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The increasing applications of selenium nanoparticles (SeNPs) in 
biomedical and industrial fields have drawn attention to eco-friendly 
synthesis methods. This study presents a green approach for SeNP 
production utilizing the endophytic fungus Exserohilum rostratum. The 
fungus-derived cell-free filtrate played a dual role as both a reducing and 
stabilizing medium, promoting the development of stable, spherical SeNPs. 
FESEM imaging revealed nanoparticle sizes ranging from 8.17 to 19.61 
nm, averaging 14.26 nm in diameter. Antioxidant capacity was assessed via 
the DPPH assay, showing concentration-dependent scavenging efficiency 
ranging from 23.93 ± 4.74% to 83.3 ± 1.74%. Cytotoxicity evaluations using 
MTT assays showed selective inhibitory effects on cancer cell lines MCF7 
and PC3, with IC₅₀ values of 134.67 ± 1.98 µg/mL and 84.0 ± 2.06 µg/mL, 
respectively. In contrast, normal HBL-100 cells exhibited a significantly 
higher IC₅₀ (405.9 ± 23.7 µg/mL), indicating reduced toxicity. Notably, 
co-administration with doxorubicin led to enhanced anticancer activity, 
decreasing the IC₅₀ values to 50.55 µg/mL (MCF7) and 22.17 µg/mL (PC3), 
suggesting a synergistic interaction. These findings indicate that fungal-
mediated SeNPs offer a promising, biocompatible nanomaterial with 
potential for enhanced anticancer therapy.

INTRODUCTION
Cancer’s pathogenic complexity is attributed 

to various processes, including different genetic 
anomalies, epigenetic alterations, interactions 
within the tumor microenvironment, and immune 
system evasion [1]. Even within the same tissue 
type, each tumor may have a unique molecular 
profile, resulting in a wide range of therapy 

responses. Furthermore, cancer cells can adapt 
and develop resistance to treatments over time, 
further complicating care [2]. This complicated 
pathophysiology challenges accurate diagnosis. 
Treatment is particularly complicated by the need 
for personalized therapy procedures that take into 
consideration individual tumor biology, potential 
drug resistance mechanisms, and patient-specific 
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characteristics [3,4]. To treat cancer, healthcare 
professionals use a variety of therapies, such 
as surgery, chemotherapeutic drugs, hormone 
therapy, and radiation. Nonetheless, these 
treatments are often ineffectual because the 
majority of cases are diagnosed at advanced 
stages, indicating potential limitations in their 
administration [5,6]. Androgen deprivation 
is one approach used to treat metastatic 
prostate cancer [3]. This medication leads to 
toxicity with undesirable effects, including 
cardiovascular diseases, low bone density, 
metabolic modifications, and cognitive and 
sexual impairments [7,8]. Almost 70% of women 
diagnosed with breast cancer exhibit estrogen 
receptor positivity, and the preferred treatment 
is tamoxifen [5]. This treatment may have 
unintended consequences, which include the 
possibility of acquiring an alternative carcinoma, 
like cancer of the endometrium, as well as 
significant cerebrovascular difficulties, embolism 
in the lungs, and coronary vein thromboembolism 
[9]. Along with the potential negative 
consequences, another obstacle to cancer therapy 
is the establishment of mechanisms that confer 
resistance to chemotherapy and radiation, which 
result in the inefficiency of the administered 
treatments [1, 10]. As a result, the most successful 
tactics for combating cancer are to implement 
programs for early detection and advanced 
research to discover novel therapy agents [11]. 
To accelerate this discovery pipeline, microfluidic 
devices driven by surfaceacousticwave streaming 
can form uniform multicellular tumour spheroids 
within minutes, yielding highly realistic invitro 
models for nanoparticle testing [11].

Nanotechnology has profoundly altered 
medical research and therapy choices during the 
last three decades [12]. Nanoparticles have proven 
effective as pharmaceutical carriers, successfully 
delivering therapeutic substances [13]. Equally 
important, porousgradient microfluidic chips 
permit realtime chemotaxis assays and could 
be adapted to trace SeNPguided cancercell 
migration with singlecell precision [68]. Selenium, 
an essential trace element, has pharmacological 
activities, and the selenium nanoparticles (SeNPs) 
retain their biological properties in nanoparticle 
formulations for medicinal applications. [14]. 
Selenium possesses significant medicinal and 
pharmaceutical properties due to its integration 
into selenoproteins, which are missing in other 

metal nanoparticles. Selenoproteins are essential 
for the activation of kinases, phosphatases, and 
regulatory genes, including NF-κB, through the 
oxidation of thiols in signaling proteins [15, 16].

 Recent research studies have reported the 
therapeutic potential of cancer drug delivery by 
biosynthesized SeNPs. SeNPs are synthesized in 
various ways, including biogenic, chemical, and 
physical synthesis processes. However, biogenic 
synthesis of SeNPs is relatively more stable than 
those synthesized through chemical and physical 
processes due to the presence of biomolecular 
coatings [17, 18]. These biomolecular coatings 
are the aggregation of biosynthesized SeNPs. 
Non-biogenic synthesis processes, on the other 
hand, necessitate hazardous chemicals, operate 
at pH levels, and require high temperatures [5], 
thus making the SeNPs dangerous for human 
consumption [19]. Therefore, biogenic SeNPs are 
safer for therapeutic applications [20]. Moreover, 
Se-NPs can potentially activate T cells of the 
immune system and thereby modulate tumor-
associated macrophages. Therefore, SeNPs can be 
regarded as an immunomodulatory agent and can 
thereby be used in pathogen-targeted therapies 
for infectious diseases and cancer immunotherapy 
[15,21].

In the past few years, fungi, including 
endophytic fungi, have been at the forefront of 
advancements in nanotechnology. Fungal species 
are increasingly utilized in green synthesis methods 
for nanoparticles due to their natural enzymatic 
pathways, which can efficiently produce metallic 
nanoparticles with reduced toxicity [22,23]. These 
nanoparticles possess extensive applications in 
medical care, agriculture, and environmental 
science, ranging from targeted drug delivery to 
wastewater treatment [24,25]. Beyond oncology, 
nanoenabled formulations have already boosted 
pediculicidal efficacy by coupling ironoxide 
nanoparticles with botanical extracts, underlining 
the breadth of therapeutic opportunities for 
biofabricated nanomaterials [69]. Endophytic 
fungi also contribute to nanoproduct innovation by 
synthesizing nanomaterials that mimic or enhance 
their natural bioactivity [10,26]. Moreover, 
their sustainable synthesis processes align 
with the growing demand for environmentally 
friendly technologies, making fungi essential 
players in both natural product development 
and nanotechnology. Recent investigations have 
emphasized the potential therapeutic applications 
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of mycosynthesized selenium nanoparticles 
fabricated from several fungal species, revealing 
their anti-cancer and antioxidant properties 
[23,27,28,29,30].

The endophytic fungus Exserohilum rostratum 
produces physiologically active secondary 
metabolites and extracellular enzymes, attracting 
scientific attention. Bioactive Monocerin, 
Annularins A–J, and Rostratins A–D are 
antibacterial, antioxidant, and cytoprotective. 
Monocerin increases HUVEC proliferation and 
prevents senescence without cytotoxicity, 
suggesting therapeutic potential [31]. Besides 
its metabolite profile, E. rostratum has DNase, 
lipase, amylase, and cellulase activity and can 
decolorize Congo Red and Crystal Violet, rendering 
it advantageous in bioremediation and enzyme-
based industrial applications [32].

E. rostratum is a promising biological system 
for the environmentally sustainable production 
of metal and metalloid nanoparticles owing 
to these attributes. We show for the first time 
that E. rostratum can biosynthesize selenium 
nanoparticles (SeNPs) utilizing its cell-free filtrate 
in an environmentally friendly, straightforward, 
and effective manner.   This filtrate aids in the 
production of stable colloidal SeNPs by reducing 
and stabilizing them. The myco-synthesized SeNPs 
underwent comprehensive characterization 
through UV–Vis, FTIR, XRD, FESEM, EDX, and AFM 
techniques. The biological importance of fungal-
mediated SeNP production was evaluated by 
assessing their antioxidant, cytotoxic, anticancer, 
and synergistic effects with conventional 
chemotherapy.

MATERIALS AND METHODS
Endophytic fungi, isolation process

Exserohilum rostratum is an endophytic fungus 
purified from stems of Schoenoplectiella articulata 
plants of the Cyperaceae family. The plant stem 
samples were collected from the native regions of 
the Basra Basin, southern Iraq, in 2024, following 
the steps outlined by Greenfield et al. [33]. The 
plant stems were sectioned into 5 cm fragments 
and gently rinsed under running tap water for 10 
minutes, followed by washing in sterilized distilled 
water. The plant stem fragments were surface-
disinfected using 70% alcohol for 5 minutes, 
followed by a 2-minute treatment with a 5% 
sodium hypochlorite solution, and then cleaned 
using 90% alcohol for 1 minute and then immersed 

in 10% NaHCO3 to eradicate all the fungus 
contamination on the plant stem. The plant stem 
fragments were washed well using sterile distilled 
water three times. The fragments were exposed to 
air under sterilized conditions and subsequently 
transferred to sterile potato dextrose agar (PDA) 
enriched with tetracycline (20 μg/ml) to prevent 
bacterial growth. Bacterial growth. The plates had 
been incubated at 28 °C and maintained for 14 
days to allow the development of the endophytic 
fungus to obtain the efficient isolation of the pure 
cultures on the PDA.

Identification of endophytic fungi isolation
A fungus culture was cultivated as an axenic 

culture on PDA culture plates and microscopically 
analyzed to determine its morphological 
characteristics, as described in the taxonomic 
descriptions by Ellis [34], Domsch et al. [35], and 
Watanabe [36]. The purified endophytic fungus 
culture was identified using molecular analyses. 
The purification of the deoxyribonucleic acid 
(DNA) has been conducted by the DNA purification 
kit Gene Jet Plant genomic (Thermo). During the 
purification process, the primers ITS1 (5’-TCC GTA 
GGT GAA CCT CGG G-3’) and ITS4 (5’-TCC TCC 
GCT TAT TGA TAT GC-3’) were employed. After a 
successful PCR amplification technique, sequences 
were transmitted to the Macrogen biotechnology 
company, and the product was purified to get 
ready for sequencing. Using the Basic Local 
Alignment Search Tool (BLAST), the sequence 
findings were compared to NCBI gene sequences 
to identify the closest match for the fungal isolate. 
MEGA X performed the Neighbor Joining (NJ) tree 
technique to create the phylogenetic tree. 

Endophytic fungus culture conditions and bio-
synthesis of Selenium Nanoparticles

This study utilized the endophyte species 
Exserohilum rostratum Basra_A15, isolated from 
Schoenoplectiella articulata, for the fabrication 
of selenium nanoparticles. The fungal culture was 
prepared using the method presented by Amin et 
al. [37], with minor changes. Briefly, 250 mL flasks 
with 100 mL of sterilized potato dextrose broth 
(PDB), adjusted to a pH of 5.6, were inoculated 
with a 7 mm disc from a 7-day-old fungus colony. 
The flasks with the culture were incubated in a 
static state at 28°C for two weeks. Subsequently, 
after the fermentation period, the fungal biomass 
was separated from the culture medium through 
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centrifugation at 6000 rpm for 10 minutes at 
a temperature of 10°C. The recovered mycelia 
were rinsed several times using distilled water to 
eliminate the remaining substance components 
in the biomass. The extracellular fabrication of 
nano selenium was conducted by suspending 10 
g of wet fungal biomass in 100 mL of sterilized 
deionized water in Erlenmeyer flasks. The 
suspension was stirred in a water bath at 120 rpm 
for 72 hrs at 28°C. After incubation, the resulting 
solution was processed by filtration through filter 
paper (Whatman No. 1) to obtain the fungal cell-
free filtrate (FCF). The mycosynthesis of SeNPs was 
then initiated by incubating the FCF with aqueous 
sodium selenite (Na₂SeO₃) at a final concentration 
of 1 mM, in the dark at room temperature. Control 
flasks contained sodium-selenite-free cell filtrate. 
Triplicate flasks were used for both untreated and 
treated FCF.

Detection, Purification, and Characterization of 
Mycosynthesis-SeNPs

Following a 24-hour duration, the hue of the 
free cell filtrate transitioned from a light yellow to 
a striking red, thereby validating Mycofabrication 
SeNPs. The purification of the mycosynthesized 
SeNPs was conducted through centrifugation, 
executed for ten minutes, with three repetitions 
of 10,000 rpm, utilizing double-distilled water. 
The particles were subjected to refrigeration and 
subsequently re-dispersed in distilled water as 
necessary. The bioreduction of selenium ions by 
Exserohilum rostratum, along with the maximum 
absorbance of the synthesized selenium 
nanoparticles (SeNPs), was assessed utilizing 
an ultraviolet–visible spectrophotometer (Dual 
Beam UV-1800). Spectra were analysed within 
the region of 200-600 nm for identifying surface 
plasmon resonance in biosynthesized Se-NPs. FT-IR 
analysis was conducted over the spectral range of 
400–4000 cm⁻¹ to recognize the biomolecules that 
participate in the reduction and stabilization of Se-
NPs. The topography was examined through field-
emission scanning electron microscopy (FESEM) as 
well as energy-dispersive X-ray spectroscopy EDX 
(JSM 6360 LV). An accelerating voltage between 
10 and 15 kilovolts was employed to explore the 
topographic structure of the sample. The size 
distribution of selenium NP was conducted using 
ImageJ software. The resultant Se-NPs were 
examined through X-ray diffraction (XRD) patterns 
(Philips). The equipment utilized Ni-filtered 

radiation composed of Cu-K with a wavelength of 
1.5405 Å and a proportional counter. It functioned 
at 40 kV and 30 mA. The Se-NPs’ crystallographic 
nature was examined for 2 hours at temperatures 
ranging from 10 to 80°C. The PANalytical X’pert 
HighScore Plus version 4.0 software analysed 
XRD data via Scherrer’s equation to determine 
the average crystalline size of the synthesized 
selenium nanoparticles.

Antioxidant Activity
One of the key objectives of the research is 

to examine the antioxidant activity of SeNPs 
synthesized from Exserohilum rostratum. For this 
purpose, SeNPs were used over a wide range of 
concentrations (62.5, 125, 250, 500, and 1000µg/
mL) for evaluating the radical scavenging ability 
(RSA) against 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
free radicals. A stock solution was prepared by 
adding one mM DPPH radical solution in 95% 
ethanol. During the experimental procedure, 800 
µL of a solution of DPPH was added with 200 µL 
of each concentration of biosynthesized Se-NPs. 
The mixture was afterward incubated in the dark 
at a stable temperature of 25 ◦C for 30 minutes, 
followed by centrifugation for 5 minutes at 13,000 
rpm. Each of the concentrations was measured at 
517 nm against a blank, adopting ascorbic acid as 
the standard marker. Percentages of free radical 
scavenging were determined using Eq. 1 [38].

DPPH scavenging activity (%) =  AC − AT
AC

× 100 

 

  

  

Where, AC = Absorbance of ascorbic 
acid (control). AT = Absorbance of selenium 
nanoparticles. 

All tests were done in triplicate, and the 
outcomes are shown as mean ± SD.

Cytotoxicity Assay, Anti-Tumor and Synergistic 
Evaluation of Selenium Nanoparticles (SeNPs) with 
Chemotherapeutic Agent
Cell culture

 Healthy human breast epithelial cells (HBL-
100) and cancer cells from human breast cancer 
(MCF-7) and prostate adenocarcinoma (PC3) were 
obtained from the tissue culture laboratory at 
the Department of Biology, College of Education 
for Pure Science, University of Basrah, Iraq. Cells 
were cultivated in RPMI-1640 enriched with 
fetal bovine serum 10%, penicillin 100 units/
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ml, and streptomycin 100 µg/ml upon achieving 
confluence to form a monolayer. In summary, 
following a single wash of the cell culture with 2 
ml of PBS solution, the cells were removed from 
the flask utilizing an equivalent volume solution 
of trypsin-utilizing, suspended cells were cultured 
in RPMI 1640 media enriched with 10% (v/v) fetal 
bovine serum (FBS), 100 U/mL penicillin, and 
100 µg/mL streptomycin, and were inoculated 
into a 25-cm flask at 37° C. The suspension cells 
were bisected for proliferation. The proliferating 
cells were subsequently transferred to new flasks 
containing RPMI-1640 (5 ml) with 10% fetal bovine 
serum, incubated for 24 hours at 37°C, 5% CO2. 
Upon reaching 80% confluence, this procedure 
was conducted on a biweekly basis. [39].

Cytotoxicity Assessment of (SeNPs) and 
Combination Effect

An initial cytotoxicity assay was performed to 
evaluate the biosafety of SeNPs synthesized from 
Exserohilum rostratum on a regular cell line (HBL-
100), applying the MTT assay (Bio World, USA).  
Cells were plated in 96-well plates at a density 
of 1 × 10⁴ cells per well and incubated overnight 
at 37°C to facilitate monolayer formation.  SeNPs 
were injected at concentrations of 62.5, 125, 250, 
500, and 1000 μg/ml, with each concentration 
tested in triplicate.  Controls consisted of 
untreated wells, wells treated with 0.1% DMSO 
(solvent control), and serum-free wells (negative 
control).  Following a 72-hour exposure period, 
100 μL of MTT reagent was added to each well.  
The half-maximal inhibitory concentration (IC₅₀) of 
SeNPs on normal cells was calculated and applied 
as a benchmark to determine safe dosages in 
subsequent tests.  Absorbance was quantified at 
620 nm utilizing a microplate reader. SeNPs were 
subsequently tested on human cancer cell lines 
(MCF-7 and PC-3), via cell viability quantified using 
the MTT assay.  Only concentrations determined 
to be non-toxic or minimally toxic to normal cells 
were tested on the cancer cell lines. The aim was 
to assess the selective cytotoxic effects of SeNPs 
on malignant cells, ensuring the preservation of 
normal cell viability.  Cell viability inhibition was 
estimated using the following formula [40]. 

Inhibition rate (%) =  ODC − ODS
ODC

× 100 

Where; ODC = mean optical density of untreated 
wells; ODS = optical density of treated wells.

The inhibitory concentration (IC50) is the 
concentration that kills 50% of cells.

The synergistic effect
The potential synergistic effect was evaluated 

through the use of the MTT assay. The IC50 value 
was used as a measure to determine dosing 
factors in the current study. Based on IC₅₀ values, a 
combination of Se NPs and the chemotherapeutic 
agent (doxorubicin) was administered to cancer 
cell lines. The cells were treated with varying 
concentrations of both agents, individually and 
in combination, under standardized culture 
conditions. The combination of the interaction 
(synergistic, additive, or antagonistic) between 
Se-NPs and doxorubicin was quantitatively 
analyzed using the Chou–Talalay method via 
CompuSyn software (version 1). The combination 
index (CI) was calculated based on dose-effect 
relationships obtained from cell viability assays. 
The combination index (CI) was interpreted as 
follows: CI < 0.9 = synergistic effect, CI 0.9–1.1 = 
additive effect, CI > 1.1 = antagonistic [41]. 

Statistical Analysis
The statistical studies of the antioxidant activity, 

cytotoxicity, and anticancer activity of endofungal-
SeNPs occurred using the analysis of variance 
(ANOVA) test, with means ± standard deviation (SD) 
utilizing SPSS version 16.  The evaluation focused on 
the differences in antioxidant responses between 
selenium nanoparticles and the standard control 
(ascorbic acid) across various concentrations.  
A nonlinear regression approach utilizing a 
sigmoidal dose-response curve was employed 
to determine IC₅₀ values, which represent the 
concentration necessary to inhibit 50% of DPPH 
radicals.  This statistical method facilitated the 
precise assessment of the antioxidant efficacy and 
anticancer activity of EX-SeNPs.  We assessed the 
synergistic effects of selenium nanoparticles (EX-
SeNPs) in combination with doxorubicin (Doxo) on 
cancer cell lines utilizing the CompuSyn software 
program algorithm, which is fitted to the Chou-
Talalay lines harmonic index (CI) method, which 
is derived from the law of mass action. CI<1 
indicates synergistic interaction, whereas CI >1 is 
antagonistic, and CI=1 is considered additive.
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RESULTS AND DISCUSSION
Mycoendophyte culture, extracellular 
Mycosynthesis of Selenium nanoparticles

Exserohilum rostratum Basra_A15 was isolated 
from the stems of Schoenoplectiella articulata 
(family Cyperaceae) obtained from natural 
environments in Basra, Southern Iraq, in October 

2024. On PDA plates, the morphological traits of 
E. rostratum were observed to be in the form of 
a circle, with a rich brown upper surface and a 
black lower surface, characterized by prominent 
growth of aerial mycelium with a woolly or 
cotton-like texture. A fungal endophyte’s ITS 
ribosomal DNA (rDNA) was sequenced and 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fig. 1. Endophytic fungus Exserohilum rostratum; isolation, identification, fabrication, and purification of Nano 
Selenium.

 

 

 

 

 

 

 

 

  

  

Fig. 2. Ultraviolet-visible spectrum of Endo-Myco-synthesized SeNPs.
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compared against existing genetically close strains 
in GenBank. The comparison studies revealed 
complete congruence and coverage with multiple 
E. rostratum strains and the reference dzlw3 
(GenBank No.: FJ949084.1). A strain sequence 
was officially submitted to the GenBank database 
under accession number PP852500. Free cell 
filtrate (FCF) extracted from fungal cultures in PDB 
fermentation medium, maintained for two weeks, 
and treated via Na2SeO3 solution, showed a turn 
in colour from light-yellow to ruby-red, implying 
production of selenium nanoparticles. Fig. 1.

Detecting and Characterizing Myco-Synthesized 
SeNPs
Ultraviolet-visible Spectroscopic 

UV-visible spectroscopy was initially employed 
to monitor the successful synthesis of Se-NPs, 
which documented their creation in mycelium-
free filtrate supplemented with a one mM sodium 
selenite solution. The absorbance spectra of the 
SeNPs, as seen in Fig. 2, display a pronounced and 
extensive peak at 271.50 nm with an absorption of 
approximately 1.045, within the range of 200–600 
nm. 

The maximum absorption at 271.5 nm is 
attributed to Se0, caused by the free electron 
coherent oscillation over exterior selenium 
particles, a phenomenon recognized as Surface 
Plasmon Resonance absorption. The peak 
observed is characteristic of the surface plasmon 
resonance (SPR) of selenium nanoparticles. It 
aligns with previously reported values in the 
literature, typically from green synthesis routes 
using fungi, where biomolecules such as proteins, 
flavonoids, and phenolic compounds contribute 
to reducing sodium selenite to elemental (Se⁰). 
Previously reported investigations revealed that 

the SeNPs exhibit multiple absorption bands 
in the UV-visible region, which is attributed to 
the synthesizing method, influenced by fungal 
metabolites that serve as reducing and capping 
agents. [15,42]. Interestingly enough, SeNPs were 
seen to show a broad absorption peak at 270 nm 
[43]. These results verify the efficiency of the 
fungus used in the current study to act as a bio-
catalyst in the reduction of SeO₃² to Seo. On the 
other hand, SeNPs from Acinetobacter sp. SW30 
was also seen to show two maxima of absorbance 
at 300 nm and 500 nm [44]. SeNPs synthesized by 
radiation from gamma with Monascus purpureus 
had the strongest SPR peak at 593 nm [22]. Islam 
et al. [45], in their study, used Fusarium oxysporum 
as a bio-catalyst and observed a prominent peak of 
absorption at 265 nm, indicative of the formation 
of SeNPs in reasonable quantity and shape. 
Spectral studies of green SeNPs synthesized in 
the presence of the fungus Nigrospora gullinensis 
showed a peak of absorption at 265 nm [46]. 
Penicillium expansum ATCC 36200 was employed 
to synthesize SeNPs with a peak at around 295 
nm. [27]. Kumar et al. [47] reported the utilization 
of crude cell-free protein from Geobacillus sp. to 
biosynthesize SeNPs that showed SPR absorption 
at 349 nm. Divergent results may be attributed to 
differences in particle size. 

FT-IR Spectroscopy
The O-H and N-H functional groups in amino 

acids as well as proteins account for an intense 
peak at 3298.28, which shifts to 3431.36 cm⁻¹ 
upon Se-NPs incorporation. These peaks at 
1656.85 and 1535.34 cm⁻¹ show evidence of C-N 
stretching vibrations characteristic of aromatic 
amines. These additional peaks in Se-NPs’ FT-IR 
spectrum can be ascribed to interactions between 

 

 

 

  

  

Fig. 3. FTIR spectra of Se-NPs (Left-side spectra). Fungal-free 
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the metabolites in fungus-free filtrate biomass 
and sodium selenite during reduction, and also 
to capping of synthesized selenium nanoparticles. 
A moderate peak of 2962.66 cm⁻¹ reflects C-H 
stretching of the presence of alkanes, and the 
medium peaks in the region of 1656.85-1099.43 
cm⁻¹ in carboxylic acids can be attributed most 
likely to O-H stretching. Calcinated selenium 
nanoparticles had a peak at 540.07 cm⁻¹, Saied et 
al. [29] showing the presence of proteins that bind 
with selenium nanoparticles and may be involved 
in stabilizing them. It should be remembered that 
protein dimensions and structures are significant 
parameters [28, 48]. Thus, cysteine residues and 
free amine groups in proteins enhance protein-
nanoparticle interaction (Fig. 3) [49]. 

X-ray diffractometer evaluation  
Investigating XRD, shown in Fig. 4, provided 

additional insight into the structural characteristics 
of biosynthesized Se-NPs from Exserohilum 
rostratum, which exhibited five distinct peaks at 
(100), (101), (111), (102), and (003). These peaks 
correspond with the Bragg diffraction of 2θ values 
at 23.3430°, 29.7252°, 41.3430°, 43.7707°, and 
55.3930°, respectively. The resultant XRD pattern 
of SeNPs synthesized from Exserohilum rostratum 
was juxtaposed with the crystallographic 
structure of SeNPs as per JCPDS reference card 
No. 00-042-1425. Based on the XRD analysis, 

this technique demonstrates significant potential 
for characterizing both bulk and nanomaterials, 
effectively analyzing crystallized materials by 
displaying configuration phases, preferred crystal 
orientations, size, crystallization, separation, and 
defects within the crystals. Furthermore, the 
average crystalline size was calculated to be 51.15 
nm, applying the Debye-Scherrer formula, which 
depended on the full width at half maximum 
(FWHM) of the most prominent peak of the 
manufactured nanoparticles [28].

A recent study determined that the endophytic 
fungi Fusarium equiseti, Aspergillus quadrilineatus, 
A. ochraceus, and A. terreus produced crystallites 
with sizes of 30.1, 55.4, 45.2, and 30.9 nm, 
respectively, as measured by XRD analysis [28]. In 
a separate study, El-Sayyad et al. [30] synthesized 
Se-NPs from the fungus Penicillium chrysogenum 
and calculated that the mean size of the particles 
was approximately 33.84 nm using Debye-
Scherrer’s equation.

AFM Analysis
AFM surface morphology of fungus-

synthesized SeNPs showed relatively rough 
surface morphology with maximum peaks of 
height up to 34.28 nm in nanosized. The 3D 
surface mode revealed an irregular yet biologically 
representative surface with hemispherical and 
spherical particles, characterized by natural 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fig. 4. XRD of SeNPs.
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nucleation and stabilization in the presence of 
fungus metabolites. The results are shown. The 
threshold detection revealed 517 particles on 
the scanned surface, achieving 15.14% coverage 
and a density of 2.1 × 10⁷ particles per mm². 
The uniform packing and morphology resulting 
from the efficient biosynthetic process may be 
governed by the fungus’s enzymes and reducing 
agents, which promote uniform particle growth. 
The size distribution of particles uncovered a 
mean diameter of 63.92 nm, with a large majority 
of particles of a size in the range of small size 
(10–100 nm) type observed in histogram Fig. 5. 
There were few large particles also observed, 
represented in it which reflect the natural size 
range of green synthesis methods carried out. 
The relatively low value of Z-max height and 
a uniform range of sizes reflect a stable and 
reproducible biosynthetic environment. Such a 
surface structure, characterized by high surface 
area, moderate roughness, and a uniform size 
range, is proper in biomedical applications due 
to its increased bioavailability and reactivity 
in prospective antioxidant, antibacterial, or 
therapeutic systems.

FESEM/EDX
The FESEM reveals the morphology and particle 

dimensions of the Se-NPs, which are found to 
be nearly sphere-like in form with a smooth 
outer surface. FESEM analyzed the powders of 

biosynthesized samples. During the process, the 
operating voltage was maintained at 10 kV with 
a vacuum pressure of 5–10 Torr, as measured 
on a scale of 100k× magnification. The FESEM 
analysis indicated that biosynthesized SeNPs 
are homogenous and monodispersed Fig. 6, a. 
Moreover, the morphological analysis revealed 
that biosynthesized Se-NPs mostly exhibit a 
spherical shape (Fig. 6 b). The size of particles 
biosynthesized Se-NPs varied from 8.17 to 19.61 
nm with a mean diameter of 14.26 nm. 

Earlier, it was reported that the NPs, prepared 
using the aqueous extract of Clausena dentata 
leaves, exhibited a spherical form, often measuring 
46–78 nm in diameter [50].

Moreover, the EDX analysis spectrum exhibited 
a strong and sharp peak of elemental selenium, as 
seen in Fig. 6c; the total percentage was 87.98%. 
The prior study conducted on the leaf extract of 
Withania somnifera indicated that the narrow 
width of the EDX profile demonstrates that the 
element selenium is highly purified [51].

Antioxidant Activity
The free radical-scavenging capability of 

selenium nanoparticles was evaluated using the 
DPPH test, compared to ascorbic acid as a control. 
Table 1 shows that SeNPs are very effective at 
reducing free radicals, achieving the highest 
reduction of 83.3 ± 1.74% at a concentration of 
1000 µg/ml. Although this activity was consistently 

 

 

 

 

 

 

 

 

 

  

  

Fig. 5. AFM of SeNPs surface properties.
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lower than that of the standard antioxidant, 
ascorbic acid (which showed 91.53 ± 4.31% at 
the same concentration), the SeNPs still exhibited 
notable antioxidant potential. The effectiveness 
of SeNPs declined at lower concentrations, with 
RSA dropping to 23.93 ± 4.74% at 62.5 µg/ml, 
suggesting that higher concentrations are required 
for significant activity. The calculated IC₅₀ value for 

SeNPs (158.3 µg/ml) was considerably higher than 
that of ascorbic acid (60.96 µg/ml), indicating that 
although SeNPs are less potent than the control, 
they still possess moderate antioxidant capacity. 
This activity is attributed to the distinctive redox 
characteristics of selenium in the nanostructures 
combined with biologic capping agents provided 
by E. rostratum, which may contribute to electron 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fig. 6. (a) FESEM image. (b) The histogram of particle size distribution from the (a) image. (c) EDX- analysis of myco-
synthesized SeNPs.

Concentration. (µg ml–1) RSA (%) 
Control (Ascorbic Acid) Ex-SeNPs 

1000 91.53 ± 4.31 83.3 ± 1.74 
500 80.72 ± 6.81 66.09 ± 1.33 
250 77.64 ± 1.25 55.3 ± 1.76 
125 66.15 ± 1.08 46.24 ± 3.41 
62.5 46.31 ± 0.42 23.93 ± 4.74 

IC50 (µg ml− 1) 60.96 158.3 
 

  
  

Table 1. DPPH activity of SeNPs synthesized by Exserohilum rostratum.
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donation capabilities, thereby neutralizing free 
radicals [14].

In a similar study, SeNPs synthesized from 
endophytic fungi demonstrated DPPH-scavenging 
efficiencies of 93.8±9.5% for Aspergillus 
quadrilineatus, 83.6±6.3% for A. ochraceus, 
79.2±9.3% for A. terreus, and 79.8±4.7% for 
Fusarium equiseti, compared to the 100% activity 
of scavenging observed in ascorbic acid [28]. 
The antioxidant potential of SeNPs produced 
by the endophytic fungus in the present study 
is motivating and promising, particularly at the 
applied concentration, suggesting a new avenue 
for exploring nano-selenium as an antioxidant 
source. The Se-NPs’ antioxidant effects can 
be attributed to their capacity to enhance 
selenoenzymes, including peroxidase, which 
safeguards cells from the detrimental impacts of 
the radicals in vivo environments. Antioxidants 
in NPs may result from the neutralization and 
inhibition of free radical formation through 
electron transfer [52]. Nanoparticles’ unique 
properties, in particular, high surface area relative 
to their size, can enhance the antioxidant effect. 
The following Fig. 7 represents the antioxidant 

activity of biosynthesized Endofungal Se nano-
particles (EX-SeNPs). 
Cytotoxicity Assay and Synergistic Evaluation 
of Selenium Nanoparticles (SeNPs) with 
Chemotherapeutic Agents
Cytotoxicity Assessment of Selenium Nanoparticles 
(SeNPs)

The cytotoxicity screening of Se-NPs on regular 
cell lines is a crucial preliminary step towards 
the assessment of their biosafety profile, which 
is paramount to their potential biomedical and 
therapeutic uses. Cytotoxicity testing of selenium 
nanoparticles (SeNPs) on the HBL-100 cell line 
(human breast epithelium) revealed negligible 
effects at lower concentrations. The cytotoxicity 
of SeNPs produced by Exserohilum rostratum 
reveals a promising selective toxicity profile, 
with significantly greater efficacy against cancer 
cells compared to normal cells. The cytotoxicity 
of SeNPs produced by Exserohilum rostratum 
reveals a promising selective toxicity profile, 
with substantially greater efficacy against cancer 
cells compared to normal cells. The IC50 value in 
normal HLB100 cells is very high at 405.9 µg/mL, 
which suggests low toxicity and may point towards 

 

 

 

 

 

 

 

 

  

  

Fig. 7. Antioxidant effects of biosynthesized SeNPs.
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biocompatibility with minimal toxic activity on 
healthy tissue. Conversely, the lower IC50 values 
of cancer cell lines 84.0 ± 2.06 µg/mL (PC3 
prostate cancer) and 134.67 ± 1.98 µg/mL (MCF7 
breast cancer) reveal potent anticancer activity 
with high sensitivity against the more sensitive 
PC3 cells. According to standard cytotoxicity 
classification criteria, compounds with IC₅₀ 
values below 100 µg/ml are generally regarded as 
exhibiting “potent” anticancer activity [53]. Thus, 
the observed IC₅₀ values confirm the potent and 
selective cytotoxic nature of fungal-derived SeNPs 
toward malignant cells, particularly the PC3 line. 
Thus, the observed IC₅₀ values confirm the potent 
and selective cytotoxic nature of fungal-derived 
SeNPs toward malignant cells, particularly the PC3 
line. The results correspond with earlier research 
related to the preferential activity of fungal-
derived SeNPs, which is attributed to their greater 
biocompatibility and cancer-specific targeting [54, 
55]. 

Cancer cells with higher levels of ROS and 
compromised antioxidant defenses are more 
vulnerable to SeNP-induced oxidative stress, which 
initiates apoptosis by inducing mitochondrial 
injury and DNA damage [53]. The higher sensitivity 
of PC3 compared to MCF7 can indicate differences 
in membrane permeability or efflux pump activity, 
as prostate cancer cells are known to exhibit 
greater endocytic uptake of nanoparticles [56,57]. 

Furthermore, the use of endophytic fungus 
Exserohilum rostratum in biosynthesis is expected 
to render greater stability and bioactivity, as fungal 

systems have been shown to yield nanoparticles 
with engineered surface chemistries that promote 
therapeutic efficacy. The following Fig. 8 indicates 
the inhibition rate of normal cells and cancer cell 
lines.

Enhancement of SeNPs Cytotoxicity via Doxorubicin
The findings indicate that the antitumor efficacy 

of myco-synthesized selenium nanoparticles 
is concentration-dependent, with preferential 
activity against cancerous cells (PC3 and MCF-
7) and minimal toxicity to normal mammary 
epithelial cells (HBL-100). Specifically, SeNPs 
exhibited IC₅₀ values of 84.0 ± 2.06 µg/ml for 
PC3 and 134.67 ± 1.98 µg/ml for MCF-7cell 
lines. Compared to the chemotherapeutic agent 
doxorubicin (Doxo), which demonstrated higher 
potency, with IC₅₀ values of 20.22 µg/ml for PC3, 
10.7 µg/mL for MCF-7. Nevertheless, the co-
administration of Myco-SeNPs with the therapy 
Doxo significantly enhanced anticancer efficacy, 
indicating an increase in cytotoxicity, as evidenced 
by the reduced IC₅₀ values of 22.17 µg/ml for 
PC3 and 50.55 µg/ml for MCF-7. These findings 
support the hypothesis of a synergistic interaction, 
therefore minimizing the toxicity and dosage of 
the drug to improve its effectiveness.

 Consequently, the observed improvement 
may be attributed to enhanced cellular uptake, 
improved bioavailability, and SeNPs-induced 
modulation of apoptosis-related signaling 
pathways, as suggested in prior studies [58, 
59]. Therefore, fungal-derived SeNPs represent 

 

 

 

 

 

 

 

 

 

  

  

Fig. 8. Inhibition rate (%) of normal cells (Left-side image) and cancer cell lines (Right-side image).
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a promising adjuvant strategy in cancer 
chemotherapy. Fig. 9 shows the dose-dependent 
inhibition rates of MCF7 and PC3 cell lines treated 
with fungal-SeNPs, Doxo, and their combination.

Synergistic Effect and Biocompatibility
To evaluate the synergistic interaction between 

biosynthesized selenium nanoparticles (EX-SeNPs) 
and the chemotherapeutic drug doxorubicin 
(Doxo), the combination index (CI) was calculated 
using the Chou-Talalay method. The CI values 

plotted against the fraction affected (Fa) for both 
PC3 and MCF7 cell lines provide insights into the 
nature of the drug interaction SeNPs. Following 
Tables 2 and 3 present the combination index (CI) 
data of the combination of selenium nanoparticles 
(EX-SeNPs) and doxorubicin (DOXO) for PC3 and 
MCF cell lines. The combination Index (CI), which 
indicates the extent of synergy through a decline 
in values and an increase in the Fa. In the PC3 cell 
line, specifically, the values of CI decline drastically 
from 246.96 at Fa = 0.05 (indicative of strong 

 

 

Fig. 9. Dose-dependent inhibition rates of MCF7 and PC3 cell lines treated with fungal-SeNPs, Doxo, and their combination.

Fa CI ± SD Interpretation 
0.05 10.74 ± 1.22 Antagonism 
0.1 2.781 ± 0.235 Antagonism 

0.15 1.206 ± 0.0802 Additive 
0.2 0.643 ± 0.034 Synergy 

0.25 0.382 ± 0.0162 Strong synergy 
0.3 0.243 ± 0.008 Powerful synergy 

0.35 0.161 ± 0.004 Powerful synergy 
0.4 0.11 ± 0.002 Powerful synergy 

0.45 0.0757 ± 0.0008 Hyper synergy 
0.5 0.0527 ± 0.0003 Hyper synergy 

0.55 0.0367 ± 0.0003 Hyper synergy 
0.6 0.0254 ± 0.0004 Hyper synergy 

0.65 0.0173 ± 0.0004 Hyper synergy 
0.7 0.0115 ± 0.0003 Hyper synergy 

0.75 0.0073 ± 0.0003 Hyper synergy 
0.8 0.0043 ± 0.0002 Hyper synergy 

0.85 0.0023 ± 0.0001 Hyper synergy 
0.9 0.001 ± 0.0001 Hyper synergy 

 

Table 2. CI and Fa Data for PC3 Cell Line (EX-SeNPs + Doxorubicin).
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antagonism) to 0.00016 at Fa = 0.90 (reflecting 
extreme synergy). A similar trend is observed for 
the MCF7 cell line, where the values of CI decline 
from 10.74 to 0.00101 across the same range of Fa. 
The Chou-Talalay hypothesis posits that values of 
CI below 1 indicate synergy, those below 0.3 signify 
strong synergy, and those below 0.1 denote very 
strong or hyper-additive synergism [41]. The results 
unequivocally prove that as the cytotoxicity of the 
compound increases, the interaction between EX-
SeNPs and Doxo becomes more cooperative, which 
may further increase therapeutic efficacy at lower 
dosages. The enhanced synergy noted at high 
values of Fa indicates that small administrations of 
the two drugs can achieve cancer cell inhibition, 
and the approach is an optimal strategy in the 
chemotherapy regimen to reduce side effects [60].

One of the key factors contributing to the 
observed synergy is the experimental repeatability 
and precision of the data, demonstrated by the 
low standard deviation values for the CI values. 
For instance, in PC3 cells with Fa of 0.50, the CI is 
measured as 0.03433 ± 0.00013, and in the case of 
MCF7, the values are 0.05273 ± 0.00028, indicative 
of very high experimental consistency. The high 
reproducibility is critical to the potency of EX-
SeNPs as synergistic compounds in combination 
therapies. Mechanistically, from the perspective 
of the mechanism, the EX-SeNPs are known to 
influence many cell pathway activities involving 
the production of reactive oxygen species, the 
triggering of malfunctioning mitochondria, and 
modulating apoptosis-related proteins, such as 

Bcl-2 and caspases [61,62]. With doxorubicin 
(Doxo), which is an intercalation inhibitor of 
topoisomerase II, when administered along with 
the EX-SeNPs, the latter are expected to reduce the 
cancer cell resistance to the stress imparted by the 
former, leading to enhanced cell death. Further, 
the biosynthesis of EX-SeNPs using biomaterials 
leads to the introduction of biologically active 
capping molecules (like proteins, phenolics, and 
polysaccharides) on the EX-SeNPs, which stabilize 
the particles as well as may induce supplementary 
antitumor action [63,64]. 

From the perspective of biocompatibility, 
biosynthesized selenium nanoparticles (EX-
SeNPs) are superior to chemically synthesized 
particles. Selenium, a crucial essential element 
in human physiology, is engaged in the regulation 
of anti-oxidant defenses through the action of 
selenoenzymes, including glutathione peroxidase 
and thioredoxin reductase [15,42]. Nano 
selenium, on the contrary, exhibits higher safety 
profiles, particularly when fabricated through 
eco-friendly biological routes. Fungal endophytes 
such as Exserohilum rostratum are ideal biogenic 
producers of nanoparticles since the former 
produces extracellular metabolites that not only 
enhance ion reduction and offer biocompatible 
capping but also reduce immunogenic responses 
and systemic toxicities inherent in nanomaterials 
produced through chemical routes [43,65].

From the perspective of biocompatibility, 
biosynthesized selenium nanoparticles (EX-
SeNPs) are superior to chemically synthesized 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  

Fa CI ± SD Interpretation 
0.05 246.96 ± 67.47 Antagonism 
0.1 24.2 ± 4.9 Antagonism 

0.15 5.82 ± 0.914 Antagonism 
0.2 2.01 ± 0.247 Antagonism 

0.25 0.84 ± 0.0796 Synergy 
0.3 0.4 ± 0.028 Strong synergy 

0.35 0.2 ± 0.01 Powerful synergy 
0.4 0.11 ± 0.0033 Powerful synergy 

0.45 0.06 ± 0.0009 Powerful synergy 
0.5 0.03 ± 0.0001 Hyper synergy 

0.55 0.02 ± 0.0003 Hyper synergy 
0.6 0.01 ± 0.0002 Hyper synergy 

0.65 0.01 ± 0.0001 Hyper synergy 
0.7 0.0036 ± 0.0001 Hyper synergy 

0.75 0.00193 ± 0.0001 Hyper synergy 
0.8 0.00097 ± 0.00002 Hyper synergy 

0.85 0.00043 ± 0.00001 Hyper synergy 
0.9 0.00016 ± 0.00001 Hyper synergy 

Table 3. CI and Fa Data for MCF7 Cell Line (EX-SeNPs + Doxorubicin).
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particles. Selenium, a crucial essential element 
in human physiology, is engaged in the regulation 
of antioxidant defences through the action of 
selenoenzymes, including glutathione peroxidase 
and thioredoxin reductase. [15,42]. Bulk selenium 
compounds, on the other hand, exhibit narrow 
therapeutic windows and an inherent potential 
for toxicities. Nano selenium, on the contrary, 
exhibits higher safety profiles, particularly when 
fabricated through eco-friendly biological routes. 
Fungal endophytes such as Exserohilum rostratum 
are ideal biogenic producers of nanoparticles 
since the former produces extracellular 
metabolites that not only enhance ion reduction 
and offer biocompatible capping but also reduce 
immunogenic responses and systemic toxicities 
inherent in nanomaterials produced through 
chemical routes [43,66].

Moreover, synergy with Doxorubicin implies that 
decreased dosages of each of the drugs may prove 
to be therapeutically effective, thereby lessening 
the overall burden on healthy cell populations and 
reducing many side effects inherent in the use of 
Doxorubicin. In the context of the approach, EX-
SeNPs act not just as mere enhancers of drugs 
but also as protective molecules that modulate 
cancer chemotherapy towards targeted, efficient, 
and safer ends. The use of these biosynthesized 
nanomaterials in combination chemotherapy 
protocols has the potential to revolutionize 
oncological treatment paradigms through cost-
effective, environmentally sustainable, and patient 
safety-based alternatives [67-69].

Beyond the scope of the present findings, the 
biomedical versatility of nanoparticles continues 
to inspire novel therapeutic strategies. Their 
physicochemical tunability has been harnessed 
in gene therapy to achieve targeted delivery 
and controlled release systems, unlocking new 
possibilities for precision medicine [70]. The 
convergence of nanotechnology and artificial 
intelligence is accelerating this progress, enabling 
predictive modeling, structural optimization, and 
performance enhancement with unprecedented 
efficiency [71]. Antibacterial efficacy, as 
demonstrated in our study, resonates with 
similar outcomes observed in biogenic systems 
such as chitosan nanoparticles biosynthesized by 
Streptococcus thermophilus, where particle size, 
surface charge, and capping biomolecules dictated 
bactericidal potency [72]. In oncology, selenium 
nanoparticles have been shown to modulate 

critical signal transduction pathways in colorectal 
cancer models, underscoring their selective 
anticancer potential [73], while plant-derived 
variants with unique morphologies have advanced 
the frontier of tailored medical treatments [74]. 
Parallel to these approaches, mycofabricated 
silver nanoparticles synthesized by the endophytic 
fungus Papulaspora pallidula have exhibited 
remarkable dual functionality—combining potent 
anticancer and antibacterial activities [75], and 
further work has confirmed their broad-spectrum 
antimicrobial capacity against multiple human 
pathogens through eco-friendly synthesis routes 
[76]. Collectively, these advances reflect a global 
shift toward green nanotechnology, where 
sustainability and biomedical efficacy converge to 
redefine therapeutic innovation.

CONCLUSION
The current study successfully demonstrated 

the biosynthesis and biosafety of selenium at the 
nanoscale, mediated by the fungal endophyte 
Exserohilum rostratum. Comprehensive 
physicochemical characterizations confirmed 
the formation of stable, functional, and 
crystalline SeNPs. UV-Vis spectrum revealed a 
characteristic resonance surface plasmon peak 
at 271.5 nm, indicating the synthesis of spherical 
nanoparticles. FTIR analysis confirmed the role of 
fungal biomolecules throughout the reduction, 
stabilization, and capping processes. XRD, AFM, 
and FESEM-EDX collectively confirmed the 
crystalline structure, nanoscale size, and purity 
of the SeNPs. Biologically, the SeNPs exhibited 
moderate antioxidant activity (IC₅₀ = 158.3 µg/
ml) and selective cytotoxicity: higher IC₅₀ values 
in normal HBL-100 cells (405.9 ± 23.7 µg/ml), and 
significantly lower IC₅₀ values in cancerous cell 
lines (MCF-7 = 134.67 ± 1.98 µg/ml; PC3 = 84.0 ± 
2.06 µg/ml), confirming their selective anticancer 
potential. Notably, combination treatments with 
doxorubicin significantly reduced the IC₅₀ values 
(MCF-7 = 50.55 µg/ml; PC3 = 22.17 µg/ml), with 
combination indices (CI) reaching as low as 0.00016 
for PC3, indicating a strong synergistic interaction. 
While our results affirm SeNPs’ potential as safe 
and effective anticancer agents, the study was 
restricted to in vitro assays. Further research 
is essential to validate the pharmacokinetics, 
biodistribution, immune compatibility, and 
long-term toxicity in vivo. Moreover, the exact 
molecular mechanisms underlying the selective 
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cytotoxicity of SeNPs remain to be fully elucidated. 
Future studies should include transcriptomic 
and proteomic analyses, ROS generation assays, 
and apoptosis-related gene expression profiling. 
Expanding this research to include other 
endophytic fungal species may yield SeNPs with 
enhanced therapeutic properties. Incorporating 
SeNPs into advanced drug delivery platforms such 
as liposomes, polymeric carriers, or hydrogels could 
further improve target specificity and control drug 
release. From a translational perspective, scalable 
production processes ensuring reproducibility, 
purity, and functional integrity will be pivotal for 
clinical application. Furthermore, a systematic 
investigation into SeNPs’ interaction with existing 
chemotherapeutics or immunotherapies can 
open new avenues for combination therapies in 
precision oncology.
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