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Abstract
Arsenic contamination is a significant environmental concern indirectly affecting 
human population. Application of haloarchaea and their biomolecules such as 
bacterioruberin (BR) and selenium nanoparticles (SeNPs) may play a role in alleviating 
arsenic toxicity. Considering this, the present study was directed to evaluate 
antioxidant and antimicrobial properties of SeNPs and BR produced by Haloferax 
alexandrinus GUSF-1 (KF796625) as well as the assessment of interaction of these 
biomolecules with arsenic to elucidate their possible role in ameliorating arsenic 
toxicity in human lymphocytes. In addition, study determined the growth behavior 
and cellular pigmentation pattern of strain GUSF-1 in the presence of arsenic. The 
results showed the dose-dependent activity of BR and SeNPs against pathogens and 
more than 50% DPPH radical scavenging activity as well as reduced DNA damage 
in human lymphocytes associated with arsenic. Interaction of BR and SeNPs with 
arsenic revealed reduction in intensity and shifts in peak demonstrating the possible 
interaction of biomolecules and was further confirmed through FTIR. Growth and 
pigment behavior by GUSF-1 indicated reduced growth and pigmentation in 
the presence of 5 µM and 10 µM arsenic in complex medium, however showed 
characteristic peaks with lower intensities corresponding to bacterioruberin. 
Conclusively, the present findings suggested that, GUSF-1 and its BR and SeNPs will 
enhance knowledge of the cellular mechanisms underlying the tolerance mechanism 
to arsenic with a potential for heavy metal bioremediation potential and biomedical 
applications.

Article highlights
	• Haloferax alexandrinus GUSF-1 is an haloarchaeon which tolerate As (III) during 

growth.
	• GUSF-1 is a potent producer of bacterioruberin (BR) and selenium nanoparticles 

(SeNPs).
	• BR and SeNPs possess biological activities and ameliorate As (III) toxicity.
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1  Introduction
Global data reveals that arsenic contamination has affected over 108 countries, with the 
highest reports from about 32 Asian countries [1], with southern parts of Asia being 
highly polluted, including India [2]. WHO recommended 10 µg/L of arsenic in drinking 
water or 15 µg/Kg intake of inorganic arsenic [3]. Mining rejects from mining activity 
has been reported to pollute coastal waters worldwide [4]. Mining is the primary con-
tributor to the high concentration of metalloid arsenic in the sediments of the Goan 
estuarine region of the Zuari and Mandovi rivers [5]. Fondekar and Reddy studied the 
distribution of inorganic soluble arsenic along the coastal, estuarine, and sea waters 
of Goa on the West Coast of India [6]. Similarly, a research study by Zingde et al. [7, 
8] reported elevated levels of arsenic among crustaceans, causing mortality along the 
shores of South Goa. Arsenic is classified in group 1 of carcinogenic compounds and is 
the most significant mass poisoning of the population in history [9].

In humans, inorganic arsenic is reported to interfere with DNA expression and repair 
[9–12], causing arsenic-induced reactive oxygen damage to various organs [13]. The 
comet assay is used to study the genotoxicity of inorganic arsenic in human lympho-
cytes [14–16], wherein DNA damage is monitored by measuring the comet tail length 
and tail moment. Most studies are reported on using blood cells because they are easy to 
obtain, and their metabolic state can reflect the overall extent of body exposure to muta-
genic and carcinogenic agents. Certain advantages made the comet assay more popular 
than other genotoxic monitoring platforms, such as micronucleus assay, sister chroma-
tid exchange, and chromosomal aberrations. Comet assay is a versatile, rapid, sensitive, 
low-cost technology for analyzing and quantifying DNA damage at the cellular level. In 
addition, the assay requires a small number of cells per sample [17]. Generally, the for-
mation of stress granules (SGs) and a class of proteins called metallothioneins (MTs), 
enzymatic antioxidants such as reduced glutathione (GSH) and GSH-related enzymes, 
biomolecules such as jasmonic acid, different antioxidants like L-ascorbic acid and 
α-tocopherol are reported as cellular responses in the modulation of As-induced oxida-
tive stress [18–22].

In microorganisms, arsenic resistance is usually conferred by several ways. It includes, 
arsenite and arsenate resistance genes in the genome and mega-plasmid for reduction 
and oxidation, bioaccumulation of arsenic in the cell, surface adsorption through vari-
ous functional groups on the cell and biomolecules, the presence of radical scavenging 
ability of the biomolecules secreted in relation with oxidative stress and biosorption and 
methylation [23].

Haloarchaea, or halophilic archaea, is a major Euryarcheota group from the domain 
Archaea. In 2024, Cui and team proposed new members with validly published names 
under Halobacteria, consisting of nine families, 82 genera, and 351 species [24]. They 
are widely distributed in highly saline environments, with maximum growth occurring 
in the presence of 200–350 g/L (w/v) of NaCl [25]. These hypersaline environments are 
mostly polluted with non-useful toxic oxyanions/heavy metals (Pb, Cd, Hg, As) from 
anthropogenic activities [26]. The presence of these oxyanions forms an additional 
stress to the haloarchaea along with fluctuating salinity [27]. Haloarchaea possesses 
unique physiological and metabolic capabilities. They grow in high concentrations of 
cations and anions due to their high tolerance and requirements of these elements for 
growth. In addition, the unique cell structure of haloarchaea, consisting of different cell 
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envelopes, allows them to tolerate and resist toxic compounds in the environment and 
high salinity [28, 29]. Interestingly, haloarchaea growing in the presence of toxic metals 
are reported to synthesize nanoparticles [30] and perform the process of detoxification 
through their unique metabolic pathways [26, 29, 31–34]. Concerning arsenic, recent 
study highlighted increase tolerance of haloarchaea to 700 mM arsenic [35]. In other 
studies, haloarchaea such as Halorubrum sp. AD156 and BC156 from Andean Puna [36], 
Halorubrum, Natronomonas, Halonotius, Halohasta, Natronococcus and Halorhabdus 
from biofilms of Diamante lake [37] were retrieved which are involved in arsenic bio-
remediation. Haloarcula sp. IRU 1 from hypersaline lake of Urmia accumulate arsenic 
with 60–89% efficiency at 40 °C, pH 8 and 90 mg/L sodium arsenite [38]. Wang et al. [39] 
examined genome of Halobacterium sp. strain NRC 1 for genes responsible for arsenic 
resistance.

Recent exploration of haloarchaea and their biomolecules has focused on its potential 
use in biomedical, industrial, food, wastewater treatment, and bioremediation [25, 40]. 
Among haloarchaeal metabolites and their applications, using low-toxic carotenoids and 
nanoparticles in human therapeutics and diagnostic platforms is gaining momentum 
[40–42].

Haloferax alexandrinus GUSF-1 (KF796625) is a haloarchaeon from a salt pan in Goa- 
India. It grows optimally at 37 °C and with 25% NaCl. The culture is reported for its 
numerous bio-prospects, all of which are of industrial and environmental importance. 
For instance, culture is known to produce wide array of intracellular and extracellular 
proteins, carotenoids, exopolysaccharides etc. whose role has been exploited in various 
studies. The strain GUSF-1 is reported to show tolerance to heavy metals [43, 44]. The 
antioxidant potential of the culture is attributed to the production of characteristic C50 
carotenoids [45, 46]. Further, the strain is reported for its ability to reduce selenite and 
tellurite to nanoforms both mediated by the involvement of pigment and soluble intra-
cellular proteins [47, 48]. In addition, the strain showed tolerance to Fe (II) reducing to 
iron oxide by virtue of iron reductase [49]. Also, biogenic formation of biogenic forma-
tion of manganese-based mineral rhodochrosite [50] and Mn3O4-MnO2 nanocomposites 
[51] are reported. Their study highlighted the involvement of multicopper manganese 
oxidase for rhodochrosite formation and biomolecules in cell lysate produced by the 
strain for Mn (II) to Mn3O4-MnO2 nanocomposites. Patil et al. [52] exploited the poten-
tial of the strain for the reduction of silver nitrate to silver. They documented the role of 
carbonyl group corresponding to amino acids and proteins in the biogenic formation 
and stabilization of nanoparticles.

Over the past decades, efforts have been made to avert and ameliorate cellular dam-
age induced by arsenic using functionalized selenium nanoparticles such as porous Se@ 
SiO2, chitosan SeNPs, bovine serum albumin SeNPs, starch stabilized SeNPs [53] and 
plant-mediated selenium nanoparticles [54]. Similarly, natural antioxidants like pig-
ments are known to suppress the toxicity of arsenic by inhibiting the generation of free 
radicals and oxidative stress during arsenic metabolism in the body [55]. For instance, 
carotenoids such as β- carotene ameliorate the toxicity of arsenic in albino mice [56].

Considering the necessities to develop an efficient and low-toxic alternative to amelio-
rates arsenic toxicity affecting the human health and ecosystem, the present study was 
directed to (i) evaluate the antimicrobial and antioxidant potential of bacterioruberin 
and selenium nanoparticles produced by Haloferax alexandrinus GUSF-1, (ii) assess the 
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interaction of BR and SeNPs with arsenic (iii) elucidate their possible role in ameliorat-
ing arsenic induced DNA damage in human lymphocytes and iii) determine the growth 
behavior and cellular pigmentation pattern of strain GUSF-1 in the presence of arsenic.

2  Materials and methods
2.1  Chemicals and reagents

Media components, solvents, and chemicals used in the study were of analytical grade 
and were procured from Himedia laboratories and Sd-fine chemicals (India). A stock 
solution of 0.1 M sodium arsenite and 0.1 M sodium selenite solution was prepared sep-
arately in ultra-pure water (Millipore, Direct Q-3) and filtered by passing through a 0.22 
µ nitrocellulose filter. Normal melting point agarose (NMPA) and low melting point aga-
rose (LMPA) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

2.2  Culture and maintenance

The culture under study, Haloferax alexandrinus GUSF-1, was a salt pan isolate with 
GenBank accession number KF796625. The culture was routinely cultured at 37 
°C on NaCl Tryptone Yeast Extract agar (NTYE). The medium consisted of g/L: 20 
MgSO2.7H2O, 5 KCl, 0.2 CaCl2.2H2O, 5 Tryptone, 3 Yeast Extract, 250 NaCl/solar salt. 
Solar salt was weighed separately, dissolved in distilled water and filtered using adsor-
bent cotton. The clear filtered solution was added to the solution containing other 
medium components. Finally, CaCl2.2H2O was added to the medium in dropwise man-
ner to avoid precipitation of the medium during sterilization. The content was uniformly 
mixed and pH was adjusted to 7.0 ± 0.2 using 1 N NaOH [57].

2.3  Isolation of bacterioruberin (BR) and synthesis of selenium nanoparticles (SeNPs) by 

Haloferax alexandrinus GUSF-1

The culture was grown under optimum conditions in NTYE [45] to extract maximum 
pigment. After harvesting, the cells were washed with 15% NaCl and treated with meth-
anol in the ratio of 1:1 (cell mass: methanol, w/v). The content was kept undisturbed for 
2 h to extract pigment. The mixture was centrifuged at 10000 rpm, 10 min at 4 °C using 
a high-speed centrifuge (Eppendorf centrifuge 5804 R, Germany. Further, the extraction 
of BR in methanol was carried out according to Alvares and Furtado [46]. For the pro-
duction of selenium nanoparticles (SeNPs), Haloferax alexandrinus GUSF-1 was cul-
tured in NTYE containing 5 mM/L of selenite, according to Alvares and Furtado [47]. 
The nanomaterial was harvested from the cells using osmotic shock and washed thrice 
using Milli Q water. The nanomaterial was then dried in the oven, ground to a fine pow-
der and used for interaction with arsenic to evaluate alleviation of As (III) toxicity in 
human lymphocytes.

2.4  Antimicrobial activity of BR and SeNps

The antimicrobial activity of BR and biogenic SeNPs to inhibit the growth of pathogenic 
microbial strains was determined using the procedure of Sahli et al. [58] and Alvares et 
al. [51], respectively, with some modifications. A stock solution of 1 mg/mL of BR and 
SeNPs was separately prepared in methanol. Briefly, a loopful of freshly grown patho-
genic cultures (Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923) 
were inoculated individually in 25 mL of nutrient broth. After 24 h of incubation, 100 
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µL of each culture was spread plated on the nutrient agar, and the plates were kept for 
30 min for adsorption of the pathogens to the surface of the agar. Wells were bored using 
a sterile 6-mm cork borer. Further, 50 µL of the different concentrations of freshly pre-
pared BR and SeNPs (25, 50, 75, 100, 125, 150, 175, and 200 µg/mL) were added into 
separate wells. A standard broad-spectrum antibiotic, ciprofloxacin, at 10  µg/mL, and 
methanol was used as a positive and negative control, respectively. All plates were incu-
bated at 37 °C in the incubator and checked for inhibition of growth after 24 h.

2.5  Evaluation of free radical scavenging activity of BR and SeNps using the DPPH• method

The antioxidant activity of BR and SeNPs was carried out according to Alvares and 
Furtado [46] with minor modification. A fresh stock solution of 0.1 mM DPPH• reagent 
(HiMedia) was prepared using methanol. Briefly, 1 mL of different concentrations of BR 
(25, 50, 100, 300, 500, 700, 900 and 1000 µg/mL) and SeNPs (25, 50, 75, 100, 125, 150, 
175 and 200 µg/mL) and was separately reacted with 1 mL of DPPH• solution. The reac-
tion was incubated at 28 ± 2.0 °C in dark. After 30 min, the absorbance of the reaction 
mixture was measured at 517 nm using a UV-Vis spectrophotometer against methanol 
as blank. Ascorbic acid (50  µg/mL) (HiMedia) and 0.1 mM DPPH• in methanol were 
maintained as positive and negative controls, respectively, and were evaluated under 
similar conditions. The percent DPPH• radical scavenging activity (% DPPH• RSA) by BR 
and SeNPs was determined using equation.

% DPPH· radical scavenging activity = Absorbance (Negative Control) − Absorbance (Test /Positive Control)
Absorbance (Negative Control)

× 100

2.6  Antigenotoxicity property of BR and SeNps

A 30-year-old whose health status complied with the WHO guidelines for blood dona-
tion was considered a donor for human lymphocytes. The blood sample collected in a 
heparinized tube was centrifuged at 3000  rpm for 15  min. On visual observation, the 
lymphocytes, which were seen as whitish below the upper plasma layer, were collected, 
washed with equal volumes of 0.85%, w/v NH4Cl to remove contaminant RBCs, re-sus-
pended in 0.1  M Phosphate Buffer Saline (PBS), pH 7.4. The viability of the cells was 
checked by a 0.5% trypan blue exclusion test [59], after which they were adjusted to 107 
cells/mL using a hemocytometer and stored at 4 °C till further use.

The experimental setup was using a sterile 96-well micro-titre plate. Aliquots of 20 µL 
of the human lymphocytes were added/ suspended in the first well. A mixture of human 
lymphocytes with 10 µM of As (III) was added to well number 2. Likewise, human lym-
phocytes mixed with 10 µM of As (III) and 25 µg/mL of BR or 50 µg/mL of BR or 50 µg/
mL of SeNPs made up wells number 3, 4, and 5. Untreated lymphocytes and those sus-
pended in methanol as the negative control were added to wells 6 and 7. After the final 
volume in each of the wells was made up to 100 µL with 0.1 M PBS pH 7.4, the plate was 
incubated at 37 °C for two h. The experimental setup was carried out in duplicate.

2.6.1  Assessment of antigenotoxicity by comet assay

The comet assay protocol of Dhawan et al. [60] was used to assess the antigenotoxicity. 
Under dim light conditions, freshly prepared 400 µl 1% w/v NMPA was poured on a fully 
frosted glass slide, covered with a coverslip, and allowed to stand at room temperature. 
After removing the coverslip, separate NMA slides were layered with a mixture of 80 µl 
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of 0.5% w/v low melting point agarose (LMPA) in 0.1 M PBS, pH 7.4 and 20 µL of either: 
(i) human lymphocytes; (ii) human lymphocytes exposed to methanol; (iii) human lym-
phocytes exposed to As (III); (iv) human lymphocytes exposed to As (III) and 25 µg/ mL 
of BR (v) human lymphocytes exposed to As (III) and 50 µg/ mL of BR (vi) human lym-
phocytes exposed to As (III) and 50 µg/ mL of SeNPs. A third layer of 100 µL LMPA was 
added over the second layer and covered with a coverslip. The slides were then placed 
in freshly prepared, cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10% 
DMSO, and 1% TritonX-100; pH was adjusted to 10 using 2 N NaOH) in a Petri-dish 
at 4 °C for 16 h. Each slide was immersed in a horizontal electrophoresis tank contain-
ing buffer (300 mM NaOH, 1 mM EDTA, pH 13.5) and allowed to stand for 20 min at 
room temperature (RT) to enable the unwinding of DNA. Electrophoresis was run at 
18 V and 300 mA for 30 min. Each slide was placed in pre-chilled neutralization buffer 
(0.4 M Tris–HCl, pH 7.5) for 10 min, rinsed with distilled water, and stained with 80 µL 
of 15 µg/ mL ethidium bromide. A cover slip was placed over the gel on the diffusion of 
ethidium bromide and viewed using a fluorescence microscope (BX53 Olympus fluores-
cence microscope-Japan) at 200X magnification and a green filter. Images of individual 
slides were captured using ProgRes®Capture Pro 2.7. Each captured image was analyzed 
using CASP image analysis software in Poland for DNA content in terms of its percent-
age damage [61].

2.7  Interaction of BR and SeNps with arsenic

After successful extraction of BR and SeNPs produced by GUSF-1, the interaction of BR 
and SeNPs with As (III) was determined separately using UV-visible dual beam spec-
trophotometer. BR and SeNPs were dissolved in methanol and Milli Q water to prepare 
100  µg/mL solution, respectively. Sodium arsenite was dissolved in Milli Q water to 
achieve 10 µM solution. To study interaction, As (III) and BR/SeNPs were reacted in 
1:1 ratio and incubated at RT. After 2 h, the content was scanned in the range of 300–
600 nm to monitor any changes in peak patterns and intensity with appropriate solvent 
as blank using UV-visible dual beam spectrophotometer. For control reaction, BR and 
SeNPs were incubated in respective solvent in 1:1 ratio under similar conditions and 
processed as described earlier. Interaction of BR and SeNPs with arsenic in each case 
was repeated thrice for different time interval to choose the best fit scans demonstrating 
the interaction.

2.8  Analysis of components associated with BR and SeNps using FTIR

A proof of concept experiment was conducted to ascertain the biocomponents associ-
ated with BR and SeNPs responsible for the shift in the plasmon band upon interaction 
with arsenic. BR and SeNPs were finely ground with KBr separately in the 1:10 (w/w) 
ratio in this experiment. The KBr-BR and KBr-SeNPs pellets were then scanned in the 
4000–400 cm− 1 range at a resolution of 4 cm− 1 (IRPrestige-21 Shimadzu). The obtained 
scans were analyzed for bands corresponding to functional groups associated with BR 
and SeNPs to unveil the components responsible for interaction with arsenic.

2.9  Growth and pigment production by GUSF-1 in the presence of arsenic

A 5% of freshly grown culture in NTYE was inoculated separately in 100 mL of NTYE 
with 5 µM and 10 µM of As (III) and without As (III) in 250 mL Erlenmeyer’s flask. The 
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flasks were incubated at 37 °C, under shaker conditions at 120 rpm in a BOD incubator 
(REMI CIS-24 PLUS, India). Growth of the culture in all three media were monitored 
daily for period of 8 days as absorbance at 600 nm using a UV-visible dual beam spectro-
photometer (Shimadzu-UV 1601, Japan) against an uninoculated medium as a reference 
solution. Experiments was carried out as three biological replicates to ensure reproduc-
ible results and average values were reported with standard error.

Further, the extent of pigment production in the presence and absence of As (III) 
was monitored to see the effect of arsenic. After 8 days, a fully-grown culture in each 
broth with and without arsenic was centrifuged and cells were suspended in methanol 
in 1:1 ratio (w/v). Each cell suspension was sonicated for 5 min cycle and centrifuged at 
10,000 rpm, 4 °C for 10 min. The extracted pigment in the supernatant was scanned in 
the range of 300–600 nm against solvent methanol using UV-visible dual beam spectro-
photometer. The difference in spectral scans with respect to shifts in peak and intensity 
corresponding to bacterioruberin was monitored [57]. Extraction and analysis of pig-
ment in each case was repeated for different period to ensure the reproducibility and the 
quality of the extracted pigment.

2.10  Statistical analysis

All determinations in the present study was carried out in triplicates and control experi-
ments without arsenic was performed under identical conditions. Results were expressed 
as mean of three replicate values ± standard error determined using Microsoft Excel. For 
comet assay, IBM-SPSS 23 software, USA, a one-way analysis of variance (ANOVA) was 
performed to assess the overall variation in DNA damage and protection to human lym-
phocytes exposed to 10 µM As (III) (experiment carried out in triplicates). Further, the 
inter-individual differences between arsenic-induced DNA damage to human lympho-
cytes and protection by bacterioruberin were compared using Dunnett’s multiple com-
parison test. A level of probability of p < 0.05 was considered statistically significant data.

3  Results and discussion
Globally, heavy metal/oxyanion pollution has increased widely, resulting in environ-
mental and human health-associated problems. These contaminations are reported to 
severely affect the marine environments, including the highly saline econiches. The con-
taminants primarily included are heavy metals /oxyanions like Cd, Hg, As, Cr, Cu, Zn, 
Fe, Ni, etc. Among these, Pb, Cd, and Hg do not exhibit any biological role and cause 
oxidative stress [28, 34]. Compared to conventional chemical methods for removing 
toxic pollutants, biological approaches possess several advantages, such as being bio-
compatible and non-toxic, transforming toxic heavy metals, and simultaneously produc-
ing nanoparticles. Arsenic contamination is a widespread global issue; documented for 
human toxicity at low concentrations, besides affecting microorganisms’ cellular growth 
and metabolism [34]. Over a past decade, arsenic bioremediation using microorganisms 
have been highlighted in various studies [23].

Although there exist studies on carotenoids characterization and their biological prop-
erties from haloarchaea [41], few reports are available on the synthesis of nanoparticles 
of silver [52, 62], selenium [47, 62–64], tellurium [48], manganese [50, 51], and iron 
[49]. Further, only one study has been carried out on the antioxidant activity of SeNPs 
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produced by haloarchaea [64], and only one report on the antimicrobial properties of 
SeNPs against human pathogens [62].

Previously, Alvares and Furtado [46] cultured GUSF-1 in 5 L of NTYE to produce pig-
ment and analyzed the multiple components that comprised the total pigment in the 
cell. In their study, 107 g of cell biomass is recovered and used to study the multi-com-
ponents with bioactive potential. In another study, the biological production of SeNPS 
from GUSF-1 is investigated with the capacity to modulate calcium oxalate crystals [47]. 
Therefore, the current research aimed to evaluate the bioremediation potential of strain 
GUSF-1 achieved via its multi-component pigment and SeNPs and to determine their 
role in ameliorating arsenic toxicity, while also evaluating the antimicrobial and antioxi-
dant features.

3.1  Isolation of BR and synthesis of SeNps

The culture grew with an orange pigment in 1  L of NTYE broth (Fig. S1), producing 
20 g of wet cells. The pigment (BR) extracted from the wet cells, weighed approximately 
10 mg/L and was stored in a vial at 4º C wrapped in aluminum foil. Selenium nanoparti-
cles production was achieved during the growth of the culture in 5 mM sodium selenite 
(containing 0.394 g/L of selenite) visible as brick-red particulate matter after 7 days (Fig. 
S2). Cell lysis of the cell biomass resulted in a total of 0.22 g of SeNPs, which was washed 
with Milli - Q water, oven-dried, ground to a fine powder, and used for further stud-
ies. In our previous study, SeNPs produced by GUSF-1 was characterized in detail using 
various spectroscopic and microscopic techniques. Transmission electron microscopy 
showed crystalline pentagonal nanoforms of average size of 11.6 nm. The X-ray diffrac-
tion and Energy disruptive analysis of X-ray highlighted peaks indicative of selenium. 
Further, SeNPs are used to modulate calcium oxalate crystals.

3.2  Antibacterial activity of bacterioruberin and selenium nanoparticles

The antimicrobial activity of BR and SeNPs was estimated using an agar-well diffusion 
assay. The results revealed that bacterioruberin and selenium nanoparticles produced 
by Haloferax alexandrinus GUSF-1 showed promising antibacterial activity against 
E. coli ATCC 25,922 and S. aureus ATCC 25,923 (Fig.  1; Fig. S3). However, relatively 
lesser inhibition zones were observed in the 13–20  mm range. Abdollahnia et al. [62] 
observed moderate antibacterial activity for selenium and silver nanoparticles pro-
duced by halophilic archaea and bacteria due to the extreme nature of nanoparticles 
where their capping agents is not involved in increasing the antimicrobial activity as 
reported for biogenic nanoparticles produced by non-extremophiles. They documented 
smaller size, low polydispersity index, and high stability of archaeal-based SeNPs that is 
responsible for antibacterial activity. Sahli et al. [58] reported the antimicrobial activ-
ity of carotenoids from Halorubrum sp. BS2 against S. aureus, E. coli, P. aeruginosa, 
and K. pneumonia in the 13–15 mm range. Likewise, Haloferax sp. ME16 carotenoids 
displayed antibacterial activity against human and fish pathogenic strains evaluated by 
the agar disk diffusion method [65]. The antimicrobial activity of bacterioruberin and 
SeNPs is attributed to either of the proposed mechanism. SeNPs and BR can interact 
with the functional groups associated with microbial proteins and enzymes, altering 
their structures. They can block the membrane transport of ions and nutrients through 
the cells and inhibit metabolic pathways. They can deplete cellular ATP and disturb the 
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membrane potential, inhibiting microbial growth. Other reasons may be the inhibition 
of dehydrogenase activity and cell integrity destruction, inhibition to form microbial 
biofilm, and catalytic action against the bacteria [65, 66].

3.3  Antioxidant activity of BR and SeNps

DPPH• is widely used to determine antioxidants’ free radical scavenging abilities because 
it acts as a stable free radical donor. The scavenging activity of carotenoids involves elec-
tron transfer from the carotenoid to the DPPH•, generating a radical cation attached to 
the carotenoid [67]. The present study determines the abilities of bacterioruberin and 
SeNPs synthesized by GUSF-1 to scavenge DPPH•. It was found that, with an increase in 
the bacterioruberin concentration, there is an increase in the trend for DPPH• RSA. The 
effect was dose-dependent with a maximum of 83.36 ± 0.30% DPPH• RSA at 1000  µg/
mL concentration of bacterioruberin (Fig. 2a, Fig. S4a). The purified BR from GUSF-1 
exhibited 80% ± 0.32% DPPH• RSA at 1000 µg/mL [46]. Hou and Cui [68] analyzed the 
antioxidant potential of carotenoid extracts from different haloarchaea, such as Hfx. 
volcanii, Hgn. rubrum, Hpl. inordinate, Hgm. rufum, Hgm. limi, Hpn. vescus, and Hap. 
litoreus. Specifically, carotenoids from Haloferax sp. ME16 displayed maximum anti-
oxidant activity compared to standard ascorbic acid [65]. Similarly, predominant carot-
enoids such as bacterioruberin and bisanhydrobacterioruberin from Halorubrum sp. 
BS2 possessed 99% DPPH radical scavenging activity higher than ascorbic acid [58]. 
A recent report by Nagar et al. [69] documented the antioxidant activity of pigment 
extracts rich in C50 carotenoids and bacterioruberin (BR) derivatives from Haloarcula 
sp. E2 and Halorubrum sp. M5 in the 67–70% range between 100 and 400 µg/mL con-
centration. Bouhamed et al. [70] reported high antioxidant activity of bacterioruberin 
extracted from H. salinarum across four oxidizing assays. At 400 µg/mL concentration, 

Fig. 1  Antimicrobial activity of BR and SeNPs against E. coli ATCC 25,922 and S. aureus ATCC 25,923
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carotenoid exhibited 89.65% DPPH radical scavenging activity. The structure of bacte-
rioruberin displays extensive 13 conjugated double bond system with two acyclic phi φ 
end groups and four OH. All these three characteristics of bacterioruberin, such as the 
length, conjugated double bonds, and functional groups, contribute to the antioxidant 
capacity [41, 46, 69].

The SeNPs showed a similar trend of increasing scavenging activity with increased 
nanoparticle concentration. A maximum of 73.9 ± 0.20% DPPH• RSA was detected for 
200 µg/ mL of SeNPs (Fig. 2b; Fig. S4b). Overall, the DPPH radical scavenging activity 
of SeNPs was higher than BR at the same concentrations. As reported by Nagar et al. 
[64], pigment and other biomolecules in haloarchaea are involved in the capping of the 
nanoparticles may synergistically enhance the antioxidant activity of the SeNPs. In their 
study, SeNPs produced by genera Haloferax, Haloarcula, and Halogeometricum exhib-
ited 70.5%, 70.3%, and 71.5% DPPH radical scavenging activity, respectively [64]. Further, 
the EC50 concentration values for BR and SeNPs were found to be 18 ± 10 µg/mL and 
10 ± 6.0 µg/mL, respectively (Fig. S5a) comparable to the EC50 value of standard ascorbic 
acid reported previously [45]. High standard deviation for EC50 values for DPPH radical 
scavenging activity indicates that a wide range of BR and SeNPs concentrations may be 
required to achieve 50% reduction in DPPH free radicals suggesting significant variabil-
ity. This might be due to heterogeneity in BR and SeNPs composition due to associated 
proteins, enzymes and ions during the synthesis that may require further purification 
of antioxidant molecules. This further need attention to validate antioxidant potency of 
BR and SeNPs for their future possible use in biomedicine. Fig. S5b–g denotes the dose 
dependent curves for the percentage DPPH radical scavenging activity plotted against 
log10 [BR/SeNPs] concentration. These dose-response curves were plotted for each trip-
licate and used for determination of EC50 values. Furthermore, low EC50 values for BR 
and SeNPs beyond the concentrations depicted in Fig. 2b signifies the ability of the mol-
ecules to enhance antioxidant activity at lower concentrations. This was supported by 
the Fig. S5h & i, wherein, lower concentration of BR and SeNPs showed DPPH radical 
scavenging activity. However, at these concentrations, the antioxidant percentages were 
relatively similar for 5, 10, 15 and 20 µg/mL of BR and SeNPs.

Fig. 2  Antioxidant activity of BR (a) and SeNPs (b) using DPPH radical scavenging assay. Each antioxidant activity 
of BR and SeNPs were performed in triplicates at a given time and repeated thrice independently and used for 
EC50 determination
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3.4  Amelioration of arsenic toxicity on human lymphocytes by BR and SeNps

The human lymphocytes used in the experiment were 90% viable in the trypan blue 
exclusion test. When viewed under a fluorescent microscope, these human lymphocytes 
and those exposed to methanol showed intact DNA (Fig. 3A-B; Fig. S6A-B). On expo-
sure of human lymphocytes to 10 µM As (III) for 2 h, the human lymphocyte number 
was reduced to 65% with the appearance of comet-like images in the ethidium bromide-
stained slides (Fig. 3C; Fig. S6C). The mean % tail DNA of these comet-like images was 
82.43% ± 9.57. Such damage was related to strand breaks, which cause fluorescence to 
spread, indicating the genotoxic effect of 10 µM As (III) resulting in DNA strand breaks 
consistent with that reported by Kumaravel et al. [71] and Lee and Weinfeld [20].

Interestingly, the addition of 25 µg/mL, 50 µg/mL of BR, and 50 µg/mL SeNPs during 
exposure of human lymphocytes to As (III) reduced the adverse effect of As (III) on the 
viability of human lymphocytes up to 76%, with an accompanying decrease in the DNA 
damage by 68% (mean % tail DNA of 26.06% ± 10.58); an additional 24% (mean % tail 
DNA of 6.196 ± 2.80) and 42% (mean %tail DNA of 47.84 ± 0.823) respectively (Fig. 3D–
F; Fig. S6D–F).

Further, as seen in Fig.  4, the statistical analysis: one-way ANOVA and Dunnett’s 
multi-comparison revealed that BR enhanced dose-dependent protection to human lym-
phocytes with a highly significant variation of F = 43.666; p < 0.001. The Cell suspension 
of H. salinarium containing bacterioruberin has been reported to reduce DNA strand 
breaks resulting from ionizing radiation, UV, Hydrogen peroxide, and mitomycin-C [72].

The DNA damage by Arsenic was alleviated when As (III) treated cells were mixed 
with BR and SeNPs. In addition, the lymphocyte cell viability was increased with 

Fig. 3  Fluorescent micrographs of ethidium bromide-stained agarose slides of human lymphocytes (HL) exposed 
to As (III), bacterioruberin, and selenium nanoparticles. A Human lymphocytes (HL); B HL exposed to methanol; C 
HL exposed to 10 µM As (III); D HL exposed to 10 µM As (III) and 25 µg/mL of BR; E HL exposed to 10 µM As (III) and 
50 µg/mL of BR; and F HL exposed to 10 µM As (III) and 50 µg/mL of SeNPs
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decreased DNA tail damage in the presence of BR and SeNPs. The above observation 
highlights the antioxidant power of both the molecules produced by GUSF-1 in the pres-
ent study. It might be due to the role of BR and SeNPs in an antioxidant network and the 
sequestration of free radicals generated by the intoxication of As (III) in cells. Previous 
studies are reported at the cellular level to confirm the potential of various forms of sele-
nium to alleviate arsenic toxicity [73]. For instance, 0.01 µg/mL of plant-derived SeNPs 
alleviated arsenite toxicity in cultured human lymphocytes [54]. Their study employed 
a comet assay to assess the protection rendered by SeNPs towards arsenite-targeted 
DNA damage. Chitta et al. [74] used selenomethionine to protect arsenite-affected 
human kidney cells. In another study, Rahman et al. [75] reported the property of inor-
ganic selenium to induce anti-autophagic, anti-apoptotic, and antioxidant properties in 
arsenite-treated PC12 cells. Recently, the biocompatible ability of SeNPs against sodium 
arsenite-exposed mice renal tissues and epithelial cells has been highlighted [53]. 
Together, reduced arsenic toxicity by SeNPs is related to the sequestration of arsenic into 
biologically inert complexes (As-Se complexes) and the action of selenium-dependent 
antioxidant enzymes. Also, SeNPs can increase arsenic methylation efficiency and acti-
vate signaling pathways [73].

3.5  Interaction of BR and SeNps with arsenic

The interaction of BR and SeNPs with arsenic was studied to ascertain the probable 
mechanism for transformation to less toxic arsenic. The characteristic peaks and inten-
sity of haloarchaeal pigment in methanol corresponding to 368  nm, 386  nm, 463  nm, 
492 nm and 525 nm were shifted and decreased upon 1:1 interaction of BR with 10 µM 
As (III) (Fig. 5A). A remarkable hypsochromic shift from 386 to 380 nm and 368 to 360 
were also observed upon interaction or adsorption of As (III) ions with BR. In addi-
tion, the peak intensity at 463, 492, and 525 nm of BR was decreased to 65.8%, 64.2%, 

Fig. 4  Suppression of DNA damage caused by As (III) using bacterioruberin and selenium nanoparticles (The DNA 
damage was evaluated by comet assay and expressed as % mean tail DNA). A Human lymphocytes (HL); B HL ex-
posed to methanol; C HL exposed to 10 µM As (III); D HL exposed to 10 µM As (III) and 25 µg/mL of bacterioruberin; 
E HL exposed to 10 µM As (III) and 50 µg/mL of BR; and F HL exposed to 10 µM As (III) and 50 µg/mL of SeNPs
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and 63.3%, respectively, suggesting its direct involvement in the detoxification process. 
On the other hand, the peak and the intensity of the spectrophotometric peak which 
was characteristic of SeNPs at 209 nm was shifted to 190 nm with an additional peak at 
275 nm was abolished after interaction with As (III) (Fig. 5B). This confirms the prob-
able interaction of surface-modified SeNPs with the arsenic ions. The strong interaction 
between arsenic and selenium metalloids could be due to their similar chemical proper-
ties, although they exhibit different biological activities [61]. Overall, the present study 
hypothesized following proposed mechanisms for As (III) interaction with BR or SeNPs. 
The first case is attributed to the ionic interaction of As (III) with BR/SeNPs and adsorp-
tion of As (III) on the surface of the SeNPs. Concerning specifically BR, it consists of 
long hydrocarbon chain with higher number of double bonds in conjugated form than 
other carotenoids responsible for extraordinary antioxidant activity [35, 41]. In addi-
tion, the presence of electron transport system between conjugated double bonds may 
be involved in transfer of electrons that can interact with As (III) thereby reducing it 
to elemental arsenic [As (0)]. SeNPs may allow adsorption of arsenic through capping 
agents preventing its accumulation inside the cell thereby activating superoxide dis-
mutase, glutathione peroxidase and thioredoxin reductase neutralizing the free radicals 
and thus oxidative stress caused by arsenic. Understanding theses hypothetical mecha-
nisms of BR and SeNPs could inspire for the development of therapies targeting heavy 
metal oxidative stress induced DNA damage reported previously offering applications in 
biomedicines.

3.6  Analysis of components of BR and biomolecules associated with SeNps using FTIR

A proof of concept experiment using FTIR was conducted to ascertain the role of 
individual components of bacterioruberin and biomolecules associated with SeNPs 
that could be essential in interaction with As (III). The FTIR spectrum of BR (Fig. 6a) 
revealed the absorption bands between 3300 and 500  cm− 1. Intense absorption bands 
were seen at 3302 cm− 1 for the OH group. The band at 2954 cm− 1 indicated the presence 
of the C–H group, and at 1624  cm− 1 for the carbonyl group. Absorption bands were 
also seen at 1573 and 1022 cm− 1, which means the C–OH side groups and the C–O–C 
band vibrations. In addition, CH3 bending was observed at 1444 cm− 1 and 1379 cm− 1. 
Also, a band at 879  cm− 1 was observed, corresponding to C–H bending. Alvares and 
Furtado [46] reported similar assigned bands for pigment extract from GUSF-1. Later, 
chemical profiling of the hexanolic extract of pigment from GUSF-1 confirmed the 

Fig. 5  Interaction of BR and SeNPs with As (III). A, Spectrophotometric scan of BR and BR with 10 µM of As (III); B, 
Spectrophotometric scan of SeNPs and SeNPs with 10 µM of As (III)
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presence of different individual components such as C30, C40, and C50 isoprenoid deriva-
tives of the pigment contributing to antioxidant mechanism reactions. Similar results 
were also observed by Nagar et al. [69] for methanolic pigment extract from three halo-
archaea genera. They observed bands at 3305, 2972, 2926, 2879, 1444, 1379, 1087, 1047 
and 879 cm− 1. These peaks corresponded to long chain groups, OH, C–O–C stretching 
vibrations, and C–H bending vibrations, indicating the presence of bacterioruberin. In 
the present study, the proposed mechanism of interaction of BR and As (III) is purely 
hypothetical and is attributed to a radical mechanism wherein H+ donated by bacterio-
ruberin may be involved in the reduction of toxic As (III) to stable As (0).

As seen in Fig. 6b, the FT-IR spectrum of the biologically synthesized SeNPs showed 
peaks at 3402, 2945, 1624, 1573, and 1120  cm− 1. The presence of these peaks, clearly 
indicated and confirmed the presence of biomacromolecules that have been absorbed 
onto the Se0 particles and are now acting as capping agents. Broad peaks in 3402 cm− 1 
arose due to the stretching of the N–H bonds of amine (–NH) groups and the O–H 
bonds of the hydroxyl (–OH) groups. The absorption peaks at 2945 cm− 1 featured the 
asymmetric stretching and bending vibrations of the C–H bond of the –CH2 and CH3 
groups. The peak at 1624 and 1573 cm− 1 is attributed to amide I & II in proteins. The 
absorption at 1120 cm− 1 was typical of functional groups arising from polysaccharides. 
The peak at 574 cm− 1 corresponded to the C–H group. This suggested the involvement 
of biomolecules such as pigment, proteins, peptides, amino acids, and aldehyde in the 
reduction of selenite to selenium and usually found as a capping agent at the surface 
of SeNPs as previously reported [62–64]. The involvement of these biomolecules in the 
reduction of selenite to selenium during growth has been confirmed previously in this 
same strain [47]. Further, the participation of such biomolecules in the reduction pro-
cess and providing colloidal stability to other nanoparticles produced by this strain has 
been documented in earlier reports [48, 52].

3.7  Growth of GUSF-1 in the presence of arsenic and the role of pigment

Haloferax alexandrinus GUSF-1 grew as an orange-red culture, optimally in NTYE, pH 
7, without a lag, and reached the stationary phase on day 5, with an absorbance of 1.834 
monitored at 600 nm. The growth in the presence of 5 µM and 10 µM of As (III) was 
delayed by 2 days and was without any visible pigmentation with maximum absorbance 
of 0.822 and 0.49, respectively on day 5. Growth achieved in the absence of As (III) was 
55.14% and 73.29% more than to that recorded for the culture growing in the presence 

Fig. 6  Analysis of components associated with BR and SeNPs. a FTIR scan of BR; b FTIR scan of SeNPs
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of 5 µM and 10 µM of As (III), respectively (Fig. 7). It is important to note that, despite 
delayed growth in the presence of 5 µM and 10 µM of As (III), the strain GUSF-1 contin-
ued its growth, tolerating both concentrations and proving its potential as an indicator of 
bioremediation. Secondly, although GUSF-1 was not able to endure high concentrations 
of arsenic as reported for Haloferax mediterranei (12 mM) belonging to the same genera 
[34], GUSF-1 maintained considerable growth and tolerance to the used arsenic concen-
tration at high salt concentration (25% NaCl). Overall, in accordance with the results of 
the current experiment, we hypothesized that, the tolerance of GUSF-1 to 5 µM and 10 
µM arsenic may be attributed to the cell-membrane C50 carotenoids (BR). Herein, we 
hypothesized that, during growth and cellular metabolism by culture in NTYE complex 
medium containing arsenic, BR may first interact with arsenite through ionic interaction 
activating electron transfer radical mechanisms transforming As (III) to As (0) thereby 
alleviating arsenic toxicity and promote growth. Further, the resistance of this strain to 
arsenic could be due to the presence of arsenite and arsenate resistance genes in their 
genome and megaplasmid as reported previously in haloarchaea [36–39]. For instance, 
arsenic detoxification was predicted in model haloarchaeon Halobacterium NRC-1 
through arsenite biomethylation and the presence of metallochaperone, the product of 
the arsD gene, by Wang et al. [39]. In another study, arsenate respiration and arsenite 
oxidation genes were detected in eleven haloarchaeal isolates obtained from the red bio-
film of Diamante Lake and the microbial mat of Tebenquiche Lake using metagenomics 
[36]. Tavossi et al. [28] studied the tolerance of 169 haloarchaeal isolates retrieved from 
saline and hypersaline habitats of Iran against heavy metal/oxyanions such as arsenate, 
cadmium, zinc, chromate, lead, mercury, copper, and selenite. Matarredona et al. [34] 
recently reported minimum inhibitory concentration of 12 mM arsenic for Haloferax 
mediterranei and Halorubrum Californiense.

Fig. 7  Growth behavior of Haloferax alexandrinus GUSF-1 in NTYE in the absence and presence of 5 µM As (III) and 
10 µM As (III)
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3.8  Pigment analysis of GUSF-1 grown in the presence of arsenic

In the absence of arsenic, GUSF-1 produced bright orange red pigment which showed 
peaks at 525 nm, 490 nm, 460 nm, 385 nm and 366 nm corresponding to absorbance of 
0.446, 0.559, 0.473, 0.275 and 0.297, respectively (Fig. 8). These characteristics of three 
finger peaks indicated the presence of red C50 carotenoids in haloarchaea, especially 
the dominant bacterioruberin [46]. Surprisingly, spectroscopic scans of the methano-
lic extracts of cellular pigment grown in the presence of both concentrations of As (III) 
showed the characteristic peaks in the range from 300 to 600 nm. However, in the pres-
ence of 5 µM and 10 µM As (III), GUSF-1 produced light orange-red to light orange-
yellow pigment, with shifts in the peak and reduced intensity (Fig. 8). For instance, in the 
presence of 5 µM As (III), pigment exhibited peaks at 522 nm, 489 nm, 464 nm, 385 nm 
and 367 nm corresponding to absorbance of 0.373, 0.490, 0.408, 0.234 and 0.226, respec-
tively. While, pigment produced by strain in the presence of 10 µM As (III) showed only 
three peaks at 522 nm, 491 nm and 384 nm corresponding to the absorbance of 0.232, 
0.256 and 0.178, respectively. These observations may reflect the ability of Haloferax 
alexandrinus GUSF-1 to avert the toxicity of 5 µM and 10 µM As (III), through its char-
acteristic dominant C50 pigment component (bacterioruberin) in the cell-membrane.

Previous study by Wang et al. [76] showed that low concentrations of arsenic increased 
the growth of Microcystis aeruginosa cells, with little effect on pigment content. In addi-
tion, the high arsenite concentration specifically sensitive to chlorophyll a without affect-
ing total carotenoid production. Baati et al. [31] reported varying degree of tolerance of 
Halobacterium salinarum to different concentration of metals such as Cd, Pb, Zn, Ni 
and Cu in complex and minimal media with decreased growth and pigmentation with 
increasing metal concentrations. Further, they speculated inhibition of pigment synthe-
sizing enzyme or reduced growth can result in overall decrease in pigment production. 
Giani and Martinez-Espinosa [77] reported maximum bacterioruberin synthesis under 
oxidative stress, for example in the presence of H2O2. Their study highlighted the toler-
ance of H2O2 up to 25 mM above which there is reduced growth and therefore decreased 
cellular pigmentation. Generally, the pigment synthesis in haloarchaea is largely regu-
lated by salinity, oxygen, light and pH [77]. Draft genome of five haloarchaeal strains 
belong to H. salinarum revealed the presence of genes responsible of metal resistance/
transport, secondary metabolites and detoxification enzymes. The study documented 

Fig. 8  Pigment analysis in the presence of arsenic during growth. a, Pigment production by Haloferax alexandrinus 
GUSF-1 in complex medium with and without arsenic; (i) NTYE; (ii) NTYE and 5 µM As (III) and (iii) NTYE and 10 µM 
As (III); b, Scan of extracted pigment from the cells of Haloferax alexandrinus GUSF-1 grown in NTYE (i), NTYE and 5 
µM As (III) (ii) and NTYE and 10 µM As (III) (iii)
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accumulation of carotenoids within the cell membrane as one of the tolerance strate-
gies towards heavy metals (Cd, Pb, Zn, Ni and Cu). Further they hypothesized the toler-
ance of the strains to other heavy metals such As, Fe, Mo and Co [32]. Similar results on 
growth and pigment production in the presence of heavy metals [30, 78, 79] and aro-
matic pollutant [80] are documented in previous studies in haloarchaea retrieved from 
estuarine sediments and salt pans of Goa and India. Although these studies widely docu-
ment the tolerance of haloarchaea to arsenic, the involvement of the haloarchaeal pig-
ment and its components is not reported. In this context, GUSF-1 can be proposed as a 
promising bioremediation candidate for arsenic-contaminated saline waters, which can 
be made possible through its C50 red carotenoids.

4  Conclusion
Overall, the present study significantly adds to our understanding concerning the arse-
nic tolerance in Haloferax alexandrinus GUSF-1 and highlights the role of this haloar-
chaeon in arsenic bioremediation along with the potential use of BR and synthesized 
SeNPs in ameliorating arsenic toxicity in human cells. These results mark an initiating 
point to assess the role of BR and SeNPs from haloarchaea to alleviate As (III) toxicity, 
thus opening new avenues of research on haloarchaea in this significant field. While a 
detailed study on the mechanism and pharma-kinetics of BR and SeNPs for the ame-
lioration of genotoxicity towards As (III) would be a desired outcome, the present study 
could find importance in the development of pharmaceuticals using extremely halophilic 
haloarcheon Haloferax alexandrinus GUSF-1(KF796625).
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