International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Cytotoxicity of selenium nanoparticles
in rat dermal fibroblasts

Joseph F Ramos'
Thomas | Webster?

'School of Engineering, Center

of Biomedical Engineering,

2School of Engineering and
Department of Orthopedics, Brown
University, Providence, RI, USA

Correspondence: Thomas | Webster
School of Engineering and Department
of Orthopedics, Brown University,
Providence, Rl 02912, USA

Tel 401-863-2318

Fax 401-863-9107

E-mail thomas_webster@brown.edu

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

20 July 2012

Number of times this article has been viewed

Background: Ventilator-associated pneumonia is a deadly nosocomial infection caused by
contaminated endotracheal tubes. It has been shown that polyvinyl chloride (PVC, the endotra-
cheal tube substrate) coated with elemental selenium nanoparticles reduces bacterial adherence
and proliferation on PVC by over 99%. However, it is not known if selenium nanoparticles elicit
a cytotoxic effect in vitro. The purpose of this study was to investigate the cytotoxic effects of
PVC coated with selenium nanoparticles on fibroblasts, which are mammalian cells central to
endotracheal tube intubation.

Methods: Different concentrations of selenium nanoparticles were precipitated onto the PVC
surface by reduction of selenium salts using glutathione. Characterization of PVC coated with
selenium nanoparticles was done by scanning electron microscopy, energy dispersive x-ray,
and contact angle measurements. For the cytotoxicity experiments, fibroblasts were seeded at
a density of 5000 cm? onto PVC coated with three different concentrations of selenium nano-
particles (high, medium, low) and incubated for 4 hours (adhesion) as well as for 24 hours and
72 hours (proliferation). The half-maximal inhibitory concentration (IC, ) value was determined
after 72 hours using an ultrahigh concentration. MTT assays were used to assess cell viability
at the indicated time points.

Results: The three concentrations of selenium nanoparticles did not elicit a cytotoxic effect after
72 hours (P < 0.01, n = 3). It was found that the IC, value was at the ultrahigh concentration
of selenium nanoparticles. The nanoparticulate elemental selenium concentration previously
shown to decrease the function of bacteria was shown not to cause a cytotoxic effect on fibro-
blasts in vitro.

Conclusion: These findings demonstrate great selectivity between bacteria and healthy cells,
and are a viable option for coating endotracheal tubes in order to prevent ventilator-associated
pneumonia.
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Introduction

Medical device-related infection is a growing clinical concern. For example, ventilator-
associated pneumonia is the second most common nosocomial infection in the US.!
It is also the deadliest hospital-acquired infection in children and adults, affecting
23% of all patients receiving mechanical ventilation for more than 24 hours (approxi-
mately 250,000 annually).? The Staphylococcus aureus bacterium is responsible
for 25% of all ventilator-associated pneumonia infections and is of great concern
to clinicians due to its multidrug resistant strain, ie, methicillin-resistant S. aureus
(MRSA).? Ventilator-associated pneumonia can also be very costly for both patients
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and hospitals, adding an estimated $40,000 dollars to each
hospital admission due to the extra intensive care required
for treatment.*

Inadvertent exposure to bacteria infects up to 54% of
all endotracheal tubes.’ These intubated tubes provide a
conduit for bacterial access from the extracorporeal envi-
ronment to the more sterile area of the lungs. Through cell
division and biochemical recruitment of extracellular DNA,
proteins, and exopolysaccharides, these adherent bacteria
form an aggregate of microorganisms called a biofilm.
Ventilation through these infected endotracheal tubes, or
even condensation of humidified air, breaks off pieces of
the biofilm, causing gross and micro aspiration of bacteria
into the distal bronchi, followed by bacterial proliferation
and parenchymal invasion.®® Endotracheal tube intubation
also thwarts the cough reflex and compromises mucociliary
clearance, making it nearly impossible to expel contami-
nated secretions.”!? The current techniques for preventing
ventilator-associated pneumonia, ie, sterilization of equip-
ment, better hospital practices, systemic antibiotic admin-
istration, and re-engineering of the endotracheal tube, have
not proven to be efficacious.

As a result, the most promising and straightforward
strategy for decreasing ventilator-associated pneumonia
is to fabricate endotracheal tubes with antibacterial agents
that resist bacterial attachment. However, currently used
materials, such as silver and silver compounds, eg, silver
sulfadiazine, have been shown to be ineffective at prevent-
ing bacterial attachment in the long term.!""* Moreover, the
use of these silver-coated endotracheal tubes is contraindi-
cated for persons who are allergic to silver;'* silver is also
not naturally found in the body. In contrast, selenium is an
essential trace element found in the human body. Adults
require 55-70 ug of selenium per day, with an upper toler-
able limit of 400 ug, to make selenoproteins, which play a
vital role in the human antioxidant defense system, redox
control of cell reactions, and thyroid hormone metabolism.
Elemental selenium also naturally possesses antibacterial
properties. Studies of these antibacterial properties have
demonstrated that elemental selenium-enriched probiotics'
and organoselenium compounds'®!” have antibacterial effects
in vitro and in vivo against Escherichia coli and S. aureus,
respectively. Furthermore, studies have demonstrated that
selenium nanoparticles reduce S. aureus adhesion and pro-
liferation on commercial endotracheal tubes by over 99%.
Opverall, the bactericidal action of selenium is due to its ability
to catalyze the oxidation of intracellular thiols, causing death
of bacteria.!*2

Symptoms of selenium toxicity (called selenosis) include
gastrointestinal disorders, alopecia, fatigue, and irritability.!
The chronic dose of selenium that results in extreme cases of
toxicity is very high, at approximately 2400 pg/day.*' Studies
on the toxicity of elemental selenium have been promising
in demonstrating that its use will be benign.??> Regarding
toxicity of selenium nanoparticles, studies have shown that
selenium nanoparticles have an efficacy comparable with
that of selenium compounds as an antioxidant, but have a
greatly reduced risk of toxicity.??** However, studies inves-
tigating the toxicity of selenium have focused on systemic
toxicity in vivo and have not focused on in vitro toxicity to
mammalian cells central to endotracheal tube intubation,
such as fibroblasts. Thus, the objective of this study was to
ascertain the cytotoxic effect of selenium nanoparticles on
fibroblasts in vitro.

Materials and methods

Synthesis of selenium nanoparticles

PVC samples (6 mm X 3 mm X 1 mm) were cut from com-
mercial endotracheal tubes (Hudson RCI, Research Triangle
Park, NC) using a Fiskars rectangular hole punch (Fiskars
Corporation, Helsinki, Finland). The PVC samples were then
rinsed in increasing concentrations of ethanol (30%, 50%,
70%, and 100%) for 10 minutes each and then air-dried in
a sterile laminar flow hood for 12 hours. The cleaned and
sterilized PVC were used as controls and base substrates
for the colloidal precipitation with four different concentra-
tions of selenium nanoparticles, ie, 46.5 ug/mL (ultrahigh),
31 ug/mL (high), 15.5 pg/mL (medium), and 7.8 pg/mL
(low). For the ultrahigh concentration, 6.25 mL of deion-
ized water (DIH,O) and 6.25 mL of 100 mM glutathione
(reduced form, Alfa Aesar, Ward Hill, MA) were added to a
50 mL conical tube containing the PVC samples, followed by
17.5 mL of 25 mM sodium selenite (Na,SeO,, Alfa Aesar).
After gentle mixing, 2 mL of 1 M sodium hydroxide (Alfa
Aesar) was added to bring the pH of the mixture into the
alkaline range. The same reagents and methodology were
used for the high, medium, and low concentrations, albeit
the reagent amounts changed. For the high concentration,
7.5 mL of DIH, 0, 7.5 mL of glutathione, 15 mL of Na,SeO,,
and 2 mL of sodium hydroxide were used. For the medium
concentration, 10 mL of DIH,0, 10 mL of glutathione,
10 mL of Na,SeO,, and 2 mL of sodium hydroxide were
used. For the low concentration, 12.5 mL of DIH,O, 12.5 mL
of glutathione, 5 mL of Na,SeO,, and 2 mL of sodium
hydroxide were used (Table 1). In all reactions, the reduc-
tion of sodium selenite by glutathione immediately formed
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Table | Final concentration of selenium in the colloidal synthesis solution

Reagents used Amount of reagents used

[Se] = 46.5 pg/mL

[Se] =31 ug/mL

[Se] = 15.5 pg/mL [Se] =7.8 ng/mL

(“ultra-high”) (“high”) (“medium”) (“low”)
Deionized water (DIH,0) 6.25 mL 7.5 mL 10 mL 12.5 mL
Glutathione (GSH), 100 mM 6.25 mL 7.5 mL 10 mL 12.5 mL
Sodium selenite (Na,SeO,), 25 mM 17.5 mL 15 mL 10 mL S5mL
Sodium hydroxide (NaOH), | N 2mL 2mL 2mL 2mL

selenium nanoparticles, which were precipitated onto the
PVC samples as visualized by a color change of the reactant
solution from clear to milky red.!® For each concentration,
the conical tubes were left untouched for 30 minutes to
allow the selenium nanoparticles to precipitate onto the
PVC samples both intraluminally and extraluminally.
The substrates were then removed and rinsed in 10 mL of
DIH,O for 24 hours. The uncoated (control) and selenium
nanoparticle-coated substrates were immersed in 70%
ethanol for 30 minutes. The ethanol was then removed and
the substrates were sterilized in a laminar flow hood under
ultraviolet light for 24 hours.

Characterization of selenium nanoparticles
For material surface characterization studies, the PVC samples
were sputter-coated with a thin layer (approximately 90A) of
gold and observed under scanning electron microscopy (LEO
1530VP FE-4800) at 5 kV. For chemical characterization,
energy dispersive x-ray spectroscopy with an acceleration
voltage of 20 kV was employed. Contact angle measurements
of uncoated and selenium nanoparticle-coated PVC were
also conducted. Contact angles easily and quickly identified
the hydrophobicity/hydrophilicity of a proposed material for
medical applications, which is of paramount importance for
the interaction between the substrate and biological entities
in the body. To measure the hydrophobicity/hydrophilicity
of uncoated and selenium nanoparticle-coated PVC, a drop
shape analysis system (DSA-10, Kruss, Hamburg, Germany)
with analysis software (DSA1 v 1.80) was used. A 2 uL drop
of water was placed onto the substrates, and contact angles
were recorded within 10 seconds at room temperature. All
characterization measurements were repeated nine times for
each sample.

In vitro assays for cytotoxicity experiments
To investigate cytotoxicity via cell adhesion and prolifera-
tion of PVC coated with selenium nanoparticles, a cell line
of rat dermal fibroblasts was obtained from the American
Type Culture Collection (CRL-1213, Manassas, VA).

The fibroblasts were grown in Eagle’s Minimum Essential
Medium (ATCC) supplemented with 10% fetal bovine serum
(Hyclone, Rockford, IL), and 1% penicillin-streptomycin
(Hyclone) in a standard cell culture incubator (37°C,
humidified, 5% CO,, 20% O, environment, nonshaking).
Every 24 hours the old medium was removed, the cells
were cleaned three times with phosphate-buffered saline,
and new medium was added. After confluence was reached
(approximately 72 hours), the cells were seeded at a density
of approximately 5000 cells/cm? in sterile 24-well plates
that contained a PVC sample coated with the high, medium,
or low concentration of selenium nanoparticles; uncoated
PVC samples were used as controls. The samples were
incubated in a standard cell culture incubator for 4 hours
for the cell adhesion assay and 24 and 72 hours for the
proliferation assays. The reduction of tetrazolium salts in a
colorimetric MTT assay is now widely accepted as a reliable
method for examining cell adhesion and proliferation.?>2¢
For the MTT assay, a CellTiter 96 nonradioactive assay
(ATCC) was used and the absorbance, which corresponded
to total cell number, was recorded using a microplate spec-
trophotometer (570 nm, SpectraMax, Molecular Devices,
Sunnyvale, CA). To ascertain the IC, value, the ultrahigh
concentration of selenium nanoparticles was used. The
IC, value is a quantitative measurement that indicates the
concentration of selenium nanoparticles needed to inhibit
a biological process (ie, fibroblast viability) by half. The
samples were incubated in a standard cell culture incubator
for 72 hours and then a MTT assay was used to determine
cell viability.

All experiments were conducted in triplicate and repeated
three times. Data were collected, and significant differences
were assessed using the probability associated with one-tailed
Student’s #-tests.

Results

Synthesis of selenium nanoparticles
Visual characterization by scanning electron microscopy
of the coating density of PVC coated and not coated
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with selenium nanoparticles can be seen in Figure 1. The
morphology in the high-magnification tilted scanning elec-
tron microscopic image (Figure 2) strongly suggests that the
selenium nanoparticles were bonded (by physicochemical
forces, not covalently) to the substrate. In fact, previous
studies have tried to remove the adherent selenium nanopar-
ticles using sonication, but could not.'® The surface coverage
of selenium nanoparticles for the medium concentration
(determined from scanning electron microscopic images
using an image processing program, ie, ImageJ, National
Institutes of Health, Bethesda, MD) was approximately
10%, or about 300 pg. X-ray spectra were used to confirm
the chemistry of the selenium nanoparticles. Selenium peaks
were observed in the area coated with selenium nanopar-
ticles, which confirmed that the nanoparticles were in fact
elemental selenium (Figure 3). Contact angle measurements
demonstrated that selenium nanoparticles reduced the contact
angles, or made the PVC more hydrophilic (Figure 4).

Cytotoxicity studies

The viability of fibroblasts as determined by MTT assays after
the 4-hour (adhesion) time point showed that the number of
live cells on PVC coated with selenium nanoparticles was
significantly higher than the number of live cells on PVC not
coated with selenium nanoparticles. The number of live cells
also increased as the final concentration of selenium in the col-
loidal synthesis solution increased. Furthermore, the viability
of fibroblasts as determined by MTT assays after the 24-hour
and 72-hour (proliferation) time points was significantly
higher on PVC coated with selenium nanoparticles as com-
pared with the PVC not coated with selenium nanoparticles.
The number of cells proliferating on the PVC coated with
selenium nanoparticles between the 24-hour and 72-hour
time points neither significantly increased nor decreased.

Uncoated PVC

Se-coated PVC.

Figure | Scanning electron microscopic images of PVC coated with selenium
nanoparticles (right panel) and not coated with selenium nanoparticles (left panel).
Arrows indicate selenium nanoparticles (nonexhaustive). The selenium nanoparticles
had sizes ranging from approximately 80 nm to 200 nm and are uniformly coated on
the substrates. Selenium nanoparticle coverage is approximately 10%, or 300 pg.'®
Previously published studies demonstrate the surface coverage for all samples of
interest in this study, and are given in Table |.'®

Abbreviation: PVC, polyvinyl chloride.

Figure 2 Scanning electron microscopic image, taken at a 45° tilt, of the medium
concentration selenium nanoparticles precipitated on polyvinyl chloride.
Note: The hemispherical shape of the selenium nanoparticles on the substrate surface.

The number of live cells adhering and proliferating on
PVC not coated with selenium nanoparticles from 4 hours
to 72 hours also did not significantly increase (Figure 5).
Results from the IC, | studies revealed that the concentration
of selenium nanoparticles coated on PVC needed to inhibit
fibroblast viability by half was approximately 46.5 pg/mL.
This is because 52% of the fibroblasts died when exposed
to this ultrahigh concentration of selenium nanoparticles,
or 2% more than the concentration needed to ascertain the
IC,, value (Figure 6).

Discussion

Visual characterization by scanning electron microscopy
showed that the coating density of PVC coated with selenium
nanoparticles as compared with PVC not coated with selenium
nanoparticles. The morphology in the high-magnification tilted
scanning electron microscopic image strongly suggest that the
selenium nanoparticles were bonded to the substrate. Coupled
with the fact that cleaning of the PVC samples before coat-
ing with the selenium nanoparticles was found to be crucial
for the deposition of selenium nanoparticles on the substrate
surface, it is speculated that the selenium nanoparticles were
formed through a nucleation process. The nucleation sites on
the PVC surfaces, eg, defects and impurities, may have also
served as high-energy regions for the selenium nucleation
process to occur. Determination of the surface coverage of
selenium nanoparticles by scanning electron microscopy for
all concentrations was approximately 10% (about 300 g per
endotracheal tube), or approximately 100 Lg less than the
upper tolerable limit. Energy-dispersive x-ray spectra were
used to confirm the chemistry of the selenium nanoparticles.
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Spectrum 16

EDS analysis of an uncoated
region on the selenium
nanoparticle-coated PVC.

EDS analysis of a selenium
nanoparticle-coated region on
PVC.

0 2 4 6 8 10 12 14 16 18 20
7 um 1 Electron image 1 Full scale 1035 cts Cursor: 0.000 keV

Figure 3 X-ray spectra of an uncoated region on PVC (top) and a region on PVC coated with selenium nanoparticles (bottom). Elemental selenium peaks are detected in PVC
coated with selenium nanoparticles, demonstrating that the nanoparticles were in fact selenium. Peaks of carbon (C) and chlorine (Cl) present are from the PVC substrate;
peaks of gold (Au) present are from the sputter-coating process.

Abbreviations: PVC, polyvinyl chloride; EDS, energy dispersive spectrum.

Selenium peaks were observed in the area coated with sele-  the human body. If the implanted material is water-repelling
nium nanoparticles, which confirmed that the nanoparticles  (ie, hydrophobic), a water drop on the surface of a material
were in fact elemental selenium. Contact angle measurements ~ will have a contact angle greater than 90°. Otherwise, if the
demonstrate the hydrophobicity/hydrophilicity of a medical — material is water-attracting (ie, hydrophilic), the contact
implant, which is of the utmost importance for potential usein ~ angle will be less than 90°. Contact angle measurements
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Figure 4 Water contact angles of PVC coated and not coated with selenium nanoparticles.
Notes: *P < 0.01 compared with uncoated PVC. The data are presented as the mean + standard error of the mean (n = 3).
Abbreviation: PVC, polyvinyl chloride.
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Figure 5 Increased fibroblast viability upon exposure to PVC coated with selenium nanoparticles.
Notes: *P < 0.05 for all concentrations at the 4-hour (adhesion) time point as compared with the control; 1P < 0.01 for all concentrations at the 24-hour (proliferation)
time point as compared with the control; #P < 0.0l for all concentrations at the 72-hour (proliferation) time point as compared with the control. The data are presented as

the mean + standard error of the mean (n = 3).
Abbreviation: PVC, polyvinyl chloride.

demonstrated that selenium nanoparticles reduced the contact
angles, or made the PVC more hydrophilic. This is significant
because not only is wettability crucial for ultimate use in a
human subject, but hydrophilic surfaces have also been shown
to decrease free-swimming bacteria adherence as compared
with hydrophobic surfaces.?’”

The viability of fibroblasts as determined by MTT
assays after the 4-hour (adhesion) time point indicates

60

40 -

30 1

% Dead

that the number of live cells on PVC coated with selenium
nanoparticles was significantly higher than the number of
live cells on PVC not coated with selenium nanoparticles.
Furthermore, the number of live cells also increased as the
final concentration of selenium in the colloidal synthesis
solution increased. The viability of fibroblasts as determined
by MTT assays after the 24-hour and 72-hour (proliferation)
time points was also significantly higher on the PVC coated

[Se] = 7.8 ug/mL ("Low”)  [Se] = 15.5 ug/mL

("Medium”)

* * *
0 T T T

[Se] = 31 pg/mL ("High”) [Se] = 46.5 ug/mL ("Ultra-

T
Control (no Se)
high”)

Final concentration of selenium in the colloidal synthesis solution

Figure 6 Half maximal inhibitory concentration (IC;)) studies show a decrease in fibroblast viability after 72 hours when exposed to the ultrahigh concentration of selenium

nanoparticles.

Notes: *P < 0.05 for the high, medium, and low concentrations as compared with the control; 1P < 0.01 for all concentrations at the ultra-high concentration as compared
with the control. The data are presented as the mean * standard error of the mean (n = 3).
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with selenium nanoparticles as compared with the PVC not
coated with selenium nanoparticles. This indicates that fibro-
blasts may preferentially grow on PVC coated with selenium
nanoparticles, indicating that elemental selenium may have a
protective, healthy effect on mammalian cells. Results from
the IC, studies revealed that the concentration of selenium
nanoparticles coated onto PVC needed to inhibit fibroblast
viability by half was approximately 46.5 1g/mL, because
52% of the fibroblasts died when exposed to this ultrahigh
concentration of selenium nanoparticles, which is 2% more
than the concentration needed to ascertain the IC, value.

Conclusion

This work demonstrates the potential of using selenium nano-
particles as a nontoxic, antibacterial agent for PVC-related
medical devices, particularly endotracheal tubes. Specifically,
it has been shown using techniques such as scanning electron
microscopy, energy dispersive x-ray spectroscopy, and con-
tact angle measurements, that four different concentrations
of elemental selenium nanoparticles can be successfully
coated onto samples cut from commercial PVC endotracheal
tubes. These aforementioned techniques revealed two critical
findings. First, the surface coverage of selenium nanoparticles
was found to be approximately 300 pg. This is critical for
the ultimate use in an intubated patient because, even if all
of the selenium nanoparticles were to elute from the coated
endotracheal tube at once, it would not reach the suggested
upper tolerable intake level of 400 ug/day. Second, contact
angle measurements revealed that coating PVC with selenium
nanoparticles made the PVC more hydrophilic. This is sig-
nificant because hydrophilicity is of the utmost importance
for ultimate use in a human subject.

The cytotoxicity of selenium nanoparticles in terms of
fibroblast viability was assessed and it has been determined
that no cytotoxic effect was elicited after 72 hours. Results
from the IC,  studies revealed that a concentration of selenium
1.5 times greater than the high concentration inhibited fibro-
blast viability by half. Despite the potential cytotoxicity of
selenium nanoparticles, these results are significant, as the
concentration of selenium nanoparticles to be used to coat an
endotracheal tube for antibacterial purposes could likely be
the low or medium concentration, given that both have been
shown to reduce S. aureus adhesion and proliferation by over
99%.'® Thus, by using one of these concentrations, the toxic
level of selenium would never be reached.

For the first time, to the authors’ knowledge, nanopar-
ticulate elemental selenium has been shown not to have a
cytotoxic effect on mammalian cells in vitro, ie, fibroblasts,

central to endotracheal tube intubation. These results sug-
gest that selenium nanoparticles have great selectivity for
discriminating between bacteria and healthy cells, and display
a viable option for coating endotracheal tubes in order to
prevent ventilator-associated pneumonia, or any other medi-
cal device made of PVC that instigates a hospital-acquired
infection.
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