the predominant element (52.6 wt%), with
substantial amounts of oxygen (33.6 wt%), carbon (7.7 wt%), and nitrogen (6.1 wt%). The oxygen signal may
stem from partial surface oxidation or organic capping agents. The detection of carbon and nitrogen further
supports the role of biomolecules—likely proteins and polysaccharides—in nanoparticle stabilization. Similar
elemental compositions have been reported by Rani Verma et al. for CuO-NPs synthesized using Prunus
amygdalus extract.

SEM analysis

Scanning electron microscopy (Fig. 2E,F) revealed predominantly spherical CuNPs with moderate agglomeration
levels, typical of biologically synthesized nanomaterials. Such aggregation may arise from drying effects or
limited dispersion forces without synthetic surfactants. The particle sizes, as measured from SEM images, were
in agreement with the nanometric dimensions estimated from XRD data. Particle size analysis using Digimizer
software showed a distribution ranging from 10 to 20 nm (minimum) to 30-40 nm (maximum), as depicted in
Fig. 2G.

Collectively, the analytical data confirm the successful biosynthesis of stable, crystalline CuNPs with a
predominantly metallic core and a surface layer composed of organic and/or oxidized components. The
biomolecules in the bacterial culture facilitated the reduction of Cu?* ions and acted as natural capping agents,
contributing to the colloidal stability of the nanoparticles. These attributes underscore the potential applicability
of biosynthesized CuNPs in biomedical, antimicrobial, and catalytic domains.

Antimicrobial assay of CUNPs

As shown in Fig. 3, Cu nanoparticles exhibit their antimicrobial properties by inhibiting the growth of standard
bacteria around the wells. The investigation of the antimicrobial effects of AR88 and M-BD on standard strains
indicated that AR88 had a strong inhibitory effect on bacteria. In contrast, M-BD showed no antimicrobial
activity against the standard strains. These findings suggest that after the decolorization process, the toxicity of
the dye to bacteria is reduced. This antimicrobial effect is attributed to the ability of copper to damage cellular
functions, generate reactive oxygen species (ROS), and disrupt bacterial proteins and DNA. Copper damages
microbial cells by generating ROS and disrupting metalloproteins, giving them antimicrobial properties. The
innate immune system also enhances phagocytosis and increases ROS production, boosting bactericidal activity.
Copper-containing nanoparticles (NPs) inhibit microorganisms through mechanisms similar to other copper-
based materials. Numerous studies have shown that these NPs exhibit stronger antimicrobial properties than
conventional copper materials, although the exact reason remains unclear. Due to their higher surface area and
distinct crystalline structure, copper NPs can interact with various microbial cell components through unique
mechanisms, enhancing their antibacterial effectiveness. Due to their higher surface area and unique crystal
structure, CuNPs outperform regular copper materials by releasing more copper ions and triggering multiple
antibacterial mechanisms, making them less susceptible to microbial resistance®®. Hosseinzadeh et al.*” studied
the antibacterial effects of Cu,O nanoparticles on E. coli and S. aureus, demonstrating their strong antimicrobial
properties. In 2021, Rakhshan et al.** found Cu,O nanoparticles effective against B. subtilis, while Nikouharf
Fakher et al. confirmed the antibacterial activity of Ag/AgCl nanoparticle composites against pathogenic
bacteria.

Various studies have explored the synthesis of nanoparticles with diverse antimicrobial and other beneficial
properties®. Zinc oxide nanoparticles from Talaromyces islandicus inhibited multidrug-resistant bacteria
without affecting seed germination®®. Silver nanoparticles synthesized using Cucumis sativus and Penicillium
brasilianum exhibited moderate antimicrobial and anticancer effects®. Silver nanoparticles from Lagerstroemia
speciosa flower buds showed significant antimicrobial and anticancer potential®’. However, silver nanoparticles
from Streptomyces sp. NS-33 had antimicrobial activity but was toxic to plant cells, limiting their use*!. Proteus
mirabilis 10B biosynthesized CuO-NPs with strong antimicrobial properties and a pure crystalline structure*2.
Furthermore, Almahdy et al. developed a CuO-TiO, nanocomposite using Candida sp., which showed excellent
stability and potent antimicrobial activity, reducing biofilm formation and microbial contamination by as much
as 80%. Lastly, a CuFe hybrid nanocomposite synthesized from Streptomyces cyaneofuscatus exhibited significant
antimicrobial, anticancer, and dye adsorption properties, effectively reducing pathogen growth by over 70% and
removing 68% of dye*’.

Biotoxicity of CUNPs

Brine shrimp was used as an indicator to assess the toxicity of biosynthesized CuNPs on living organisms. The
results showed that within 24 h, more than half of the shrimp died at a concentration of 0.5 ug/ml CuNPs
(Fig. 4). To evaluate the toxicity of CuNPs, radish (R. sativus L.) seeds were also used. The RRG and RSG
values for CuNPs were measured at 0.15% and 15%, respectively (Fig. 5A,B). Additionally, the germination
index (GI) in the presence of CuNPs was 2.25% (Fig. 5C). The results also showed that the seed length in
the control and CuNPs-treated samples was 3 cm and 2.9 cm, respectively (Fig. 5D). Various studies have
investigated the toxicity of nanoparticles on plant seeds and living organisms. Mehrzad et al.’! demonstrated
that TiO nanoparticles exhibit high toxicity and reduce radish seed growth, which aligns with the findings of
this study. These results highlight that the toxicity of nanoparticles varies depending on the type of organism
and emphasize the importance of identifying their potential risks to the environment, food chains, and plant
growth. Arumugam et al. also examined the biotoxicity of biosynthesized Cu,0-NPs using Panchagavya
through a brine shrimp assay and found that these nanoparticles exhibited very low toxicity*!. In another study,
copper diethyldithiocarbamate nanoparticles were synthesized using bacterial and green chemistry methods.
The green-synthesized nanoparticles demonstrated superior anticancer effects, including apoptosis induction

Scientific Reports |

(2025) 15:18903 | https://doi.org/10.1038/s41598-025-03427-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ok K K P
v i
k% K | S
| |
* % ok K f.
. |
¥ 3k ok ok

* %k Xk %k %k %k %k %k

* %k kX% * %k X% %k

30+

N
o

1
dfpand g

1

1l

| ! i
/‘ . [
2DLIGIUASAp "§  Snaanp °§

-
o
1

Inhibition Zone (mm)
suva1qp *)

Fig. 3. The antimicrobial effects of CuNPs on standard strains. The number of stars indicates the level of
significance based on Tukey’s test (****P-value < 0.0001; ns not significant). Error bars represent the 95%
confidence interval.

and inhibition of cell migration, which were attributed to their smaller size and enhanced cellular uptake®.
In one study, a nanocomplex combining disulfiram and copper oxide nanoparticles was developed to enhance
the anticancer properties of disulfiram, showing improved stability, effectiveness, and cellular absorption®.
Another study used a microbial consortium to completely degrade methylene blue in wastewater with non-toxic
byproducts, proving its effectiveness in treatment*>.

Toxicity of AR88 dye before and after biodegradation

Toxicity tests on AR88 dye and its biodegraded product (M-BD) using the BST assay revealed that AR88 exhibits
high toxicity, whereas M-BD shows minimal toxicity. M-BD could not eliminate 50% of Artemia salina (Fig. 4).
In a similar study, Mehrzad et al.>! assessed the toxicity of Blue 41 dye before and after degradation using the
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Fig. 4. Toxicity evaluations were conducted with A. salina after 24 h exposure to different concentrations
of CuNPs, AR88, and M-BD. Error bars in the chart represent the 95% confidence intervals for the
measurements.

BST assay. Their findings indicated that while Blue 41 had high toxicity, its biodegradable product (M-BD)
exhibited significantly lower toxicity. To assess the toxicity of the AR88 dye and its biodegradable product (M-
BD), R. sativus L. seeds were used. The RRG and RSG values for AR88 were calculated as 0.16% and 16%,
respectively, while for BD-P, these were 0.83% and 80% (Fig. 5A,B). Additionally, the germination index (GI)
for AR88 was 2.56%, whereas M-BD exhibited a GI of 66.40%. The control sample (water) showed a GI of 100%
(Fig. 5C). These findings indicate that AR88 has high toxicity, significantly inhibiting seed growth, whereas
the control samples exhibited proper growth. Furthermore, the measurement of radish seed length revealed
that in the control, AR88, and the biodegraded AR88 product, the seed lengths were 3 cm, 0.5 cm, and 2.5 cm,
respectively (Fig. 5D). Moreover, a study by Seyedi et al.*” on the toxicity of Disperse Blue 60 dye in radish seeds
demonstrated that this dye exhibits high toxicity. In contrast, its biodegradable product shows significantly lower
toxicity.

Biodegradation of AR88 with CFE strain N without/with CUNPs

In the first stage, AR88 was added to the CFE of strain N. The results demonstrated that the CFE exhibited a
high decolorization capability, completely degrading AR88 within 24 h. The decolorization efficiency reached
100% (Fig. 6A), and the decolorization products were illustrated using UV-Vis (Fig. 6B). In the next stage,
AR88 and 30 mg/ml of CuNPs were added to the CFE. The results indicated that the CFE achieved complete
ARB88 decolorization within 11 h with 100% efficiency (Fig. 6C), and the decolorization profile was further
analyzed using UV-visible (Fig. 6D). The metabolic degradation of AR88 by the CFE was investigated using
GC-MS and FTIR analyses. The GC-MS results confirmed the complete degradation of AR88 (Fig. 8B). The
degradation pathway of Acid Red 88 (Fig. 8A) revealed its breakdown into various low-molecular-weight
compounds. Acid Red 88, which contains sulfonate groups and aromatic rings, was enzymatically converted into
several intermediate compounds. These included (Z)-1-hydrazono-1,8a-dihydronaphthalen-2(4aH)-one, which
features a naphthalene ring with a hydrazono group and specific oxygen positions, and sodium naphthalene-
1-sulfonate, which consists of a naphthalene ring with a sulfonate group. Further enzymatic processing led to
the formation of (Z)-6-hydrazono cyclohex-2-enone and sodium benzenesulfonate. This degradation pathway
breaks down Acid Red 88 into simpler, lower-molecular-weight molecules.

FTIR spectroscopy analysis indicates that the absence of specific peaks in the 670-870 cm™ range signifies
the complete decomposition of aromatic structures associated with benzene rings. This process leads to the
breakdown of aromatic frameworks, while functional groups attached to these rings detach due to N-induced
strain. Removing the C-NH, peak in the 1031-1118 cm™ range confirms this phenomenon. Additionally,
the reduction in the peak intensity above 3000 cm™}, corresponding to N-H vibration, is evident after the
decolorization process. The disappearance of the peak in the 1210-1320 cm™! range further indicates the
elimination of the C-O bond in the final products. Moreover, the emergence of a peak in the 1620-1680 cm™
region suggests the formation of C=C bonds, while the reduction of the N-O bond peak in the 1515-1560 cm™
range demonstrates its presence in the initial dye spectrum but not in the final product. In the spectrum of
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Fig. 5. Evaluation of biotoxicity using radish seeds after seven days of sun exposure (comparison of RRG
(A), RSG (B), and (comparison of GI) (C), The sizes of radish seeds are in order from the left control H,0 (3
cm), AR88 dye (0.5 cm), AR88 product (2.5 cm), and CuNPs (2.9 cm), respectively (D). The number of stars
indicates the level of significance based on Tukey’s test (****P-value <0.0001; ns not significant). Error bars in
the chart represent the 95% confidence intervals for the measurements.

ARS8 dye, a distinct peak in the 1578-1611 cm™ range corresponds to the azo bond. The disappearance of
this peak in the decolorized products suggests the complete breakdown of the azo bond. Other observed peaks
are related to C-H stretching vibrations (Fig. 7). Additionally, the degradation pathway of AR88 is explicitly
illustrated in Fig. 8A. Previous studies have demonstrated the effectiveness of various bacterial strains in the
biodegradation of industrial dyes. Nazari et al.*® achieved 100% decolorization of Disperse Blue 183 using
Enterococcus casseliflavus A2, with GC-MS confirming complete dye degradation. In another study, Nazari et
al.® reported that Enterobacter cloacae, immobilized in Ca/Alg beads, efficiently decolorized Reactive Blue 19, as
verified by FTIR and GC-MS. Similarly, Seyedi et al.*® found that bacterial strains from Kashan textile effluent
successfully removed Reactive Red 152 at pH 9 within 48 h. Seyedi et al.*’ also identified four bacterial strains
(F52, C43, C19, and C25) capable of decolorizing Disperse Blue 60 with efficiencies between 93 and 100%.
These findings highlight the efficiency, sustainability, and eco-friendliness of treating industrial dye wastewater.
The FTIR and GC-MS analyses confirm the breakdown of aromatic rings and azo bonds, demonstrating the
potential of bacterial strains in degrading complex organic compounds. Given the significant environmental
impact of textile wastewater, bioremediation offers a safer and more sustainable alternative to conventional
chemical and physical methods. Further optimization of these strategies could reduce pollution and promote
sustainable wastewater management.

CuNPs stabilization on bacteria strain N for AR88 dye degradation

After the fixation process, the presence of CuNPs on the surface of strain N was evaluated using SEM-EDX.
The results of this analysis are presented in Fig. 9A,B, while the EDX spectrum confirms the stabilization of
CuNPs on the bacterial surface (Fig. 9C). Furthermore, fixation was utilized to degrade the AR88 dye. The
findings revealed that the strain containing CuNPs achieved complete (100%) degradation and removal of AR88
within 13 h. The application of metal nanoparticles, particularly CuNPs, significantly enhances the dye-removal
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Fig. 6. (A) Decolorization of Acid Red 88 (AR88) without CuNPs by CFE of bacterial strain N, isolated from
Kashan textile effluent: (a) control culture and (b) culture after bacterial decolorization (BD) following 24 h
of incubation. (B) UV-Vis absorption spectra of AR88 without CuNPs before (blue) and after (red) BD by
strain N after 24 h, including Gaussian fitting curves for both. (C) Decolorization of AR88 in the presence of
CuNPs by bacterial strain N: (a) control culture and (b) culture after BD following 11 h of incubation. (D)
UV-Vis absorption spectra of AR88 with CuNPs before (blue) and after (red) BD by strain N after 11 h, with
corresponding Gaussian fit curves.

potential of bacteria. These nanoparticles act as highly efficient catalysts, accelerating the degradation process
and reducing reaction times, thereby improving the biodegradation efficiency of bacteria. Moreover, stabilizing
nanoparticles on the bacterial surface augments their decolorization capacity. It enhances their stability and
resistance in contaminated environments, enabling them to survive and function effectively under harsh
environmental conditions. These results are consistent with previous research, such as the study by Mehrzad et
al’!, which examined the stabilization of NSTO nanoparticles on strain N for the complete degradation of Blue
41 dye. Their findings similarly demonstrated that nanoparticle stabilization on bacteria resulted in rapid and
complete dye degradation.

Another study showed that a bacterial consortium consisting of Raoultella planticola, Ochrobactrum
thiophenivorans, Bacillus flexus, and Staphylococcus xylosus effectively degraded methyl orange under high
salinity conditions. The metabolic byproducts had low toxicity, and the consortium performed well in treating
agricultural and industrial wastewater®!. Anchani et al.'® investigated the removal of malachite green dye from
water using copper oxide nanoparticles. These nanoparticles were synthesized through an environmentally
friendly approach, where copper sulfate was extracted from electronic waste and reduced using banana blossom
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Fig. 7. The FTIR spectra of AR88 and DP-ARSS.

extract. The method demonstrated a 92% efficiency in dye removal, presenting a sustainable and cost-effective
solution'®.

Conclusion

This study highlights the isolation of a novel copper-tolerant strain, Micrococcus lylae, from the Sungun copper
mine, demonstrating its potential for the biological synthesis of CuNPs. These nanoparticles exhibited potent
antimicrobial activity, efficient dye degradation, and promising anti-cancer properties with minimal toxicity.
Notably, combining CuNPs with M. alkaliphilum enhanced the degradation of the AR88 dye while reducing
its toxicity. The biodegradation of AR88 was assessed under different conditions, utilizing extracellular
metabolites and biomass with or without CuNPs. CuNPs were successfully anchored onto strain N, as confirmed
by SEM, which revealed their presence on the outer surface of the bacterial cells. Integrating CuNPs with
strain N significantly accelerated AR88 degradation, demonstrating exceptional efficiency. FTIR and GC-MS
analyses confirmed the complete breakdown of AR88, while toxicity assessments using brine shrimp and seed
germination assays indicated that the degradation byproducts and CuNPs exhibited low toxicity. Furthermore,
CuNPs displayed strong antibacterial properties, effectively removing dyes and microbial contaminants from
wastewater. These findings indicate the potential of biogenically synthesized CuNPs via M. lylae as a sustainable,
eco-friendly solution for environmental remediation and biomedical applications.
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