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Purpose: Selenium nanoparticles (SeNP) have several applications in the field of biotechnology,

including their use as anti-cancer drugs. The purpose of the present study is to analyze the efficacy

of green synthesis on the preparation of SeNP and its effect on their anti-cancer properties.

Methods: A bacterial strain isolated from a freshwater source was shown to efficiently

synthesize SeNP with potential therapeutic properties. The quality and stability of the NP

were studied by scanning electron microscopy, X-ray diffraction, zeta-potential and FTIR

analysis. A cost-effective medium formulation from biowaste having 6% banana peel extract

enriched with 0.25 mM tryptophan was used to synthesize the NP. The NP after optimization

was used to analyze their anti-tumor and anti-angiogenic activity. For this purpose, first, the

cytotoxicity of the NP against cancer cells was analyzed by MTT assay and then chorioallan-

toic membrane assay was performed to assess anti-angiogenic activity. Further, cell migration

assay and clonogenic inhibition assay were performed to test the anti-tumor properties of

SeNP. To assess the cytotoxicity of SeNP on healthy RBC, hemolysis assay was performed.

Results: The strain identified as Pseudomonas stutzeri (MH191156) produced phenazine

carboxylic acid, which aids the conversion of Se oxyanions to reduced NP state, resulting in

particles in the size range of 75 nm to 200 nm with improved stability and quality of SeNP,

as observed by zeta (ξ) potential of the particles which was found to be −46.2 mV.

Cytotoxicity of the SeNP was observed even at low concentrations such as 5 µg/mL against

cervical cancer cell line, ie, HeLa cells. Further, neovascularization was inhibited by upto 30

% in CAMs of eggs coinoculated with SeNp when compared with untreated controls,

indicating significant anti-angiogenic activity of SeNP. The NP also inhibited the invasive-

ness of HeLa cells as observed by decreased cell migration and clonogenic proliferation.

These observations indicate significant anti-tumor and anti-angiogenic activity of the SeNP

in cervical cancer cells.

Conclusion: P. stutzeri (MH191156) is an efficient source of Se NP production with

potential anti-angiogenic and anti-tumor properties, particularly against cervical cancer cells.

Keywords: selenium nanoparticles, Pseudomonas stutzeri, MH191156, anti-angiogenic

activity, clonal proliferation, cell migration, cervical cancer cells

Introduction
Selenium is best known for its antioxidant activities. Selenium is a trace element

required for the proper functioning of some enzymes in human body, such as

glutathione peroxidase, thioredoxin reductase, and formate dehydrogenase.1 High
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doses of selenium in our body are toxic, and when

ingested lead to many complications, such as diarrhoea,

fatigue, hair loss, joint pain, and nausea. Microorganisms

are capable of reducing these naturally occurring forms

of selenium (selenite and selenite oxyanions) into their

elemental forms. Microorganisms can be hardwired to

produce nanoparticles of different shape, size, stability

and conductivity by altering the desired parameters.

These elemental forms of selenium nanoparticles are

less toxic compared to their natural counterparts.2

When taken in recommended doses, these nanoparticles

help fight against certain types of cancers.3 Although

several studies have focused on selenium nanoparticles

as an effective antioxidant,4,5 recent studies have focused

on the use of these nanoparticles tagged with other

molecules for targeted drug delivery mechanisms to

treat many cancers, serving as a means to6 antagonize

multidrug resistance among cancers.

Selenium nanoparticles are reported to kill cancer cells

owing to their prooxidant behaviour inside these cells.7

These nanoparticles are shown to induce ROS inside the

cells, ultimately triggering the cells to undergo apoptosis.

Previous studies have reported that SeNP inhibited the

growth of cancer cells by arresting the cells in the

S phase.8 Addition of SeNP drastically decreased the

lipid peroxidation, TNF-alpha levels, and C reactive pro-

tein levels in lung carcinoma.9 Studies showed that SeNP

also targets matrix metalloprotein 2 expression, thereby

inhibiting metastasis in cancer cells.

Since the discovery of nanoparticles, several studies

have been conducted to produce these efficient nanoparti-

cles using a cost effective media.10 Among these, consid-

erable research has been performed in the past decade to

produce nanoparticles using different parts of the plant.

Nanoparticles have been shown to be synthesized espe-

cially using extracts from11 leaves,12 flower,13 fruits,14

seed and15 stem.16 This method of green synthesis of

nanoparticles has been demonstrated to have many advan-

tages over the chemical synthesis of nanoparticles, such as

being eco-friendly, cost-effective, efficient, reliable, and

non-toxic.

Our study entails the cost-effective synthesis of sele-

nium nanoparticles utilizing microorganisms using banana

peel extract (BPE) enriched with tryptophan, as a cheap

and alternative source of carbon. We also focus on the

stability of the synthesized selenium nanoparticles using

BPE when compared to commercially synthesized nano-

particles. These NPs were found to hinder the

neovascularization properties of cell lines and even main-

taining the least hemolytic activity at working concentra-

tions. Finally, we have presented the anti-cancer activity of

these synthesized nanoparticles on cell lines.

Materials and Methods
Chemicals
All the chemicals and media components used in this

present study were procured from HiMedia Laboratories

(Mumbai, India) and Sigma-Aldrich (USA).

Cell Lines
HeLa cells were procured from NCCS, Pune, and propa-

gated in DMEM high glucose (Gibco), supplemented with

10% fetal bovine serum and antibiotic antimycotic solution.

Isolation and Screening of Isolates for the

Production of Selenium Nanoparticles
Fresh water sample was collected from the banks of river

Krishna, Andhra Pradesh (India) and transported to the

laboratory at room temperature. The sample was diluted

with sterile distilled water and plated on to Luria agar and

incubated at 37 °C overnight. The bacterial isolates were

then screened for the production of Selenium nanoparticles

by streaking on to Luria agar plates supplemented with

1mM Sodium selenite. These bacterial isolates were stored

in 70% glycerol at −80 °C until further use.

Extraction of Nanoparticles
The nanoparticles were harvested after the incubation per-

iod by centrifuging the culture at 12,500 x g for 10 min.17

The cell pellet was transferred to a 50 mL centrifuge tube,

and the pellet was washed using distilled water. A 120 μL
of 100 mg/mL lysozyme was added and incubated at 37 °C

for 3 h, for cell lysis. The culture was then French pressed

at 15,000 psi and centrifuged at 12,500 x g, for 10 min.

The pellet was washed with 1.5 M Tris HCl and 1%

Sodium Dodecyl Sulphate and centrifuged at 15,000 X g

for 10 min. The pellet was resuspended in distilled water

and equal amount of Octanol was added and vortexed

vigorously for 5 min. The tube was then placed in the

fridge overnight. The upper phase and interphase contain-

ing insoluble cell fractions were discarded and the aqueous

phase containing nanoparticles was transferred to a fresh

tube. These nanoparticles were washed with chloroform,

absolute ethanol, 70% ethanol and distilled water and

suspended in 50 mM tris HCl and stored at 4 °C.
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Identification of Isolate
The morphological characterization of the freshwater iso-

late was performed according to the methods described

by Bergey’s manual of determinative bacteriology.

Identification of micro-organisms was performed accord-

ing to the current physiological and biochemical assays,

and amplification of bacterial 16S rRNA genes was per-

formed by applying the universal 27F 5ʹ (AGA GTT

TGA TCM TGG CTC AG) 3 and 1492R 5ʹ (TAC GGY

TAC CTT GTT ACG ACT T) 3ʹ amplified. The follow-

ing colony was sequenced by Macrogen Inc (Korea).18

Phylogenetic and molecular evolutionary analyses were

conducted using MEGA version X.

Phenazine Carboxylic Acid Assay
In brief, the isolates were grown for 72 h at 37 °C over-

night in 250 mL of LB medium supplemented with 1 mM

Tryptophan. The cells were centrifuged at 5000 rpm for

10 min.19 The cell-free supernatant was collected and

acidified with concentrated HCl to achieve a final pH of

2.0. This acidified supernatant was extracted with an equal

volume of benzene. The organic phase was collected and

dried by placing it in a hot air oven set at 40 °C. This dried

residue was dissolved in 1 mL of 0.1 N NaOH. Acidified

LB media alone was extracted using benzene and was used

as blank in this experiment. The absorbance was recorded

at 367 nm. HPLC (Shimadzu) analysis was also performed

using C-18 Novapack column with the mobile phase of

acetonitrile: water of 70:30 at 254 nm.

Utilization of Tryptophan Enriched

Banana Peel (TEBP) as Alternative Media
Fresh banana peel was collected and washed twice, first

with brine solution and then with sterile distilled water.

Excess water was drained, and the peels were dried in hot

air oven set at 50 °C until no change in the dry weight

was observed. The peels were then ground to fine powder

and stored at room temperature until further use. Banana

Peel extract medium was prepared by first adding the dry

powder to 100 mL distilled water and placing it in hot

plate set at 80 °C for 30 min under constant stirring.20

The media were then strained using a muslin cloth and

autoclaved at 121 °C for 15 min at 15 lbs pressure. This

was used as media for the growth of isolates and for

further optimization of parameters for the synthesis of

SeNP.

Downstream Processing
Optimization of Parameters for Quality Nanoparticle

Synthesis

The optimization for quality nanoparticle synthesis was

performed by considering 4 parameters ie, pH, selenium

concentration, inoculum percentage and incubation time,

by using CCD model.

Experimental Analysis
Here, we designed a single set of experiment with 30 runs

having 4 factors ie, pH (A); Selenium concentration (B);

Inoculum percentage (C) and incubation time (D) for the

optimization of Selenium nanoparticles.

The levels of variables were based on the initial synth-

esis experiments, wherein Change of One Variable at

a Time (COVT) approach was used in both sets. The

λmax was measured in the range of 200–700 nm for

SeNP and was used as a response variable (Y = RSeNP).

The responses from RSM-CCD were subjected to analysis

of variance (ANOVA) and second-order multiple regres-

sion analysis. This explains the overall behaviour of the

system as well as the justification of the significance and

adequacy of the developed regression model using the

least square regression methodology. Each experimental

run of the CCD matrix was analyzed, and the response

was correlated with the three input variables by following

the quadratic polynomial equation.

Y ¼ β0 þ∑
n

i¼1
βiXi þ∑

n

i¼1
βiiX

2
i þ∑

n

i¼1
∑
n

j¼1
βijXiXj

where the parameter is the model constant, and βi is the

linear coefficient; βii, the quadratic coefficient and βij, the
cross-product (interaction) coefficient. Xi (i = A, B, C) are

the independent variables; Y is the predicted response

(λmax 200–700 nm); n is the number of variables. The

3D graphs, contour plots and the prediction values were

used to obtain the optimum conditions required to synthe-

size better quality SeNP.

Data Analysis
The design of statistical experiments, analysis of the results,

and prediction of the optimum responses (λmax) were done

by applying the statistical software Design-Expert Version

11.0.0 (State-Ease Inc., Minneapolis, MN, USA).

Verification of the Model
The process parameters of the biosynthesis of SeNP were

numerically optimized by the desirability function of
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RSM. The responses were determined under the optimized

conditions recommended by the model. Validation of the

designed model was done by comparing the model pre-

dicted response with the experimental response.

Characterization of Nanoparticles
UV-Vis Spectroscopy

The biologically synthesized nanoparticles were studied

for surface plasmon resonance using UV-Vis spectroscopy

(Epoch, India) at a resolution of 1 nm, at a range of

200–700 nm. Cell mass and cell-free supernatant without

adding sodium selenite were used as a control throughout

the experiment.

Fourier Transform-Infrared (FT-IR) Spectroscopy

Analysis

FT-IR analysis (SHIMADZU) at a resolution of 4 cm−1,

with a range of 400–4000 cm−1 in KBr pellets was carried

out for the run samples to reveal all the functional groups

attached to the surface of biologically synthesized

nanoparticles.

XRD Analysis

The biosynthesized nanoparticles extracted using solvent-

based extraction system were dried, and the sample was

used for XRD analysis to confirm the crystalline nature of

nanoparticles synthesized using Philips X-pert pro, India

operated at 40 kV and 30 mA current with 2.2 KW Cu

anode radiation (k = 1.540 Å).

Scanning Electron Microscopy

The shape and size of the synthesized nanoparticles were

analyzed using scanning electron microscopy (Carl Zeiss,

AG, India). Samples were loaded on double stick carbon

tape, air dried, and documented using different magnifica-

tions. The sizes were quantified using the software pro-

vided, and EDX analysis of elemental SeNP was carried

out with the same instrument at 0–12 keV.

Zeta Potential Analysis

The effective surface charges on the SeNP at different

variables were measured using a zeta analyzer (Horiba

scientific, nanoparticles, nanoparticle analyzer SZ-100).

Cell Viability Assay
The cell viability analysis was performed with the bio-

genic SeNP isolated using BPE.21 The HeLa cells were

seeded in a 96 well plate at the density of 10,000 cells per

well in 200 μL DMEM medium supplemented with 10%

FBS and incubated for 24 h. The wells were replaced with

fresh medium, and different concentrations of SeNP were

added to each well. Triplicates were maintained for each

set of concentration. The cells were incubated for

24 h. The cells were replaced with fresh DMEM medium

containing MTT at a final concentration of 0.5 mg/mL.

The plate was incubated for 4 h in the dark. The medium

was removed, and 100 μL of DMSO was added to each

well. The plate was kept in dark for 5 min and the absor-

bance was measured at wavelength of 570 nm using

a microplate reader to calculate cell viability.

cell viability %ð Þ¼ ODsamples�ODDMSO

� �
=

ODcontrol�ODDMSOð Þ � 100

Clonogenic Growth Inhibition Assay
Clonogenic inhibition assay was performed to test the

effect of SeNP on HeLa cells.22 Approximately 1000

cells were seeded onto 6 well plates and treated with

different concentrations of SeNP for 24 h. The media

was replaced with fresh media after treatment, and the

cells were allowed to grow for 7–10 days until each cell

was allowed to form a visible colony. The colonies were

fixed using 10% neutral buffered formalin for 1 h and then

stained with 0.01% crystal violet in distilled water for

1 h. The cells were washed thrice and allowed to dry.

The number of colonies formed in each well was counted

and the percentage clonogenic growth inhibition was

calculated.

In vitro Cell Migration Assay
To determine the invasiveness of HeLa cells, they were

first seeded onto 6 well plates.23 The cells were seeded

until they reached full confluency. The scratch was

induced gently using a sterile 10 μL tip onto the surface

of 6 well plates. The wells were washed thrice with

Dulbecco’s Phosphate Buffered Saline. Then, the cells

were treated with different concentrations of SeNP. The

cells were imaged at 0 h and 24 h timepoint. The scratch

width was calculated with ImageJ software, and the

scratch width percentage was calculated to determine the

cell invasiveness at different concentrations of SeNP.

Chorio Allantoic Membrane (CAM)

Assay
Fertilized 8 days old chick embryos were purchased from

Venkateshwara Hatcheries Pvt Ltd, Telangana, India. These
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eggs were incubated at 37 ° C under 85% humidity.24 The

eggs were sterilized using surgical spirit, and the blood

vessels were marked using an egg candler 1 day prior to

inoculation. One hole was made using a sterile needle along

the side of the egg. A 106 cells were inoculated onto the

CAM layer through this hole and later sealed using wax.

These cells were further inoculated for 3 days in the incuba-

tor. The cells were harvested by break opening the egg shell

and separating the CAM layer. The CAM layer was placed

onto a petridish, and the neovascularization was quantified

by counting the number of blood vessel branch points.

In vitro Hemolysis Assay
All blood samples used for the study were obtained with

the written informed consent of the donor (n=6). Blood

hemolysis assay was done on erythrocytes in vitro to

assess the hemolytic activity of SeNP.25 In brief, 1 mL of

blood was obtained from a healthy human donor in

a 15 mL centrifuge tube containing tri-sodium citrate.

This blood was centrifuged at 500 x g for 15 min. The

serum was discarded and washed thrice with an equal

volume of 1X DPBS. The resulting RBC pellet was resus-

pended in 50 mL of DPBS for 50 fold dilution. This was

considered as stock solution. Different concentrations of

SeNP were added to the 1 mL of stock solution of RBC in

a 1.5 mL microcentrifuge tube. A 1% SDS was used as

a positive control and 1X DPBS was used as the negative

control. The reaction mixtures were incubated at 37° C for

24 hr. The absorbance was recorded at 540 nm after the

incubation time and the percentage of hemolysis activity

was assessed using the following formula:

%;Hemolytic activity ¼ Absorbance of sample � Absorbance of blank
Absorbance of control � Absorbance of blank
� 100

Results
Biosynthesis of Nanoparticles
A total of 13 colonies (K1-K13) were isolated from the water

sample. All the isolates were tested for the production of

selenium nanoparticles. Among all the isolate, K13 showed

better λmax and color production as compared to other iso-

lates. Hence, this isolate was chosen for our present study.

Phenazine Carboxylic Acid (PCA) Assay
All the bacterial isolates were checked for the synthesis of

phenazine released in the medium. The media of all the

isolates was acidified and extracted using benzene and then

dissolved in NaOH. Of all the isolates, only one produced

the characteristic peak at around 370 nm as previously

reported by26 Maddula et al 2008. Furthermore, HPLC

analysis showed the characteristic peak at a retention time

of 9.6 min (Figure 1) for that particular isolate, which is

indicative of the presence of phenazine in the medium.

Identification of Microorganism
The isolate K13 was identified by routine biochemical and

morphological examinations followed by 16srRNA sequen-

cing (Macrogen Inc, Korea). The 16srRNA sequence was

aligned against the recognized sequences in GeneBank, and

it was found to have a homology of 99% with Pseudomonas

stutzeri. The phylogenetic tree was constructed using

MEGA-X software tool using the neighbour-joining

method (Figure 2). The sequence was submitted to NCBI

(http://www.ncbi.nlm.nih.gov) and recorded under the

name and accession number MH191156.

Optimization of BPE Media for

Synthesizing Nanoparticles
While optimizing the biological synthesis of nanoparticles, we

employed an alternative source of growthmedium (carbon and

nitrogen-rich source). In this context, we used banana peel

extract (BPE) as a cheap nutritional source for the growth of

isolated organisms. The isolated strain Pseudomonas stutzeri

was grown in 8% BPE at pH-6.5 supplemented with 0.25 mM

tryptophan. The Np production began after 24 h incubation, as

evident from the color production. Nanoparticles of λmax at

280 nm showed good quality when synthesized using trypto-

phan enriched BPE. Nanoparticles synthesized using BPE

gave a yield of 84%. These nanoparticles were further char-

acterized using different techniques to assess their stability.

Downstream Processing, Statistical

Analysis and Validation
The experiments were conducted in a single set for the

statistical analysis and validation of Selenium nanoparti-

cles production using TBPE. The optimum conditions

were recorded for analysis. Here, 4 factors were used to

run the optimization process. These included pH (4–11.5);

Selenium concentration (1–3 mM); Inoculum percentage

(15–30%) and Incubation time (24–96 h) (Table 1).

The λmax of SeNP were confirmed in the treatment runs

under the optimum conditions, which were at pH-6.5,

selenium concentration of 2 mM, inoculum percentage of

22.5%, and incubation time of 48 h.
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The response equation can be written as

R1 ¼ þ349:33þ 10:04A� 4:29Bþ 5:21Cþ 12:79D

þ13:19AB� 3:69AC� 1:06ADþ 0:5625BC� 1:06BD

þ3:31CD� 19:22A2�12:22B2�12:34C2þ0:1563D2

The adequacy of the models was justified by analysis

of variance (ANOVA), and the estimated optimum

parameters were computed. The model F value of RSeNP

was calculated to be 3.90, implying that the model is

significant for the synthesis of SeNP. The model F-value

is the ratio of mean square for the individual term to the

mean square for the residual. The Probability > F value is

the probability of F-statistics value and is used to test the

null hypothesis. The parameters having F-statistical

Figure 1 Phenazine-1 carboxylic acid production by bacteria. Bacterial cultures were grown in presence of Tryptophan. The cell free supernatant was acidified and extracted

using benzene. The samples were dried and dissolved in NaOH and (A) HPLC analysis revealed characteristic retention time at 9.5. Also, (B) UV-Vis spectrophotometer

analysis showed an absorption maximum recorded at 370 nm.
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probability value less than 0.05 are said to be significant,

and values greater than 0.1000 indicate the model terms

are not significant.

The lack of fit F value of 0.183 and p value of 0.986

(ie, 98.6%) imply that lack of fit is not significant.

Relationship between experimental and predicted response

values was made based on R2, which indicates the rele-

vance of the model for the biosynthesis of nanoparticles.

The Predicted R2 of 0.3499 is not as close to the Adjusted

R2 of 0.5917 as one might normally expect; ie, the differ-

ence is more than 0.2. Adequate precision of 7.7 was

achieved. This determines the signal-to-noise ratio, where

the ratio of 4 or more is considered desirable. The Pred

R2, ie, the predicted coefficient of determination value,

and the Adj R2, ie, the adjusted coefficient of determina-

tion values, were in reasonable agreement, thereby con-

firming the significance of the used quadratic model

thereby indicating the adequacy of the accuracy of poly-

nomial model and general availability.

Figures 3 and 4 show 3D and contour plots of the

synthesized SeNP, respectively. The effects of two para-

meters for synthesis of nanoparticles were plotted, and the

other two parameters were kept constant.27 These plots

clearly show that interactions above and below optimized

values resulted in changes in λmax values. Our data corre-

lates with the optimized predicted variables determined

from the CCD model for SeNP synthesis ie, pH 6.5,

sodium selenite concentration at 1.75 mM, and incubation

time of 48 h.

Characterization
FTIR Analysis

FTIR analysis of isolated nanoparticles revealed stretching

vibrations in the range of 3400 nm and 1630 nm for all the

runs among varied parameters of SeNP. Stretching vibrations

at 3400 nm show the presence of O-H bonds of water mole-

cules. The stretching vibrations at 1640 nm show the presence

of C=O bonds of amide I of peptide linkage. The bonds

indicate the presence of groups on the surface of nanoparti-

cles, which help in the stabilization of nanoparticles. We have

found that no variation in the functional groups was observed

in SeNP, synthesized using commercial media when com-

pared to different interactions run in RSM-CCD (Figure 5).

XRD Analysis

The XRD pattern obtained from the SeNP showed

a broader pattern without any definite Braggs peaks.

Although there were not any strong peaks, small peaks

were observed at 2ϴ values of 23, 26 and 40 (Figure 6).

These data suggest that the SeNP synthesized are not

crystalline, rather they are more amorphous in

structure.28 This amorphous nature agrees with the pre-

vious studies carried out with Bacillus sp.

Zeta Potential Analysis

Zeta potential analysis was performed to test the stabi-

lity of synthesized nanoparticles. The zeta potential

between +20 and −20 indicates the instability of nano-

particles as lower zeta potential of nanoparticles causes

them to aggregate and form clumps. Thus, the greater

the charge, the more is the stability of nanoparticles.

Figure 2 Phylogenetic analysis. The colony was sequenced for 16S rRNA by Macrogen Inc. The sequence was aligned against sequences from Genbank. The dendrogram of

phylogenetic tree was drawn according to 16S rRNA genes by Mega X software (www.megasoftware.net).
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Zeta potential of values between +20 and −20 is said to

be less stable. The stability of nanoparticles from dif-

ferent parameters was selected by testing the surface

charge. The nanoparticles showed poor stability when

they were synthesized using the commercial media

(−14.2 mV), whereas the Nanoparticles synthesized

using BPE at a pH of 9, 6.5 and 11.5 showed zeta

potential of −39.6, −46.2, and −36.1 mV, respectively

(Figure 7). These observations indicate that the nano-

particles synthesized using banana peel extract were

found to have better stability when compared with nano-

particles synthesizing using commercial media. Also, the

SeNP synthesized at pH of 6.5 was found to have better

stability than the SeNP at pH 9 and 11.5.

SEM and EDX

Selenium nanoparticles produced by the isolated culture

grown under different parameters were analyzed for SEM

to determine their shape and size. The nanoparticles were

spherical in shape when they were synthesized under dif-

ferent pH conditions. A pH of 9.0 showed particle size of

about 110–190 nm. At pH 6.5, the particles showed size

ranging from 75 to 200 nm. At pH 11.5, particle sizes were

found to be 80–200 nm (Figure 8). EDX spectra confirm

the presence of Selenium Nanoparticles.

Comparative Cost Study

We have used both commercial Luria broth and BPE

media to synthesize nanoparticles. We have specifically

Table 1 Tabular Column Summarizing All the Runs with 4 Parameters Showing pH, Selenium Concentration, Inoculation Percentage,

and Incubation Time Along with Absorption Peaks (in nm)

Std Block Run Factor 1 Factor 2 Factor 3 Factor 4 Response 1

A:pH B:Se C:Inoculum

percentage

D:Incubation R1

nm

17 Block 1 1 6.5 2 22.5 48 330

4 Block 1 2 9 3 15 24 335

5 Block 1 3 4 1 30 24 310

12 Block 1 4 9 3 15 72 335

16 Block 1 5 9 3 30 72 340

2 Block 1 6 9 1 15 24 299

9 Block 1 7 4 1 15 72 310

13 Block 1 8 4 1 30 72 340

8 Block 1 9 9 3 30 24 331

6 Block 1 10 9 1 30 24 310

7 Block 1 11 4 3 30 24 270

3 Block 1 12 4 3 15 24 262

15 Block 1 13 4 3 30 72 313

18 Block 1 14 6.5 2 22.5 48 333

19 Block 1 15 6.5 2 22.5 48 363

10 Block 1 16 9 1 15 72 337

11 Block 1 17 4 3 15 72 280

20 Block 1 18 6.5 2 22.5 48 414

14 Block 1 19 9 1 30 72 333

1 Block 1 20 4 1 15 24 314

26 Block 2 21 6.5 2 37.5 48 305

24 Block 2 22 6.5 4 22.5 48 289

27 Block 2 23 6.5 2 22.5 0 305

21 Block 2 24 1.5 2 22.5 48 260

30 Block 2 25 6.5 2 22.5 48 340

22 Block 2 26 11.5 2 22.5 48 270

28 Block 2 27 6.5 2 22.5 96 380

25 Block 2 28 6.5 2 7.5 48 280

29 Block 2 29 6.5 2 22.5 48 333

23 Block 2 30 6.5 0 22.5 48 297
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selected banana peel as a cheap and alternative source of

C and N to grow bacteria. By growing the bacteria in BPE

and synthesizing the nanoparticles, we not only cut down

the cost of production of the nanoparticles, but also found

that the nanoparticles were more stable, as evident from

the zeta potential values.

SeNP-Caused Reduction of the Cell Viability

Analyzed by MTT Assay

We have used HeLa cell lines in our present study. We

have selected different concentrations (ranging from 200

µg/mL to 0.5 µg/mL) of SeNP for treating cells. HeLa

were subjected to different concentrations of selenium

nanoparticles ie, 0.5 µg/mL to 200 µg/mL for 24 h. In

this study, we have found that our biologically synthesized

SeNP were found to show cytotoxic effects at a little

higher concentration. The cell viability decreased when

the concentrations of 5 ug/mL or above were treated to

HeLa cells (Figure 9). However, lower concentrations did

not show significant cell cytotoxicity effects.

Inhibition of HeLa Cancer Cells by SeNp
To test the antiproliferative effect of SeNP in cancer cells,

different concentrations of SeNP were tested in HeLa

cells, and the propensity of individual cells to form

a colony was observed and estimated. Anti-proliferative

effect of SeNP on HeLa cells was found to be dose-

dependent (Figure 10A). The proliferative activity of

HeLa cells gradually reduced from 61.4% at 25 μg/mL

to 32.4% at 100 μg/mL (Figure 10B).

Prevention of Cell Migration in vitro by

SeNP
The untreated well showed the highest cell migration. These

results correlate with the metastasis ability of cell lines. The

cells when treated with different concentrations of SeNP

showed decreased cell migration. The cell migration decreased

by 30% when treated with initial concentration of 5 μg/mL

SeNP. We found that the scratch width was the highest when

treated with the highest concentration of SeNP ie, 50 and 100

μg/mL SeNP (Figure 11). These results indicate the efficacy of

our SeNP synthesized using TBPE to prevent the metastasis

propensity of HeLa cell lines in vitro.

Anti-Angiogenic Activity of SeNP
To test the effect of SeNP on tumour cells, we performed

CAM assay in chick embryonated eggs to map

Figure 3 3D surface plot analysis. By using Design Expert, 3D surface plots from (A–F) indicate the biosynthesis of SeNP SPR λmax vs all the 4 parameters used in the runs

ie, (A) pH, (B) Se concentration, (C) inoculum percentage, and (D) incubation time on different axis. Each plot shows the response values when only 2 parameters are

considered, maintaining the other 2 constants.
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neovascularization. We inoculated CAM of 11-day-old

eggs with HeLa cells in the presence SeNP. We found

that the number of blood vessels formed increased by

43% in eggs with HeLa cells alone, whereas, the addition

of SeNP led to a decrease in angiogenesis by more than

30% (Figure 12). This suggests the potential use of SeNP

in preventing neovascularization in tumours.

Minimum Hemolytic Activity

Demonstrated by SeNP
We tested the hemolytic activity of our SeNP synthesized

using BPE and SeNP synthesized chemically. Our assay

showed 11.5% hemolytic activity at SeNP concentration

of 1 mg/mL, decreasing to as low as 4% hemolytic activity

of RBC at SeNP concentration of 50 μg/mL (Figure 13).

However, the hemolytic activity did not show a significant

change at concentrations lower than 50 μg/mL (data not

shown). Chemically synthesized SeNP showed greater hae-

molytic activity at lower concentrations in comparison to

biogenic SeNP. A 0.1% SDS, which was used as a positive

control, showed high hemolytic activity as evident from the

absorbance and color production. These data suggest that

SeNP synthesized is not toxic, even at high concentrations.

Discussion
A bacterial strain identified as Pseudomonas stutzeri was

isolated from freshwater samples from banks of Krishna

river, India, capable of reducing selenium oxyanions

to selenium nanoparticles. Selenium reduction to nanopar-

ticles was observed visually as the color of the media

changed to bright red and also by recording λmax in UV

Spectrophotometer.22 This isolate was shown to produce

redox active metabolite, phenazine-1 carboxylic acid that

Figure 4 Contour plot analysis. By using Design Expert, 3D surface plots from (A–F) indicate the biosynthesis of SeNP SPR λmax vs all the 4 parameters used in the runs ie,

(A) pH, (B) Se concentration, (C) inoculum percentage, and (D) incubation time on a different axis. Each plot shows the contour when only 2 parameters are considered,

maintaining other 2 constant.
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helps in reducing the selenium oxyanions to its elemental

state. The isolate was grown in the presence of banana peel

extract media (BPE 8% and 0.25 μM Tryptophan) as an

alternative inexpensive medium to synthesize Selenium

nanoparticles. We have employed RSM central composite

design (CCD) to analyze downstream processing variables

for the production of Selenium nanoparticles and their

effect and interaction. Thus, we required fewer runs and

shorter time frames to conduct the study, which is usually

sufficient for process optimization. We have also used con-

tour and surface plot for visualization and interaction

between variables. The coefficient of determination (R2)

Figure 5 Fourier transform-infra red analysis of SeNPs. SeNP were extracted from commercial broth and BPE and analyzed for stretching vibrations. The spectrum showed

the same stretching vibrations at wavelength of runs with different standardizing conditions using BPE. (A) Nanoparticles synthesized using LB, (B) Np synthesized using BPE

at pH 6.5, and (C) pH 9 and (D) pH 11.5.

Figure 6 X-ray diffraction analysis of SeNp synthesized by Pseudomonas stutzeri. SeNp synthesized using Pseudomonas stutzeri were analyzed by x-ray diffraction. The figure

shows undefined broader peaks at 2ϴ values of 23, 26 and 40 indicating the amorphous nature of nanoparticles.
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for the model was found to be 0.7959 for the Nanoparticles.

The regression model p value was high (ie, p <0.0001),

which showed high significance. The isolated nanoparticles

were further characterized using XRD and SEM analysis.

By using RSM central-composite design (CCD), we

have established optimum parameters required to success-

fully synthesize the nanoparticles. The optimal condition

to synthesize the biogenic selenium nanoparticles was

found to be at pH 6.5, selenium at 2%, incubation time

of 48 h, and inoculum at 22.5%. FT-IR spectrum revealed

the presence of several functional groups that are respon-

sible for reduction and stability of the synthesized nano-

particles. However, similar peaks were observed in FT-IR

spectrum of different runs indicating that the nanoparticles

had similar functional groups even when the parameters

were changed. The XRD analysis showed no definite

peaks, thereby indicating the amorphous nature of sele-

nium nanoparticles. The zeta potential analysis indicated

that the nanoparticles synthesized by using BPE were

found to be more stable than the nanoparticles synthesized

using commercial media (Luria Broth). The nanoparticles

were also analyzed using SEM and found to be spherical

in shape with size of about 75–200 nm. Thus, our experi-

ments resulted in the production of better stability and

uniform nanoparticle size using BPE when compared

with those synthesized using commercial media.

Selenium is a trace element known to have antioxi-

dant and anti-tumour activity, although with contradictory

conclusions.29 This is due to the fact that some studies

have shown selenium to be pro-oxidant, having

Figure 7 Measurement of zeta potential of SeNp synthesized by Pseudomonas stutzeri. Pseudomonas stutzeri (MH) was grown in LB broth or BPE broth, and the culture was

used to synthesize SeNp at varying pH values. Figure represents zeta potential values – (A) LB broth (pH 7.2) and the remaining using BPE broth at (B) pH 11.5, (C) pH 6.5

and (D) pH 9, indicating the stability of Nanoparticles at pH 6.5 (−46 mV).
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a cytotoxic effect on cancer cells by inducing ROS,

whereas30 it is also shown to have an antioxidant role,

helping in ROS scavenging.31,32 Due to its ability to

prevent transcription factors like SP1, NF-κB, etc., from

binding to promoter of genes involved in cancer prolif-

eration and metastasis, SeNP can have potential anti-

tumour properties.33 Selenium is known to induce

apoptosis in oral carcinomas in caspase-dependent

Figure 8 SEM images of SeNP. The SeNPs synthesized using BPE were extracted using octanol-based extraction at (A) pH 11.5, (B) pH 6.5, (C) pH 9 Showing the average

size of 70–200 nm and (D) represents the EDX data that confirms the presence of Selenium.
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Figure 9 Cell viability assay of HeLa cells. The cells were treated for 24 h with different concentrations of SeNP in 96-well plate and cell viability was analyzed by its capacity

to reduce the formazan dye by checking the absorption maxima at 570 nm. Graph was plotted with concentrations of SeNP (in μg/mL) on x-axis and percent cell viability on

y-axis.
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manner through mitochondrial death-receptor and ER

stress pathways.34,35 The toxicity of Se has been shown

to be lower in organic and nanoparticle form when

compared with its inorganic counterparts. The effect of

Se in all the forms is influenced by several factors

including the other components of the compound in

Figure 10 Clonogenic inhibition of SeNP on HeLa cells. A 1000 cells were treated at different concentrations of SeNP (in μg/mL) in a 6 well plate for 24 h. The media was

replaced with fresh media and allowed to grow until each cell became a colony. The cells were stained with crystal violet (A) and % clonogenic inhibition of cells with

increasing concentration of SeNP was calculated (B).
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which it is present and also the dose and time for which

it is treated. Selenium in its nanoparticle state is less

toxic comparatively while preserving its cytotoxicity

against tumour cells. Cytotoxicity was observed at

a concentration range of 5 μg/mL. To assess the potency

of synthesized SeNP at hemolyzing RBC, in vitro hemo-

lytic activity was measured in a dose-dependent manner.

Even at higher doses, the NPs were observed to have the

least hemolytic effect, thereby indicating low toxicity. To

check whether SeNP reduce the proliferative ability of

cancer cells, we next performed clonogenic growth inhi-

bition assay. It was observed that SeNP inhibited clono-

genicity of HeLa cells and reduced it by 70%, thereby

reducing the propensity for proliferation in presence of

SeNP. Also, the time course of the colony formation in

treated cells was different from the untreated ones,

thereby indicating the reproductive senescence of tumour

cells as evident from survival fraction. To check for the

effect on invasiveness, we performed in vitro cell migra-

tion assay. A dose-dependent reduction in cell migration

was observed in SeNP-treated HeLa cells as observed by

the prevention of cells from closing the gap caused by

the wound/scratch.36 Hence, these SeNP act by regulating

the cell migration through extracellular matrix and cell–
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Figure 11 Measurement of cell migration by in vitro cell migration assay. HeLa cells were grown in 6 well plates to 90% confluency. A scratch was made in the center of the

well using a sterile 10 μL tip and the scratch width was measured at 0 h and 24 h time point using ImageJ software. Images were captured with a Thermo Evos inverted

microscope at 4X magnification and percentage cell migration was measured. (A) Images of scratches made, after 0 h and 24 h treatment at different concentrations of SeNp

(in μg/mL). (B) Percentage of cell migration after treatment with different concentrations of SeNP was calculated after measuring the scratch width at 24 h with respect to

0h timepoint.
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Figure 12 Analysis of Neovascularization of CAM in the presence of HeLa cells upon treatment with SeNp. Embroyonated eggs (11 days old) were inoculated into CAM

with HeLa cells in the presence or absence of SeNp and incubated for 3 days at 37 °C. At 3 days, eggs were harvested and changes in angiogenesis in CAM were observed in

(A) untreated; (B) HeLa cells (C) when only SeNPs (positive control) were inoculated and (D) when the cells were inoculated in presence of 100μg/mL selenium

nanoparticles concentration.
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Figure 13 Analysis of hemolytic activity of selenium Np by in vitro hemolysis assay. Human RBCs were treated with different concentrations of biogenic SeNP and

chemically synthesized SeNP, and percentage hemolysis was calculated by measuring absorbance at 540 nm.
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cell interactions. Also, neovascularization was reduced by

30% in CAM in the presence of HeLa cells, suggesting

its potential use as an anti-angiogenic agent. Overall,

the SeNP synthesized have low hemolytic activity

combined with significant anti-tumour and anti-

angiogenic properties.

Conclusion
In conclusion, we have optimized the synthesis of SeNP

using a freshwater bacterial isolate Pseudomonas stutzeri

(MH191156) with a lost cost medium formulated at our

laboratory. The SeNP thus synthesized showed high stability

and uniformity in size. Upon analysis for the biological

activity, they were found to have high cytotoxic activity at

low concentrations against cancer cells and also exhibited

significant anti-tumour and anti-angiogenic properties.

Owing to the aforementioned benefits of production cost

and extremely favourable anti-tumour properties, these

SeNP are potential candidates for further exploration to

design effective targeted drug delivery mechanisms.
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