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Background: Selenium is an essential trace element that is critical for many biological

processes. Selenium nanoparticles (SeNPs) have shown more promise than other forms of

selenium due to their low cytotoxicity and high bioavailability.

Methods: In this work, a one-step method was demonstrated for fabricating bovine serum

albumin (BSA) stabilized SeNPs using ascorbic acid as the reductant. Human dermal

fibroblasts were used to assess mammalian cytotoxicity, and Staphylococcus aureus and

Escherichia coli were used to assess antibacterial performance.

Results: These SeNPs demonstrated increased fibroblast growth and reduced Staphylococcus

aureus growth with a fibroblast IC50 value (>681 μg/mL) 1 order of magnitude higher than that

for bacteria at day 1.

Conclusion: This study demonstrated the promise of this synthesis process in achieving

controllable selenium nanoparticle sizes without the use of strong basic solvents for improved

antibacterial properties.
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Introduction
Selenium (Se) is an essential trace element vital for many important processes for

mammalian cells. Selenium intake leads to the formation of selenoproteins, which are

crucial in modulating oxidative stress levels and play critical roles in reproduction,

thyroid hormone metabolism, DNA synthesis, and protection from oxidative damage

and infection.1 Through the modulation of pro-/anti-oxidant activity, Se also modulates

the immune system response and tunes macrophage responses as the immune system is

particularly sensitive to the balance of oxidants and antioxidants.2 Selenium deficiency

(<20 μg/day)3 may lead to Keshan’s disease,4 a cardiomyopathy disorder, and Kashin-

Beck’s disease,5 a type of osteoarthritis. Recommended intake amounts for adults are

between 55 and 400 μg/day.3

One promising area of research is the application of nanotechnology towards

selenium fabrication and use.6–10 Nanoparticles (NPs) are particularly suitable as they

possess high surface area to volume ratios, increased surface area, and increased

interactions with biological targets, leading to higher availability and absorption by

the host.11–13 In addition, selenium NPs (SeNPs) possess lower toxicity than their

elemental form; in mice, the LD50 of selenomethionine was 25.6 mg Se/kg compared

with 92.1 mg Se/kg for SeNPs.14 Researchers have shown that SeNPs may be used as
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a coating or directly in solution at dosages that reduce

bacterial and cancerous growth while maintaining or pro-

moting mammalian cell function.9,15–19

To fully utilize the potential of SeNPs, improved synth-

esis schemes are needed. Many SeNP schemes are multi-

step processes that involve the use of harsh solvents, such as

benzene and toluene,20 and/or strong bases, such as sodium

hydroxide.21 Li and coworkers have found an alternative

one-step method, using cysteine as a reductant.22 Instead of

cysteine, Malhotra used ascorbic acid as a reductant for

their system and dextran as a stabilizer.23 In this work,

a synthesis scheme was developed using ascorbic acid and

bovine serum albumin (BSA) as a stabilizer. Based on prior

knowledge, SeNPs readily aggregate and are unstable with-

out a stabilizer. BSA is a commonly used stabilizer that

does not illicit toxic biological responses and is readily

available. Here, these newly formed Se nanoparticles were

then tested against mammalian and bacterial cell lines to

assess their effect in modulating cellular activity.

Materials and Methods
Selenium Nanoparticle Synthesis
Bovine serum albumin (BSA, Sigma Aldrich, Saint Louis,

MO)-coated selenium nanoparticles (SeNPs) were synthe-

sized with sodium selenite, ascorbic acid and BSA in

a one-step reaction. Specifically, 50 mM ascorbic acid

(Sigma Aldrich) was added dropwise to 1 mL of an aqu-

eous solution containing 100 mM sodium selenite and

10mg/mL BSA. Upon addition of the reductant into

sodium selenite, the solution turned into light yellow and

eventually into dark red. The reaction proceeded for 30

mins before the nanoparticles were collected by centrifu-

gation (11,000 rpm at 15 min.) and were washed at least

twice by dI H2O (dI H2O, Milli-Q system, EMD Millipore,

Billerica, MA). The molar ratio of ascorbic acid to sodium

selenite and agitation speed were altered at 2 levels (1:5

and 1:6 for 100 and 600 rpm, respectively) to generate the

4 reaction conditions (Table 1) as these conditions were

found to produce SeNPs with biologically relevant sizes.

SeNP Characterization
The SeNPs were characterized by dynamic light scattering

(DLS, 90Plus Zeta, Brookhaven Instruments, Holtsville,

NY) with the manufacturer provided software to measure

particle size. The NPs were first dried onto 300-mesh cop-

per-coated carbon grids (Electron Microscopy Sciences,

Hatfield, PA) before imaging by transmission electron

microscopy (TEM, JEM-1010, Jeol, Peabody, MA). UV-

visible spectra of the NPs were obtained from 200 to 1000

nm using a SpectraMax M3 (Molecular Devices, Sunnyvale,

CA) to characterize the chemical properties of the SeNPs.

The NPs were diluted 72x in dI H2O before measurements.

Previous studies have further characterized SeNPs com-

monly used in our experiments.15–17

Mammalian Cell Activity Culture and

Characterization
Human dermal fibroblasts (HDF) were used as the model

cell line for cytotoxicity studies. Human dermal fibroblasts

(HDF, Lonza, Basel, Switzerland) at passage numbers

5–10 were cultured in Dulbecco’s Modified Eagle

Medium (DMEM, Sigma Aldrich) supplemented with

10% fetal bovine serum (FBS, Hyclone, Logan, UT) and

1% penicillin/streptomycin (P/S, Sigma Aldrich) in

a humidified incubator at 37°C and a 5% CO2/95% air

environment. HDFs were cultured to ~90% confluence,

rinsed with Dulbecco’s phosphate-buffered saline (dPBS,

Sigma Aldrich), and detached from the tissue culture sur-

face with 0.25% trypsin-EDTA (Sigma-Aldrich).

HDF cells were then seeded into 96 well plates at 5000

cells/well, treated with 0.001–1 mg/mL selenium nanopar-

ticles in 10x dilutions, and were grown for 1 day, 2 days and

4 days. Afterwards, cell activity was measured by the MTS

(Cell Titer 96 Aqueous One Solution Cell Proliferation

Assay, G3581 Promega) assay. The cell culture medium

was aspirated before adding a 1:5 (media: MTS) solution

for 2.5h and before measuring the absorbance of each well

by a SpectraMaxM3 plate-reader at 490 nm. Controls

included wells with no cells, and a standard curve was

constructed with known cell numbers.

Bacteria Experiments
Escherichia coli (E. coli, ATCC no. 25922), multi-drug

resistant (MDR) Escherichia coli (ATCC no. BAA-2471),

and Staphylococcus aureus (S. aureus, ATCC no. 25923)

were used as the model bacteria. For all bacteria tested,

a single colony was picked from a stock agar plate and

cultured overnight, 16–20 h, in a 3% tryptic soy broth

Table 1 Experimental Conditions Chosen for Cell Studies

Molar Ratio (Sodium Selenite to

Ascorbic Acid)

Agitation Speed

(rpm)

1:5 100

1:5 600

1:6 100

1:6 600
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(TSB, Sigma Aldrich) at 37 °C. Afterwards, the bacterial

solution was diluted until the absorbance of the bacteria

reached 0.52 at 562 nm for S. aureus and 1 at 600 nm for

the E. coli species (both drug-resistant and non-drug resis-

tant); these absorbances corresponded to a colony-forming

unit count of 109 based on previous experiments.

The bacteria were then diluted to 106 CFU/mL for

S. aureus and 105 for the E. coli species and were seeded

at 100 μL/well in a 96-well plate. The bacteria were

cultured with either no SeNPs (control) or 0.001–1-mg/

mL SeNPs in 10x dilutions overnight (16–20 h.). For the

next day, the bacterial solutions were diluted 105 fold and

plated in 10-μL spots on an agar plate to determine the

number of CFUs. The agar plate was cultured for another

12–16 h. before counting.

Statistics
All experiments were conducted in triplicate and repeated

at least three times each. Analysis of variance (ANOVA)

and Student’s t-tests were used to determine the signifi-

cance in the changes in cellular activity.

Results
Selenium Nanoparticle Synthesis
SeNPs were formed by adding the reductant, 50 mM

ascorbic acid, in specified molar ratios (Table 1) to an

aqueous solution containing 100 mM sodium selenite and

10 mg/mL of BSA and were measured by DLS as

a preliminary screen (Table 2). At a 1:2 molar ratio addi-

tion of sodium selenite to ascorbic acid, the particles

generated were in the μm range while at a 1:4 ratio and

above, the particles generated were in the nm range.

Agitation showed different effects on the size of the nano-

particles, depending on the molar ratio. At a 1:2 ratio,

agitation did not appreciably affect the size of the particles

generated. At a 1:4 ratio, increases in agitation directly

increased the size of the nanoparticles produced.

Interestingly, at ratios of 1:5 and 1:6, intermediate agita-

tion (400 rpm) reduced the nanoparticle size while high

agitation (600 rpm) increased the nanoparticle size. Above

a ratio of 1:4, the sizing of the nanoparticles at the same

agitation was similar (including at a ratio of 1:8, data not

shown), possibly suggesting that the reaction had pla-

teaued and no further increases in reductant concentration

would further affect the reaction. Similarly, agitation

above 600 rpm (1100 and 1500 rpm, data not shown) did

not appreciably change the nanoparticle size.

Following this initial screen, the shaded conditions

(1:5 ratio at 100 rpm, 1:5 ratio at 600 rpm, 1:6 ratio at

100 rpm, and 1:6 ratio at 600 rpm) were chosen for

further characterization and cellular testing due to their

low polydispersity (Figure 1) and biological relevant siz-

ing. Nanoparticles with dimensions between 10 and 100

nm in diameter are most effectively uptaken by the

mammalian cells.13 The particles were imaged by TEM

in order to confirm their sizing and geometry (Figure 2).

As expected, the reaction generated the characteristic

spherical nanoparticles, and ImageJ analysis of the

TEM images showed that the nanoparticle distribution

matched that from DLS (Figure 3).

UV-visible spectra captured the potential chemical

changes due to the different reaction conditions (Figure 4).

The absorbance of water was subtracted from that of the

samples as water possesses strong signals in the 200-nm

region which may interfere with the signal from the SeNPs.

All four conditions yielded similar trends in the UV-Vis

spectra and a peak absorbance at 290 nm.

Impact on Mammalian and Bacterial Cells
To assess the cytotoxicity of the SeNPs, human dermal

fibroblasts (HDF) were chosen as the model system. An

MTS assay was used to measure the cellular metabolic

activity after exposure to SeNPs, and the signal of the

treated cells was normalized to that of the no-treatment

control (Figure 5). At the highest concentrations tested (1

and 0.1 mg/mL), the SeNPs showed substantial cytotoxi-

city to the HDFs. However, at 0.01 and 0.001 mg/mL,

SeNPs increased the 1-day MTS signal of the HDF cells

compared to the control (p < 0.01). ANOVA analysis

showed that the HDF response to the 4-reaction conditions

was not statistically different except at the 0.001-mg/mL

concentration at the 1-day time point, where both 600-rpm

reaction conditions showed improved MTS activity (21%

and 13% increase for the 1:5 and 1:6 ratios, respectively).

Both 1:5 ratio reaction conditions showed an increased

Table 2 Dynamic Light Scattering (DLS) Measurements of

Selenium Nanoparticles (SeNPs) at Different Reaction Conditions

Agitation

100 rpm 400 rpm 600 rpm

Molar ratio 1:2 753 nm 803 nm 721 nm

1:4 26 nm 34 nm 37 nm

1:5 23 nm 15 nm 42 nm

1:6 20 nm 21 nm 47 nm

Note: Shaded conditions were chosen to further cell studies
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MTS signal at 0.01 mg/mL (12% and 11% for 100 and

600 rpm, respectively). At 2 days, the difference was no

longer statistically significant, and by 4 days, the SeNP

treated cells showed reduced MTS activity (p < 0.001).

Next, the ability of SeNP treatment for resisting bacter-

ial growth was tested against both gram-positive (S. aureus)

and gram-negative bacteria (E. coli and MDR E. coli,

Figure 6). At the 1-mg/mL concentration, SeNP achieved

a 10-fold reduction in S. aureus growth at all conditions

except at the 1:5 ratio and 100 rpm in a statistically sig-

nificant manner (p < 0.01). At the next highest dose,

S. aureus reduction was still statistically significant at the

1:6 ratio condition (p < 0.01), and the antibacterial perfor-

mance was comparable to the 1-mg/mL dose (45% reduc-

tion at 0.1 mg/mL compared to 62% at 1 mg/mL for the 1:5

ratio at 100 rpm, 56% compared to 86% for the 1:5 ratio at

600 rpm, 74% compared to 91% for the 1:6 ratio at

100 rpm, and 72% compared to 87% for the 1:6 ratio

at 600 rpm). The lower dosages did not show

a statistically significant reduction compared to the control.

Treatment against the gram-negative bacteria showed no

significant difference with the control.

Discussion
In this study, a novel synthesis scheme was proposed to

fabricate SeNPs in a controllable and facile fashion that

avoided the use of harsh solvents or bases. The parameters

found to most influence nanoparticle size were agitation

and molar ratio of reductant to reactant. The oxidation

number is +4 for sodium selenite and 0 for elemental

selenium. As such, four reduction reactions are required

to transform the sodium selenite into SeNPs. Ascorbic acid

has a reducing capacity of 1–2 so the 1:2 molar ratio is not

enough to fully reduce selenite into elemental selenium,

causing substantial aggregation. This is consistent with

findings reported by Li and co-workers22 although the

degree of aggregation is much more substantial in the

current study.

At the 1:4 molar ratio, there is enough reductant to

fully convert the selenite into SeNPs, yielding drastically

different behavior. However, the molar ratio of the reduc-

tant is likely not in excess and would be more sensitive to

changes in agitation. At the 1:5 and 1:6 ratios, the nano-

particle formation at the different agitations was very

similar. It is likely that at these molar ratios, the reductant

Figure 1 Histogram generated from dynamic light scattering (DLS) in number mode for the following conditions: (A) 1:5 molar ratio of sodium selenite to ascorbic acid at

100 revolutions per minute (rpm); (B) 1:5 ratio at 600 rpm; (C) 1:6 ratio at 100 rpm; and (D) 1:6 ratio at 600 rpm.
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concentration reached an excess and further increases in

reductant concentration would not affect the reaction.

The effect of agitation on the SeNP formation is simi-

lar to the mechanism first proposed by Li and Kaner.24 In

their study, they found that mild/low agitation, 0–380 rpm,

did not change the polyaniline particle diameter or

distribution while high agitation, 1100 rpm, increased the

size. Their proposed model suggested that nanoparticles

formed initially by homogenous nucleation until the parti-

cles reached a critical size. At this point, Brownian motion

and/or agitation will cause collisions between the different

nanoparticle seeds, creating larger nanoparticles under

Figure 2 Transmission electron microscopy (T.E.M.) images of selenium nanoparticles (SeNPs) for the following conditions: (A) 1:5 molar ratio sodium selenite to ascorbic

acid at 100 revolutions per minute (rpm); (B) 1:5 ratio at 600 rpm; (C) 1:6 ratio at 100 rpm; and (D) 1:6 ratio at 600 rpm.

Dovepress Chung et al

International Journal of Nanomedicine 2020:15 submit your manuscript | www.dovepress.com

DovePress
119

http://www.dovepress.com
http://www.dovepress.com


a heterogeneous nucleation mechanism. In the absence of

agitation, this heterogeneous nucleation becomes limited

and the nanoparticle size remains small. This model is also

true for other inorganic nanoparticles, such as silica col-

loids. Sarin et al25 observed a similar phenomenon where

the nucleation of SeNP in the presence of a carbon

Figure 3 Histogram generated from transmission electron microscopy (T.E.M.) images for the following conditions: (A) 1:5 molar ratio of sodium selenite to ascorbic acid at

100 revolutions per minute (rpm); (B) 1:5 ratio at 600 rpm; (C) 1:6 ratio at 100 rpm; and (D) 1:6 ratio at 600 rpm.

Figure 4 UV-Visible spectrum from 200 to 1000 nm for selenium nanoparticles (SeNPs) for the following conditions: 1:5 molar ratio of sodium selenite to ascorbic acid at

100 revolutions per minute (rpm); 1:5 ratio at 600 rpm; 1:6 ratio at 100 rpm; and 1:6 ratio at 600 rpm.

Chung et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:15120

http://www.dovepress.com
http://www.dovepress.com


Figure 5 MTS signal for human dermal fibroblast (HDF) for selenium nanoparticle (SeNP) treated cells compared to no treatment at 1, 2, and 4 days. All tests were

conducted in triplicate, N = 3. Data are average ± standard deviation. * p < 0.01, ** p < 0.001 compared to no-treatment control at the same day. NS = not statistically

significant.

Figure 6 Colony-forming unit (CFU) of (A) Staphylococcus aureus, (B) multi-drug resistant (MDR) Escherichia coli, and (C) Escherichia coli after 1-day treatment with selenium

nanoparticles (SeNP). All tests were conducted in triplicate, N = 3. Data are the average ± standard deviation. * p < 0.01 compared to no-treatment control. NS = not

statistically significant.
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substrate occurred as competition between homogeneous

and heterogeneous nucleation, and other instances are

highlighted here.26–28

The UV-visible spectra showed similar peaks for all

four reaction conditions, suggesting that changes in the

reaction conditions did not alter the chemical composition

or shape of the nanoparticles. In Li’s study, changes in the

molar ratio of the reductant to selenite directly affected the

morphology of the Se nanostructure, which directly altered

the UV-visible spectra.22 The UV-visible spectra

(Figure 4) matched those reported by others for spherical

SeNPs.22,29 TEM images (Figure 2) confirmed the forma-

tion of spherical SeNPs, and the distribution shown from

the images matched those from the DLS measurements

(Figures 1 and 3).

HDF were chosen as the model cell line as they have

been widely used for testing cytotoxicity.7,30 The half-

maximal inhibitory concentration (IC50) was determined

for the reaction conditions at the different dosages of SeNP

(Table 3). For the 1-day time point, HDF viability

remained at or above 50% for all concentrations tested,

ranging from 42% at the 1:6 ratio and 100 rpm condition

to 50% at the 1:5 ratio conditions. The 2-day and 4-day

IC50 values remained similar for the different reaction

conditions. The

IC50 values of these SeNPs were comparable to those

fabricated from the more established method of using

glutathione as a reductant and precipitating by bringing

the pH into the alkaline region. Hassan reported an IC50

value of 59.61 μg/mL for HDFs grown after 3 days of

incubation with SeNPs which was similar to the IC50

values reported here from the 2- and 4-day time points.

S. aureus and E. coli were chosen as the bacterial cell

lines, because they are common bacterial contagions that

are rapidly developing drug resistance.31 In addition, SeNP

treatment towards these bacteria is well-characterized and

serves as a good benchmark for evaluating the performance

for this synthesis scheme. Overall, the bacterial perfor-

mance matched previously reported performance.17,29

Here, SeNPs achieved a 10-fold reduction for S. aureus and

IC50 values much lower than those for HDF treated at the

same time (334 μg/mL for the 1:5 ratio at 100 rpm, 88.99

for the 1:5 ratio at 600 rpm, 49 for the 1:6 ratio at 100 rpm,

and 70 for the 1:6 ratio at 600 rpm for S. aureus). In

addition, the IC50 for HDF was an order of magnitude

higher than the IC50 for S. aureus (Table 3) for all condi-

tions tested except for the 1:5 ratio at 100-rpm reaction

condition, giving a favorable safety window of at least

10:1 (at the 1:6 ratio at 600 rpm, IC50 HDF = 789

μg/mL/IC50 S. aureus = 70 μg/mL). Conversely, SeNPs

were ineffective against both E. coli species. Reports in

the literature have contrary effects of SeNP on E. coli;

some researchers found antibacterial efficacy6,32,33 while

others did not.29,34,35 At this moment, there is no conclusive

mechanism for the bactericidal activity of SeNPs.

Generally, the modes of action for metallic particle-

induced bacterial inhibition are through inactivation of vital

proteins, generation of reactive oxygen species (ROS), mem-

brane disruption, nutrient uptake interference, or

genotoxicity.36 However, none of these proposed pathways

fully accounted for reported anti-bacterial activity. Liu et al

found that SeNP loaded into an anodized titanium nanotube

repelled E. coli growth and identified three modes of action:

membrane disruption, damage to adhesion-mediating pro-

teins, and reactive oxygen species (ROS) generation.6

However, Zonaro found that the amount of ROS generated

by SeNPs (221.1–345.2 nm) did not correlate with the

bacterial inhibition.32 In addition, prior studies with

SeNP-treated Staphylococcus epidermidis, a Gram-positive

bacterium (submitted work) did not show damaged bacterial

membranes, suggesting membrane disruption was not the

primary mode of antibacterial activity and may account for

why the SeNPs were ineffective against E. coli in this study.

In general, some of the reported differences in bacterial

response may be attributed to the different strains of bacteria

used, and studies focusing on omics-based differences may

better elucidate the mechanism of action and why there are

contradictory reports in the literature.

In summary, a novel method for synthesizing BSA-

coated SeNPs was reported here. The fabrication method

was robust, facile, easily scalable, and controllable and

avoided the use of harsh solvents or bases. Optimal agitation

and reactant molar ratios were identified for generating

SeNPs with biologically relevant dimensions. Similar to

previous synthesis schemes,24,25 this method likely was

Table 3 IC50 Values of the Selenium Nanoparticles (SeNPs) on

Human Dermal Fibroblasts (HDF) and Staphylococcus aureus (SA)

Day 1

HDF-IC50

(µg/mL)

Day 2

HDF-IC50

(µg/mL)

Day 4

HDF-IC50

(µg/mL)

Day 1 SA-

IC50

(µg/mL)

1:5100 N/A 59.24 9.30 334.27

1:5600 N/A 61.02 9.75 88.99

1:6100 681.85 66.42 7.41 49.24

1:6600 789.66 64.79 6.65 70.32
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initiated through homogeneous nucleation before proceeding

into a heterogeneous nucleation phase. The nanoparticles

here possessed comparable chemical properties as those

from previous synthesis schemes towards HDF and bacterial

cell culture. Future studies requiring the use of SeNPs may

utilize this facile green reaction scheme for generating con-

trollable and homogeneous effective SeNP populations.
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