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Abstract
Selenium nanoparticles (SeNPs) were successfully synthesized using the culture extract of Monascus purpureus ATCC16436 
grown on sugarcane bagasse under solid-state fermentation. The rapid synthesis of SeNPs was completed after 30 min 
as confirmed by UV–Vis spectroscopy. Functional groups present in the synthesized SeNPs samples were confirmed by 
Fourier transform infrared spectroscopy. The synthesized SeNPs showed a single-phase crystalline structure. Transmis-
sion electron microscope revealed the spherical shape and the mean particle size was 46.58 nm. Dynamic light scattering 
analysis showed that the synthesized SeNPs were monodispersed and the recorded polydispersity index value was 0.205. 
Zeta potential value of − 24.01 mV indicated the high stability of SeNPs. Besides, the biological activities of antioxidant, 
anticancer and antimicrobial as well as the photocatalytic activities were also studied. SeNPs showed promising antioxidant 
activity with 50% inhibitory concentration of 85.92 µg mL−1. Based on the MTT assay, SeNPs inhibited the proliferation 
of normal human melanocytes, human breast and liver cancer cell lines with 50% inhibitory concentrations of 45.21, 61.86 
and 200.15 µg mL−1, respectively. SeNPs showed broad spectrum of antimicrobial potential against the tested human and 
plant pathogens. SeNPs showed efficient degradation of methylene blue dye. Moreover, the effect of gamma irradiation on 
the production enhancement of SeNPs was also adopted. Exposure of the fungal spores to gamma rays at 1000 Gy increased 
the yield of SeNPs to approximately fivefold. Hence, this study suggests a new and alternate approach with the excellent 
biotechnological potentiality for the production of SeNPs.
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Introduction

Selenium (Se) is one of the most important essential ele-
ments for animals, human and microorganisms. It plays a 
key role in the biosynthesis of the most important seleno-
enzymes [1]. Selenium nanoparticles (SeNPs) in comparison 
with their counterparts (Se, selenate and selenite) have lower 
toxicity and more biocompatibility [2]. The acute toxicity, 

short-term, sub-chronic toxicity of SeNPs are much lower 
than that of selenite [3]. SeNPs possess a wide range of 
biological and therapeutic activities including antibacterial, 
antioxidant, antiprotozoal [4], and anticancer [2]. Moreo-
ver, they are gaining great importance in the field of optics 
and electronics due to their enhanced semiconducting [5], 
photoconducting [6], photoelectrical and catalytic properties 
[7]. Such activities make SeNPs an ideal candidate for many 
industrial and medical applications. Currently, the synthesis 
of SeNPs is performed by a variety of chemical, physical and 
biological methods [2]. However, the chemical and physi-
cal methods are complicated, costly, and result in hazardous 
toxic wastes, which are harmful to both human health and 
environment. Moreover, the toxic chemicals required in such 
methods greatly reduce their biomedical applications [4]. So, 
there is a pressing scientific need to explore alternative green 
sources to overcome these drawbacks.
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Recently, many microorganisms have been reported to 
synthesize SeNPs, however, only few fungal genera have 
demonstrated to synthesize SeNPs [8]. Additionally, a sim-
ple and reproducible method for the production of SeNPs 
on a large scale is still missing [2]. Fungi could be used as 
the most efficient biotechnology agents for the sustainable 
production of nanoparticles. Fungi are flexible, tolerant, an 
easy, and economic biological system that has been used 
extensively in the industry [9]. Among the fungal popula-
tions, the genera of Monascus have wide applications in the 
food industry as a nitrite-substitute in the meat products, 
food additives, color intensifier, and as a dye in cosmet-
ics and textile industries [10].

Solid-state fermentation (SSF) is defined as the growth of 
microorganisms on the surface and/or at the interior of solid 
support (inert support or substrate) without any free-flowing 
water [11]. SSF has many advantages such as resistance of 
microorganisms to catabolic repression, the production of 
metabolites at higher yields, and the potentiality of using 
many agro-industrial wastes generated by the industry as 
substrates [11]. In the current study, the synthesis and char-
acterization of SeNPs using the fungus Monascus purpureus 
ATCC16436 grown under solid-state fermentation was 
described for the first time. Biological applications (anti-
oxidant, anticancer and antimicrobial potentials) and pho-
tocatalytic activities of the synthesized nanoparticles were 
also studied. Moreover, exposure of the fungal culture to 
different gamma irradiation doses for enhanced production 
of SeNPs was adopted.

Materials and methods

Fungal strain

The experimental fungus used in this study was Monascus 
purpureus (ATCC16436, Egypt Microbial Culture Col-
lection, Ain Shams University, Cairo, Egypt). The fungus 
was routinely maintained on malt extract agar composed of 
(g L−1): malt extract 20, peptone 1.0, glucose 20, and agar 
20. The Fungus was stored in glycerol (15%, v/v) at − 4 °C, 
as a suspension of mycelium and spores.

Solid‑state fermentation

Sugarcane bagasse was obtained from a local sugarcane mill 
(Menia El-Kamh, Egypt). The collected bagasse samples 
were oven-dried at 60 °C, then milled to 0.2–0.5 mm par-
ticle size.

Fungal spores from cultures of M. purpureus (5 days 
old) were harvested and the concentration was adjusted to 
a  106 spores mL−1 using haemocytometer. 10 g samples 
of sugarcane bagasse were separately placed in 250 mL 

Erlenmeyer flasks and 7  mL of a mineral salt solution 
(composed of (g L−1):  MgSO4·7H2O, 0.05;  FeSO4·7H2O, 
0.01; KCl, 0.05) was added as moistening agent to get the 
moisture level at 70%, w/w. The flasks were then autoclaved 
for 20 min at 121 °C. After cooling the flasks to room tem-
perature, 1 mL of the spore suspension was added and the 
contents of the flasks were thoroughly mixed, after which the 
flasks were incubated at 30 °C for 10 days. Finally, the inocu-
lated flasks were extracted after incubation by ethanol (abso-
lute) for 1 h on a rotary shaker at room temperature, then 
filtered through Whatman No. 1 filter paper. The extract was 
further centrifuged for 10 min at 10,000 rpm. The resulted 
extract was used for the preparation of nanoparticles.

Synthesis, separation and purification 
of nanoparticles

Sodium selenite  (Na2SeO3) was purchased from Sigma-
Aldrich (St Louis, MO, USA). A volume of 100 mL of 
the extract of the fermented sugarcane bagasse fermented 
(EFSB) was taken in an Erlenmeyer flask and mixed with 
100 mL of the sodium selenite solution (1 mM final con-
centration). The reaction mixture was maintained under 
vigorous stirring for 30 min at room temperature and the 
mixture was observed visually for color change from red to 
deep red. Simultaneously, a positive control of the EFSB 
and a negative control of only sodium selenite solution were 
maintained under the same conditions.

SeNPs were separated from the reaction mixture by cen-
trifugation at 20,000 rpm for 20 min at 4 °C. After which, 
the separated nanoparticles were washed in deionized 
water and ethanol and then dried at 50 °C in a hot air oven. 
Finally, the fine powder of SeNPs was dissolved in ethanol 
and treated ultrasonically for the dispersion of the individual 
nanoparticles and used for characterization.

Characterization of nanoparticles

The synthesized nanoparticles were characterized by various 
techniques. SeNPs synthesized by the EFSB were confirmed 
by UV–Vis spectroscopy. SeNPs solution was analyzed on 
UV–Vis spectrophotometer in the range of 200–800 (UV-
3101PC, Shimadzu, Japan). Fourier Transform Infrared 
(FT-IR) spectra were recorded at 400–4000 cm−1 using 
IRAffinity-1 spectrophotometer (Shimadzu, Japan). X-ray 
diffraction (XRD) pattern was recorded using Cu-Kα radia-
tion (wavelength of 1.5406 Å at 40 kV and 40 mA) in the 
range 10° ≤ 2θ ≤ 80° through a BRUKER diffractometer (D8 
DISCOVER with DAVINCI design, USA). Morphology of 
the synthesized nanoparticles was studied by Transmission 
Electron Microscope (TEM) performed on a JOEL model 
2100, Japan, operated at an accelerating voltage at 8000 kV 
by focusing on nanoparticles. Dynamic light scattering and 
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Zeta potential analyses (Zetasizer Nano ZS, Malvern instru-
ments, Worcestershire, UK) were carried out to estimate the 
distribution of different size particles dispersed in SeNPs 
solution and its stability.

Biological evaluation

Antioxidant activity

Free radical scavenging potential of SeNPs was estimated 
by 2,2′-diphenyle picrylhydrazyl (DPPH) radical scavenging 
assay [12]. SeNPs were dissolved in methanol and treated 
ultrasonically to get the concentrations of 25, 50, 100, 200, 
400, 800 and 1000 µg mL−1. A stock solution was prepared 
by dissolving 24 mg of DPPH (Sigma-Aldrich, St. Louis, 
MO, USA) in 100 mL of methanol and stored at − 4 °C. 
Then, 2 mL of the stock solution was added to 1 mL of 
SeNPs solution. This mixture was dark incubated for 30 min 
and the final absorbance was recorded at 517 nm. Simultane-
ously, ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) 
was used as a positive control. The percentage scaveng-
ing activity is expressed as the change in absorbance with 
respect to the control (containing DPPH only). Moreover, 
the concentration required to reduce the free radicals by 50% 
 (IC50) was estimated from graphic plots for each concentra-
tion using GraphPad Prism software (San Diego, CA, USA).

Anticancer activity

Cell lines

Normal human melanocytes (HFB-4), hepatocelluar carci-
noma (HepG-2) and human breast carcinoma (MCF-7) cell 
lines were obtained from The American Type Culture Col-
lection ATCC (MO, USA, http://www.atcc.org). Cell lines 
were maintained by serial sub-culturing in Dulbecco’s modi-
fied eagle’s medium supplemented with 10% bovine serum, 
100 U mL−1 penicillin, and 100 µg mL−1 streptomycin. The 
cells were sub-cultured every 3 days and maintained in a 
humidified incubator supplied with 5%  CO2 and temperature 
37 °C.

Cytotoxicity evaluation

The synthesized nanoparticles were dissolved in DMSO to 
a concentration range of 0.39–50 μg mL−1. Taxol (Sigma-
Aldrich, St. Louis, MO, USA) was used as a standard anti-
cancer agent at the same concentrations of SeNPs. The MTT 
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium 
bromide)-based assay was used to evaluate the cytotoxicity 
of SeNPs against the cell lines [13]. In brief, cell monolay-
ers  (104 cells/well) were incubated in a 5%  CO2 humidified 
incubator at 37 °C for 24 h and then incubated for another 

48 h and washed by HEPES buffer (Lonza Bioproducts, Bel-
gium). Cells were treated by 50 µL of 0.5 mg mL−1 MTT 
(Serva Electrophores, Germany) was added to each well. 
After which, they were dark incubated for 4 h for the reduc-
tion of MTT into formazan followed by addition of 50 μL 
of DMSO to solubilize the purple crystals of formazan. 
Absorbance was finally recorded at 570 nm with a micro-
plate ELISA reader, BioTek, USA. The untreated cells were 
used as control. Samples and control were treated in quad-
rates for each concentration of SeNPs. The relative viability 
of cells (%) was expressed as follows:

The 50% inhibitory concentration  (IC50) was estimated from 
graphic plots for each concentration using the GraphPad 
Prism software.

Antimicrobial sensitivity tests

SeNPs were dissolved in different volumes of methanol 
to obtain the desired concentrations of 100, 250, 500, and 
1000 µg mL−1 and then treated ultrasonically. Antimicrobial 
activity assay was performed using agar well diffusion assay 
technique [14].

Antibacterial activity

Antibacterial susceptibility assay of SeNPs was performed 
against different Gram-negative and Gram-positive bacterial 
strains (Pseudomonas aeruginosa ATCC15442, Klebsiella 
pneumoniae ATCC13883, Escherichia coli ATCC11229 
and Staphylococcus aureus ATCC6538). SeNPs (50 µL) 
was applied to agar wells (9 mm, diameter) in a Petri-dish 
containing 25 mL Muller-Hinton agar medium (composed of 
(g L−1): beef infusion 300, acid hydrolysate of casein 17.5, 
starch 1.5 and agar 20) inoculated with 0.1 mL suspension 
 (107 cell mL−1) of the bacterial strains. Control Petri-dishes 
were made by applying methanol only (negative control) and 
Amoxicillin/Clavulanic acid (positive control) to the agar 
wells. Plates were incubated at 4 °C overnight and then at 
35 °C for 24 h.

Antifungal activity

Antifungal potential of SeNPs was evaluated against Can-
dida albicans ATCC10231 and three different plant patho-
genic fungi (Alternaria solani, Aspergillus niger, and Fusar-
ium oxysporum). The fungal isolates are used as standard 
microorganisms in our Laboratory (Microbiology Research 
Unit, Plant Research Department, Nuclear Research 
Center, Egypt). Petri-dishes containing Czapek-Dox’s agar 

%Cell viability

= (Abs570 of treated cells/Abs570 of control cells) × 100.

http://www.atcc.org
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(composition (g L−1): sucrose 30,  NaNO3 3,  KH2PO4 1, 
 MgSO4·7H2O 0.5, KCl 0.5,  FeSO4·7H2O 0.01, agar, 20) 
inoculated with 0.2 mL spore suspension  (107 spores mL−1) 
of the tested fungal species were prepared. However, C. albi-
cans  (107 cell mL−1) was cultured in Petri-dish containing 
25 mL Sabouraud’s-glucose agar composed of (g L−1): bac-
topeptone 10,  KH2PO4 1, glucose 20,  MgSO4·7H2O 1 and 
agar 20. Control Petri-dishes were made by applying metha-
nol only (negative control) and Nystatin (positive control) to 
the agar wells. Plates were incubated at 4 °C overnight and 
then at 35 °C for 24 h for C. albicans or at 30 °C for 5 days 
for the fungal species.

Inhibition zones around the agar wells were carefully 
measured. The wells containing the lowest concentration of 
SeNPs that still showed a zone of inhibition were considered 
the minimum inhibitory concentration (MIC).

Photocatalytic activities

The photocatalyitc potential of the synthesized nanoparticles 
was evaluated in the degradation of methylene blue (MB) 
dye (Sigma-Aldrich, St. Louis, MO, USA) according to a 
reported method with slight modification [15]. Different 
concentrations of the prepared SeNPs powder (25, 50, 100, 
200 and 400 mg) were separately added to 100 mL aqueous 
solution of MB (10 mg L−1) under constant stirring for 1 h 
in the dark to attain the adsorption equilibrium. This mix-
ture was then exposed to the sunlight at room temperature 
for 20 min. After which, 10 mL of the aliquot solution was 
withdrawn from the SeNPs-dye mixture, centrifuged and the 
absorbance were monitored by at 664 nm. A control experi-
ment was carried out under the same condition without the 
addition of nanoparticles. The percentage of dye degradation 
was estimated by the following equation:

where Mo is the original concentration of MB and M is the 
MB concentration after catalytic degradation.

Testing the effect of gamma irradiation 
on the production of SeNPs

The efficacy of the EFSB as influenced by gamma irradia-
tion on the production of SeNPs was studied. Spore suspen-
sions of M. purpureus were prepared as described earlier, 
transferred in vials sealed with paraffin and irradiated by 
gamma rays at doses of 250, 500, 1000, 2000 and 4000 Gy. 
Irradiation process was carried out at the Nuclear Research 
Center (Cairo, Egypt) using 60Co Gamma chamber, MC20, 
Russia, with an average dose rate of 605.726 Gy h−1 at the 
time of the experiment. To avoid photo–reactivation, the 
gamma-irradiated spore suspensions were kept in darkness 

Degragdation (%) = 100 × (Mo −M)∕Mo

at 4 °C overnight. After which, 1 mL of the irradiated spore 
suspension was added to 250 mL flasks containing 10 g sug-
arcane bagasse. The flasks were incubated for 10 days at 
30 °C and the EFSB was used for the production of SeNPs 
as described earlier. Concentration of the synthesized SeNPs 
in the reaction mixture of each irradiation dose was meas-
ured after recording the absorption at 593 nm and expressed 
as OD mL−1 EFSB. The resultant nanoparticles form every 
irradiation dose were separated, purified and carefully 
weighted and the yield was expressed as mg SeNPs/100 mL 
EFSB.

Statistical analyses

Results were expressed as the mean ± standard deviation 
(SD). The statistical significance was evaluated by the ONE 
WAY ANOVA, Duncan analysis followed by the Least Sig-
nificant Difference (LSD) test at 0.05 level using SPSS soft-
ware, version 22; IBM Corp., NY.

Results

Synthesis and characterization of SeNPs

The red color extract of the fermented sugarcane bagasse 
(EFSB) was added to the aqueous colorless bulk sodium sel-
enite solution. The red color mixture turned to deep red color 
after 30 min of incubation, indicating the complete reduc-
tion of sodium selenite to SeNPs (Fig. 1 inset). The UV–Vis 
spectrophotometric analysis was performed to confirm the 
formation of SeNPs from sodium selenite. In the UV–Vis 
spectrum (Fig. 1), the synthesized SeNPs exhibited absorp-
tion peak at 593 nm, due to its surface plasmon resonance.

FTIR spectra were recorded to study the interaction 
between active metabolites of the EFSB and the synthesized 
SeNPs. FTIR spectra (Fig. 2) of the synthesized nanopar-
ticles and the EFSB were recorded in the 400–4000 cm−1 
range. Both spectra showed main bands of C–H in  CH2 and 
in the phenyl ring, asymmetric and symmetric vibrations 
of C–O and C=O bonds in  COO− groups as well as bands 
of O–H in water. Besides, bands of phenols and primary 
amines were also detected. Interestingly, an absorption band 
at 744 cm−1 appeared in the recorded spectrum of SeNPs, 
which may be due to conjugation of SeNPs. Figure 2 further 
showed that the intensity of all the appeared peaks in the 
recorded spectrum of the synthesized SeNPs was increased, 
indicating the binding of the synthesized SeNPs to func-
tional groups present in the EFSB.

Figure 3 presented the XRD pattern of SeNPs synthe-
sized by the EFSB. The presence of 100, 101, 110, 102, 
111, 201, 112, 202, 201, and 113 planes in the XRD pat-
tern confirms the crystal structure. Moreover, the obtained 
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results confirmed the hexagonal crystal structure of the 
synthesized nanoparticles. The synthesized SeNPs showed 
a single phase, as no peaks corresponding to impurities 
were observed (Fig. 3). The crystallite size of SeNPs was 
estimated using the Scherrer equation (from the FWHM 
of the most intense peak corresponding to the 101 plane) 
as follows:

where D, k, ʎ, β, and θ are crystallite size, Scherrer constant, 
the wavelength of the X-ray, full-width half-maximum of 
the (101) plane, and Bragg diffraction angle, respectively. 
The mean crystallite size of the synthesized SeNPs was 

45.82 nm. The obtained results also revealed that the lattice 
parameter was 4.44690 Å.

TEM analysis was accomplished to study the morphol-
ogy of SeNPs synthesized by the EFSB. TEM image of 
the synthesized SeNPs (Fig. 4a) showed that the particles 
were spherical in shape and monodispersed. TEM analy-
sis (Fig.  4b) revealed that the particle size distribution 
was in the range of 30–70 nm with a mean particle size of 
46.58 ± 1.54 nm. Dynamic light scattering (DLS) was used 
to estimate the size distribution of the synthesized SeNPs. 
Data presented in Fig. 5a showed that the particles size dis-
tribution was in the range 30–70 and the mean particle size 
was 45.65 nm, confirming the results of the TEM analysis. 

Fig. 1  UV–Vis spectrum of 
SeNPs synthesized by the 
EFSB. SeNPs was dissolved in 
ethanol and treated ultrasoni-
cally for the dispersion of the 
individual particles and the 
absorption was recorded in 
the range 200–800 nm. Inset 
a EFSB, b reaction mixture 
after complete reduction, and c 
SeNPs

Fig. 2  FTIR spectra of the 
EFSB (dotted line) and the syn-
thesized SeNPs (solid line)
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Moreover, the polydispersity index (PDI) value of the syn-
thesized SeNPs was 0.205, indicating that the synthesized 
nanoparticles were monodispersed. The zeta potential 
value (Fig. 5b) of the synthesized SeNPs was − 24.01 mV 
which indicated that the synthesized nanoparticles had high 
stability.

DPPH free radical scavenging activity of SeNPs

Table 1 clearly showed that the synthesized SeNPs exhibited 
promising antioxidant activity when compared by ascorbic 
acid as standard antioxidant at different concentrations. 
The obtained results also confirmed that SeNPs inhibited 
the DPPH free radicals in a dose-dependant manner, as 
any increase in the SeNPs concentration was followed by 
an increase in the recorded scavenging activity. (Table 1). 

Moreover, the least inhibitory concentration of both SeNPs 
and ascorbic acid was 25 µg mL−1. The obtained results 
also revealed that the recorded  IC50 value of SeNPs was 
85.92 µg mL−1, meanwhile, it was 73.05 µg mL−1 for ascor-
bic acid.

Cytotoxicity of SeNPs

Table 2 showed that SeNPs were active against the non-
malignant Hbf-4 cell line and both malignant MCF-7 and 
HepG-2 cancer cell lines. In addition, the least inhibitory 
concentration of SeNPs was found to vary from cell line 
type to another. The obtained results also revealed that 
SeNPs exhibited a strong anticancer activity compared to 
Taxol. The least inhibitory concentration of both taxol and 
the synthesized SeNPs was 0.39 μg mL−1 against MCF-7, 

Fig. 3  X-ray diffraction pattern 
(Cu Kα-radiation) of SeNPs 
synthesized by the EFSB at 
room temperature

Fig. 4  TEM analysis of SeNPs synthesized by the EFSB; a TEM micrograph, b particle size distribution histogram
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and HepG-2 cells. However, the least inhibitory concen-
trations of taxol and SeNPs against Hfb-4 cells were 1.56 
and 0.78 μg mL−1, respectively. Data presented in Table 2 
further showed that SeNPs caused concentration-dependent 

cell death where the increase in SeNPs concentration 
resulted in a significant decrease in cell proliferation. The 
estimated  IC50 values of the synthesized SeNPs were 9.58, 
8.87, and 25.01 μg mL−1 against MCF-7, HEp-2 and Hfb-4, 
respectively. Meanwhile, the estimated  IC50 values of taxol 
were against the respective cell lines were 6.72, 5.36, and 
12.34 μg mL−1 (Table 2).

Antimicrobial activity of SeNPs

The antimicrobial potential of the synthesized SeNPs was 
evaluated against different Gram-positive and Gram-nega-
tive pathogenic bacterial strains as well as different plant 
pathogenic fungi and a unicellular fungal strain (Tables 3 
and 4). Data presented in Table 3 clearly revealed that SeNPs 
exhibited a broad spectrum of the antibacterial activity when 
compared with Amoxicillin/Clavulanic acid, where it inhib-
ited the growth of all the tested bacterial strains. Moreover, 
the obtained results showed that the estimated MIC value of 
E. coli, K. pneumoniae and Staph. aureus was 100 μg mL−1, 
while it was 250 μg mL−1 for P. aeruginosa. 

Results of the antifungal activity (Table 4) clearly indi-
cated that SeNPs showed potent antifungal potential against 
all the tested fungal species, as compared by the standard 
antifungal Nystatin. The obtained results showed that the 

Fig. 5  DLS analyses of SeNPs 
synthesized by the EFSB; a 
particle size distribution, and b 
zeta potential

Table 1  DPPH free radical scavenging activity of SeNPs synthesized 
by the EFSB

DPPH scavenging assay was used for measuring the antioxidant 
activities of SeNPs at 517  nm using DPPH solution under the con-
ditions described in Materials and Methods. Calculated mean is for 
triplicate measurements from two independent experiments ± SD
a–h Means with different superscripts in the same column are consid-
ered statistically different (LSD test, P ≤ 0.05)

Concentration (µg mL−1) Free radical scavenging activity (%)

Ascorbic acid SeNPs

0.00 (C) 00.00 ± 0.00h 00.00 ± 0.00g

25 20.43 ± 1.37g 35.59 ± 2.55f

50 48.19 ± 6.21f 49.56 ± 2.49e

100 53.82 ± 5.41e 57.92 ± 5.54d

200 62.35 ± 6.32d 66.29 ± 6.27c

400 73.21 ± 5.32c 73.57 ± 5.31b

800 99.44 ± 4.76b 82.43 ± 7.76a

1000 100.00 ± 0.00a 97.43 ± 5.51a

IC50 (µg mL−1) 73.05 85.92
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Table 2  Anticancer activity of SeNPs synthesized by the EFSB against Hepatocelluar carcinoma (HepG-2), human breast carcinoma (MCF-7) 
and normal human melanocytes (Hfb-4)

MTT-based assay was used for measuring the cytotoxic activities of the synthesized SeNPs at 570 nm using MTT solution under the conditions 
described in Materials and Methods, calculated mean is for triplicate measurements from two independent experiments ± SD
a–h Means with different superscripts in the same column are considered statistically different (LSD test, P ≤ 0.05)

Concentration (µg mL−1) Cell viability (%)

HepG-2 (liver) MCF-7 (breast) Hfb-4 (normal)

SeNPs Taxol SeNPs Taxol SeNPs Taxol

0.00 (C) 100.00 ± 0.0a 100.00 ± 0.0a 100.00 ± 0.0a 100.00 ± 0.0a 100.00 ± 0.0a 100.00 ± 0.00a

0.39 99.45 ± 3.21a 98.32 ± 6.15a 99.92 ± 0.00a 96.78 ± 3.42a 100.00 ± 0.0a 100.00 ± 0.00a

0.78 93.16 ± 4.43b 90.45 ± 4.05b 96.41 ± 3.87a 85.62 ± 4.19b 100.00 ± 0.0a 97.32 ± 4.21b

1.56 87.32 ± 3.21c 86.61 ± 4.32c 83.36 ± 5.21b 77.51 ± 3.88c 99.87 ± 8.11a 88.15 ± 5.37c

3.125 76.16 ± 4.27d 74.44 ± 5.19d 77.21 ± 3.78c 66.86 ± 5.65d 91.29 ± 4.32b 71.44 ± 3.76d

6.25 68.31 ± 4.52e 42.27 ± 4.36e 62.55 ± 3.98d 57.04 ± 3.57e 87.66 ± 6.19c 62.27 ± 4.55e

12.50 51.98 ± 5.33f 31.38 ± 3.14f 48.28 ± 2.65e 46.34 ± 2.98f 65.41 ± 2.57d 51.01 ± 3.27f

25.00 43.44 ± 3.21g 23.41 ± 1.54g 39.59 ± 4.76f 35.21 ± 1.09g 50.92 ± 3.17e 42.86 ± 1.86 g

50.00 30.91 ± 2.65h 10.25 ± 1.21h 27.34 ± 2.67g 23.11 ± 1.12h 37.98 ± 6.17f 36.31 ± 2.51h

IC50 (µg mL−1) 8.87 5.36 9.58 6.72 25.01 12.34

Table 3  Antibacterial activity 
of SeNPs synthesized by the 
EFSB against different Gram-
positive and Gram-negative 
pathogenic bacterial strains

Amoxicillin/Clavulanic acid was used at a concentration of 100 µg mL−1. Calculated mean is for triplicate 
measurements from two independent experiments ± SD
a–e Means with different superscripts in the same column are considered statistically different (LSD test, 
P ≤ 0.05)

SeNPs conc. (µg mL−1) Diameter of inhibition zone (mm)

E. coli Staph. aureus P. aeruginosa K. pneumoniae

0.00 (C) 0.00e 0.00d 0.00d 0.00e

100 02.51 ± 0.03d 03.59 ± 0.03c 0.00d 05.37 ± 0.04d

250 08.97 ± 0.21c 05.49 ± 0.02c 04.17 ± 0.05c 12.64 ± 0.05c

500 12.47 ± 0.92b 10.43 ± 0.61b 09.65 ± 0.05b 16.86 ± 0.31b

1000 16.41 ± 0.89a 13.59 ± 0.51a 11.71 ± 0.03a 21.43 ± 0.27a

Amoxicillin/clavulanic acid 1.92 ± 0.08 0.00 0.00 0.00

Table 4  Antifungal activity 
of SeNPs synthesized by 
the EFSB against different 
plant pathogenic fungi and C. 
albicans 

Nystatin was used at a concentration of 100 µg mL−1. Calculated mean is for triplicate measurements from 
two independent experiments ± SD
a–e Means with different superscripts in the same column are considered statistically different (LSD test, 
P ≤ 0.05)

SeNPs conc. 
(µg mL−1)

Diameter of inhibition zone (mm)

A. niger A. solani F. oxysporum C. albicans

0.00 (C) 0.00d 0.00c 0.00d 0.00e

100 0.00d 0.00c 0.00d 02.76 ± 0.02d

250 03.76 ± 0.05c 0.00c 05.2 ± 0.06c 05.31 ± 0.05c

500 09.42 ± 0.04b 04.76 ± 0.05b 09.32 ± 0.05b 11.36 ± 0.11b

1000 12.76 ± 0.05a 10.34 ± 0.04a 12.78 ± 0.10a 18.43 ± 0.23a

Nystatin 0.00 0.00 0.00 01.056 ± 0.03
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MIC values of the synthesized SeNPs vary according to the 
employed fungal species. C. albicans was the most sensitive 
fungal strain towards SeNPs where the lowest concentra-
tion of 100 μg SeNPs  mL−1 resulted in an inhibition zone of 
02.76 ± 0.02 mm. In the case of A. niger and F. oxysporum, 
SeNPs at a concentration of 250 μg mL−1 resulted in inhibition 
zones of 03.76 ± 0.05, 05.2 ± 0.06 mm, respectively. However, 
A. solani was the most resistant among the tested fungal spe-
cies where the recorded MIC value was 500 μg SeNPs  mL−1.

Photocatalytic Activity of SeNPs

The photocatalytic behavior of the synthesized SeNPs was 
examined through the degradation of MB dye after being left 
in darkness for 1 h to attain equilibrium. The dye degradation 
in the presence of the synthesized SeNPs was confirmed by the 
decrease of the recorded absorbance (at 664 nm) after 20 min 
exposure in sunlight. Degradation was verified by gradual 
change in the of MB color from deep blue to colorless. Fig-
ure 6a presented the effect of different concentrations of SeNPs 
on the degradation of MB dye. The obtained data revealed that 
the synthesized SeNPs successfully degraded the MB dye in a 
concentration-dependent manner as shown in Fig. 6a. A gradual 
increase in the percent of degradation is achieved in association 
with the increase in the SeNPs concentrations, reaching maxi-
mum degradation (100%) at a concentration of 400 mg SeNPs.

Effect of gamma irradiation on the production 
of SeNPs

The results given in Fig. 6b showed the effect of exposure 
of spores of the fungal strain to gamma-irradiation at vari-
ous doses on the production of SeNPs. The obtained results 

indicated that this effect was found to be dose-related. More-
over, 1000 Gy was the best irradiation dose where significant 
differences in both the recorded concentration and the yield 
of SeNPs were obtained at this dose. Maximum production 
(concentration of 5.97 OD mL−1 EFSB and SeNPs yield 
of 60.69 mg mL−1 EFSB) of SeNPs was achieved at this 
dose; which represent a fivefold increase. Furthermore, the 
obtained results indicated that increasing irradiation dose in 
the range 2000–4000 Gy resulted in lower production rates 
of SeNPs (both concentration and yield).

Discussion

Recently, microbial platforms for the production of nano-
materials as an alternative for the chemical and physical 
methods are highly recommended owing to their powerful 
tools for modification, improvement, and large-scale produc-
tion [9]. Thus, the current study aimed to develop a rapid, 
easy, cost-effective preparation for selenium nanoparticles 
(SeNPs). The fungus Monascus purpureus ATCC16436 was 
grown under solid-state fermentation using the agro-indus-
trial waste sugarcane bagasse, as a cheap solid substrate. 
The fermented sugarcane bagasse was extracted (EFSB) 
and successfully applied for the preparation of SeNPs. The 
synthesized nanoparticles were then separated, purified and 
characterized by different techniques. UV–Vis spectrum of 
SeNPs exhibited maximum absorption peak at 593 nm, due 
to its surface plasmon resonance. In accordance with our 
results, previous reports indicated that absorption peak at 
593 nm is the characteristic UV–Vis absorption maxima of 
SeNPs [16–18].

Fig. 6  Photocatalytic activity of SeNPs and effect of gamma-irradia-
tion on the production of SeNPs. a Effect of different concentrations 
of the synthesized SeNPs on the degradation of MB dye under solar 
irradiation. b Effect of different gamma-irradiation doses on the pro-

duction of SeNPs synthesized by the EFSB. Solid-state grown cul-
tures were carried out at 30 °C for 10 days. All data are shown as the 
mean ± SD of triplicate measurements from two independent experi-
ments
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FTIR spectra of the EFSB and the synthesized SeNPs 
showed main bands of asymmetric and symmetric vibrations 
of C–O and C=O bonds in  COO− groups, C–H in  CH2 and 
in the phenyl ring, bands of phenols and primary amines, 
bands of O–H in water, which were in a good agreement 
with literature [19, 20]. However, a new absorption band 
at 744 cm−1 appeared in the spectrum of SeNPs. This new 
band suggests the role of the EFSB in the reduction of the 
selenite to SeNPs by the conjugation of SeNPs with other 
functional groups. Moreover, the increase in peak intensity 
of the SeNPs spectrum indicates the binding of the synthe-
sized SeNPs to functional groups present in the EFSB. The 
same explanation has been interpreted by Mosallam et al. 
[21] who observed the formation of a new band at 618 cm−1 
in the FTIR spectrum of SeNPs only, besides the increase 
in the intensity of all peaks in the spectrum of SeNPs. The 
authors further attributed these observations to the conjuga-
tion of SeNPs with functional groups of the fungal extract 
used in the preparation process. Our results also showed that 
FTIR spectra of SeNPs exhibited characteristic peaks of pro-
teins, which could increase the nanoparticles stabilization. 
Proteins have the ability to bind to nanoparticles via dif-
ferent ways including, free amine groups, cysteine residues 
or through the electrostatic attraction of negatively charged 
carboxylate groups, thereby increasing the biomineralization 
and stabilization of the synthesized nanoparticles [21–23]. 
Previous reports showed that Monascus purpureus culture 
was successfully used for the biosynthesis of silver and gold 
nanoparticles [19, 20]. Moreover, we recently used the same 
fungal strain in the extracellular biosynthesis of cobalt-fer-
rite nanoparticles [14]. The formation of these nanoparticles 
(silver, gold and cobalt-ferrite) was attributed to the potential 
redox systems in the M. purpureus culture which is char-
acterized by a complex mixture of pigments (red, yellow 
and orange) of polyketide origin [14, 19, 20]. Additionally, 
the presence of lactone ring in the culture and formation of 
carboxylic acids were found to initiate the reduction process 
[14, 20]. Moreover, the presence of several hetero atoms in 
the azaphilone form and many redox functional groups in the 
culture may be responsible for the synthesis of nanoparticles 
[14, 19, 20]. Thus, the high reducing power of the EFSB 
prepared in this study may be responsible for the reduction 
of the sodium selenite salt and formation of SeNPs, accord-
ing to the FTIR analysis.

XRD analysis of the synthesized SeNPs confirmed the 
hexagonal crystal structure which is in agreement with 
the Joint Committee on Powder Diffraction Standards 
(JCPDS) cards No. 06-0326. In addition, the recorded 
lattice parameter of SeNPs was 0.444690 Å which is in 
agreement with previous reports [8, 21]. TEM analysis 
of SeNPs indicated that the particles were spherical and 
monodispersed. The particle size distribution of the syn-
thesized SeNPs was in the range 30–70 nm with mean 

particle size of 46.58 ± 1.54  nm which was in a good 
agreement with the estimated size from the Scherr equa-
tion. Dynamic light scattering (DLS) analysis showed 
that the particles size distribution was in the range 30–70 
and the mean particle size was 45.65 nm, confirming the 
results of the TEM analysis. Moreover, the synthesized 
SeNPs were monodispersed, as indicated by the poly-
dispersity index (PDI) value of 0.205. The zeta potential 
value of the synthesized SeNPs was − 24.01 mV which 
indicated the high stability of SeNPs. In the literature, 
there is a rapid progress in the research work for the syn-
thesis of SeNPs by fungi. There are eleven fungi have the 
ability of SeNPs biosynthesis, including Aureobasidium 
pullulans, Mortierella humilis, Trichoderma harzianum, 
Phoma glomerata [24], Mariannaea sp. HJ [8], Aspergil-
lus oryzae [21], Lentinula edodes [25], Aspergillus ter-
reus [26], Alternaria alternate [27], Fusarium sp. and 
Trichoderma reeii [28]. Generally, fungi represents the 
ideal biotechnological agents for the sustainable produc-
tion of nanomaterials [9]. Besides, the cost of the fungal 
production of nanomaterials can be significantly reduced 
by utilizing agro-industrials wastes as low-cost substrates 
via SSF besides, solving the problems of safe disposal and 
pollution avoidance to the environment.

Results of testing the antioxidant activity of the synthe-
sized SeNPs confirmed the promising antioxidant potential 
of SeNPs when compared by ascorbic acid at different con-
centrations. The free radicals scavenging ability of several 
metal nanoparticles have been reported [29]. This antioxi-
dant potential was mainly due to neutralization and inhi-
bition of the formation of free radicals of the DPPH [16]. 
Besides, the high surface to volume ratio could enhance 
the antioxidant activity of metal nanoparticles [30]. Our 
results further indicated that the recorded  IC50 of SeNPs was 
85.92 µg mL−1. In accordance with our results, SeNPs syn-
thesized by leaves extract of Withania somnifera exhibited 
moderate antioxidant activity in a dose-dependent manner 
in a concentration range of 20 and 100 mg mL−1 when com-
pared with ascorbic acid [31]. Additionally, Torres et al. [32] 
reported the in vivo antioxidant activity of SeNPs synthe-
sized by the bacterium P. agglomerans. In addition, Shirsat 
et al. [18] demonstrated that a scheduled oral administration 
of SeNPs (0.3 to 0.6 mg kg−1 of feed) was effectively uti-
lized in combating oxidative and immune stress generated 
in broiler chickens. Consequently, the recorded antioxidant 
property of SeNPs in this study is promising in terms of 
concentration which will open the way to the application 
SeNPs as a new source of antioxidants.

In the current study, SeNPs inhibited the proliferation of 
all the treated cancer cell lines and the recorded  IC50 values 
were 9.58, 8.87 and 12.34 μg mL−1 against MCF-7, HEp-2 
and Hfb-4, respectively. In accordance with these results, 
the anticancer activity of SeNPs significantly inhibited the 
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growth of A549 cells and the recorded  IC50 was 25 μg mL−1 
[31]. Previous reports have shown the dose-dependent cyto-
toxicity of SeNPs against various cancer cell lines like A375; 
human melanoma [33], MCF-7; breast adenocarcinoma, 
HepG2; hepatocellular carcinoma, MDA-MB-23; human 
breast carcinoma, HeLa; human cervical carcinoma [34], 
and HK-2; human kidney cell line [35]. The present study 
further showed that the two types of malignant cells (HepG2 
and MCF-7) were more sensitive to the synthesized SeNPs 
than the nonmalignant Hfb-4 cells. In the same connection, 
previous reports concluded that SeNPs had lower toxicity 
and selectivity toward normal cells than cancer cells [33, 35, 
36]. The exact mechanism involved in the anticancer activity 
and selectivity of SeNPs is not yet fully elucidated. How-
ever, few studies indicated that cytotoxicity of SeNPs was 
attributed to induction of apoptosis in the treated cells [33, 
37, 38]. Thus, the synthesized SeNPs in this study showed 
promising anticancer activity against cancer cells with low-
toxic effect on the normal cells, thereby it may find applica-
tion in cancer chemotherapy.

The present study revealed that SeNPs exhibited a 
broad spectrum of the antimicrobial properties where all 
the tested bacterial and fungal strains were inhibited after 
treatment by SeNPs. In concurrence with these results, the 
antimicrobial activities of SeNPs against several fungal 
and bacterial species were well reported [21, 31, 39, 40]. 
Our results further showed that the estimated MIC value of 
the synthesized SeNPs against the tested microbes was in 
the range of 100–500 µg mL−1. The estimated MIC values 
of SeNPs were found vary in the literature. For example, 
Mosallam et al. [21] reported that the MIC of SeNPs against 
the tested bacterial and fungal strains was in the range of 
1.171–75.0 µg mL−1. However, Srivastava1 and Mukho-
padhyay [39] showed that the MIC of SeNPs was in the 
range of 125–500 µg mL. Shubharani et al. [40] concluded 
that the MIC against the tested microbes was in the range 
250–1000 µg mL−1. Generally, the mechanism of the anti-
microbial activity of nanoparticles was attributed to the high 
efficacy in inhibiting cellular growth as a result of increasing 
the production of reactive oxygen species [41]. Additionally, 
nanoparticles could interact quickly with the cell membrane 
and the cell wall causing leakage of proteins, genetic materi-
als and minerals thereby causing cell death [42].

In the current study, the photocatalytic behavior of the 
synthesized SeNPs was evaluated by dye degradation of 
MB under sunlight. The synthesized SeNPs successfully 
degraded the MB dye in a concentration-dependent man-
ner and the complete degradation was achieved on using 
400 mg SeNPs. In accordance with these results, the dye 
degradation in the presence of SeNPs synthesized by With-
ania somnifera leaves extract was successfully applied dur-
ing 30 min exposure in solar light [31]. In addition, Chiou 
and Hsu [43] reported remarkable photocatalytic activity 

of selenium nanoparticles for the degradation of MB dye 
under UV light irradiation. Yang et al. [44] reported that 
SeNPs can catalyze the degradation of congo red dye effi-
ciently UV-light irradiation. SeNPs synthesized by M. pur-
pureus extract in this study showed high efficiency in the 
degradation MB under solar irradiation. Therefore, they 
can find application in water treatment plants and textile 
industries.

Gamma radiation dose of 1000 Gy was the best dose 
for enhancement of the SeNPs production, where signifi-
cant differences in the recorded values (concentrations and 
yield) were observed. At this dose, the highest yield of 
the synthesized SeNPs was attained. In accordance with 
these results, the same gamma irradiation dose was used 
in the production enhancement of cobalt-ferrite nanoparti-
cles by this fungal strain [14]. This enhancement effect in 
the SeNPs yield may be due to the effect of irradiation on 
the fungal cells. Gamma rays can induce mutations to the 
genes of cells which results in the overproduction of the 
metabolites responsible for the reduction of selenite salt 
and formation of SeNPs [45]. Continuously, this is a sec-
ond evidence for the role of the EFSB in the reduction of 
selemite salt and the formation of SeNPs. Previous reports 
showed that irradiation by gamma rays at specific doses 
was successfully used for the production enhancement of 
several fungal metabolites [14, 45–49].

Conclusion

SeNPs were successfully synthesized using the culture 
extract of Monascus purpureus grown on sugarcane 
bagasse under solid-state fermentation. The synthesized 
SeNPs were characterized by various techniques. SeNPs 
showed promising antioxidant potential. The MTT assay 
confirmed their cytotoxic activity against different forms 
of cancer cells. SeNPs further exhibited potent antimicro-
bial activities against all the tested plant and human patho-
gens. Moreover, SeNPs showed efficient degradation of 
methylene blue (MB) dye. Consequently, the synthesized 
SeNPs can be better explored in the near future for many 
medical, agricultural and industrial applications. The high 
yield of SeNPs achieved in this study using an eco-friendly 
and cost-effective platform could open up the way for the 
industrial manufacture of nanoparticles using microbial 
platforms.
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