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We have studied the size-dependent inhibition capabilities of colloidal selenium (Se) particles on
lipopolysaccharide (LPS)-induced nitric oxide (NO) production in RAW 264.7 cells. Four particle sizes of the
nano-Se, ranging from 45 ~ 220 nm in diameter, were examined. All of them, unlike their bulk material, show
clear capabilities of inhibition and a trend dependent on the particles size. The inhibition becomes more potent
as the particle size increases. It indicates that pursuing the reduction of colloidal sizes into nanoscale is not fa-

voured in this biological system.
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INTRODUCTION

Selenium (Se) is an essential element to human nutri-
tion, because it plays different physiological roles for main-
taining normal functions, including its antioxidative effects.'
However, selenium has a very narrow margin between its
lowest acceptable levels of intake and its toxicity. Different
forms of selenium exist in nature. Its grey and black forms are
biologically inert, while red colloidal selenium has been ob-
served in several kinds of bacteria. It has been shown that the
colloidal selenium particles have a similar bioavailability in
rats and are much less acutely toxic in mice compared with
selenite,' the most abundant natural dietary form of selenium.
This suggests that the biological activities of nano-Se may
come from its distinct chemical or colloidal forms. Because
pieces of evidence indicate the chemopreventive properties
of Se, attempts have been made to develop Se-enriched foods
or supplements that possess effective protective effects with-
out toxic side effects. The supplementation of dietary sele-
nium is usually limited to selenides and other organosele-
nium compounds. Recently, selenium in the colloidal form
has also been manufactured for nutritional supplements,” and
efforts have been attempted to develop its function in medical
diagnostics.’

The bioavailability of nano-Se has drawn increasingly
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greater attention, and studies of their size-dependence are in
great demand. Its shape-dependence should expand in the
near future. The size effect of nano-Se has been studied re-
cently for its free radical scavenging efficiency® and for the
induction of seleno-enzymes in both cultured cells and mice.’
In the present study, we have employed a convenient and ef-
fective cultured cell model to evaluate the effects of nano-Se
differences in particle sizes on lipopolysaccharide (LPS)-in-
duced nitric oxide (NO) production.

EXPERIMENTAL

Preparation of different sized Nano-Se

The colloidal Se particles were synthesized via a chem-
ical reduction method, in which the particle sizes can be ef-
fectively controlled. In the synthetic system, SeO,+S,05”7/
SDS,° selenous acid was used as the precursor, which was
formed readily by dissolving selenium dioxide (SeO,, 98%;
Sigma) into a 10 mL 0.01 M sodium dodecylsulfate (SDS;
C12H2504SNa, 99%; Acros) solution. The final SDS concen-
tration is well above its critical micelle concentration for a
sufficient suspending capability, and selenium dioxide dis-
solves readily to form selenous acid with a concentration of
5.2 mM (solution A). The reducing agent, sodium thiosulfate
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(S205%), was employed to effectively initiate the reduc-
tion/nucleation/growth of the nano-Se. Particle sizes can be
controlled by simply adjusting the relative amount of the re-
ducing agent to the precursor concentration. For this purpose,
we then prepared a solution containing the reducing agent
(solution B) by dissolving sodium thiosulfate pentahydrate
(Na»S,05-5H,0; Riedel-deHaén) into a 10 mL 0.01 M SDS
solution such that the concentration of the reducing agent was
520 mM. Then, various portions of solution B were added
into solution A with stirring prior to and during the addition.
The final concentrations of added thiosulfate in four different
solutions were 41.6 mM (8x the concentration of the selenite
precursor), 20.8 mM (4x), 10.4 mM (2x), and 5.2 mM (1x).
Suspended nano-Se particles form from these solutions after
each reaction proceeds for a sufficient time. The resulting
particle size increases with decreasing the relative concentra-
tion of reducing agent.

Four different sized a-Se colloids were prepared with-
out sintering at elevated temperatures, and their sizes were
characterized to be 46.5 + 5.2 nm (A), 101.0 £ 13.7 nm (B),
168.0 £ 30.4 nm (C), and 215.4 + 19.4 nm (D), as shown in
Fig. 1. The composition analysis (energy-dispersive X-ray
spectrometer; EDS) confirmed their purity, as shown in Fig.

Fig. 1. TEM images of as-synthesized colloidal Se par-
ticles. A to D represent samples prepared using
added sodium thiosulfate concentrations of 16,
26, 42, 86 mM. Their mean particle diameters
are 46.5£5.2,101.0 £ 13.7, 168.0 = 30.4, and
215.4 £ 19.4 nm, correspondingly. Scale bar =
179 nm.
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2. Prior to the inhibition studies, we have prepared the four
aqueous colloidal samples with the same concentrations in
terms of the selenium content. Two values of 0.5 ppm and 1
ppm were used to represent the final concentrations in the
culturing cell. However, the constant Se concentration, in
ppm, stands for different numbers of particles for various
sized nano-Se. For example, the number of particles are esti-
mated to be 1 x 10%, 1 x 107,2 x 10°%, and 1 x 10° for samples
(A) to (D), respectively.

Cell culture and treatments

Murine monocyte-macrophage RAW 264.7 cells’ were
incubated with LPS (100 ng/mL) and different sized colloidal
Se particles (0.5 and 1 ppm) for 24 h. The cultured medium
was collected for NO analysis. We also conducted experi-
ments on bulk Se for comparison. The bulk Se (299.999%
Aldrich; pellets particle size ~2 mm) was ground to powder
of several tens micrometers prior to being suspended into an
SDS aqueous solution. Bare SDS (0.01 M) solution was used
as a negative control, and the concentration of SDS added to
the media never exceeded 0.2% (v/v).

Assay for NO production and secretion

The nitrite concentration in the culture medium was de-
termined as an index of NO production. Nitrite was quanti-
fied spectrophotometrically after its reaction with Griess re-
agent (1:1 mixture of 1% sulfanilamide/5% H3;PO4 and 0.1%
naphthylethylenediamine dihydrochloride) using sodium ni-
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Fig. 2. Typical EDS spectrum for nano-Se. No other
impure elements were detected, except for the
trace amount of sulfur which is due to the
surfactant molecules.
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trite as a standard.®

Assay for cytotoxicity

The viability of cells was examined with a CellTiter
96 Aqueous One Solution Cell Proliferation Assay® Kit
(Promega, Madison, WI). Basically, cells were treated with
LPS and various Se particles for 24 h, and then were har-
vested to test for cytotoxicity. Live cells convert 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS) to a formazan dye that can
be detected at OD492 nm by @ microplate reader.

Statistical analysis

Values are expressed as the mean standard deviation
(SD). One-way ANOVA followed by Fisher’s least signifi-
cant difference test as well as Student’s 7-test were used to de-
termine statistical differences between groups using SAS
software version 6.12 (SAS Institute, Cary, NC). The signifi-
cance of mean differences was based on a p value of <0.05.

RESULTS AND DISCUSSION

Treatment of RAW 264.7 cells with different sized col-
loidal Se particles did not affect NO production (data not
shown), but LPS (100 ng/mL) treatment for 24 h significantly
enhanced NO production. The co-treatment of the RAW
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264.7 cells with LPS and colloidal Se particles not only sup-
pressed this enhancement but also showed both size- and con-
centration-dependent inhibition capabilities, as shown in Fig.
3. The larger the particle size, the stronger the inhibition. At 1
ppm level, colloidal Se D (215.4 £ 19.4 nm) inhibited 74%
while colloidal Se A (46.5 £ 5.2 nm) showed only 50% inhibi-
tion of the LPS-induced NO production. By knowing that the
number of particles for colloidal Se D is roughly two orders
of magnitude less than the colloidal Se A, we may estimate
the ratio of per-particle inhibition capabilities to be as large
as about. 150:1.

We also verified the extent of the contribution to the NO
inhibition from a possible route, inhibition of the LPS-treated
cell growth. Fig. 4 shows that the colloidal Se particles in-
hibit the growth of LPS-treated cells only 5~25%. These data
suggest that the NO inhibitory effect of colloidal Se is only
partially due to cell death. On the contrary, the bulk Se did not
show any effect on cell growth nor on stimulated NO produc-
tion, possibly due to their poor suspendability.

In the present study, we demonstrate that the colloidal
Se particles exhibit better biological activity than their bulk
analogue on inhibition of growth and NO production in LPS-
activated RAW 264.7 cells. This suppression capability be-
comes less potent as the particle size decreases. NO, a small
radical molecule, is synthesized from the amino acid L-
arginine by nitric oxide synthase (NOS), and it has many
physiological functions, being involved in vasorelaxation,
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Fig. 3. Effects of different sized colloidal Se particles on LPS-activated NO release into the medium by RAW 264.7 cells.
Cells were co-treated with LPS (100 ng/mL) and one of the colloidal Se particles A~D as shown in Fig. 1 (0.5 or 1
ppm) for 24 h. The nitrite content in the medium was then determined by Griess reaction. Values represent the mean
SD from three measurements. Data with different superscripts differ significantly (p <0.05).
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neurotransmission, immunoregulation, and inflammation.’
However, large amounts of NO produced in response to bac-
terial endotoxin LPS play important roles in inflammation,
which is a risk factor for various diseases including can-
cers.!®!! Additionally, increased formation of reactive oxy-
gen species, including superoxide, by macrophages along
with the high amount of NO produced can lead to the genera-
tion of peroxynitrite (ONOOQO™), which is a powerful oxidant
and may readily decompose to the highly reactive hydroxyl
radical (OH-) and nitrogen dioxide (NO,"). These highly reac-
tive and toxic compounds may react with macromolecules,
such as proteins, DNA, and RNA, in the cell and cause cellu-
lar or tissue damage.'” Therefore, foreign compounds like
colloidal Se suppressing the overproduction of NO may play
important roles in chemoprevention.

Other than the size-dependent behaviors of colloidal Se
on the inhibition of both LPS-stimulated cell growth and NO
production, they do not have any effect on growth nor on NO
production in LPS untreated control cells. This indicates that
they may not disturb normal physiological states. Bacterial
LPS is a potent activator of macrophage, and may act asa NO
activator as well as a mitogen agent, that promotes cell prolif-
eration. The LPS-induced macrophage activation has been
reported to require LPS receptor complex, which plays essen-
tial roles in binding and in mediating the response to LPS."
The binding of LPS to the receptor complex initiates a cas-
cade of signal transduction pathways. Also, it is able to in-
duce a number of genes, including inducible NOS, for a vari-
ety of macrophage-associated biological responses.'* Colloi-
dal Se particles may affect any one of these steps to decrease
the LPS-stimulated NO production. Our results indicate that
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bigger sized colloidal Se (215 nm) is more potent on the inhi-
bition of LPS-stimulated cell growth and NO production.
However, smaller particles with the same surface moiety are
presumably easier to move into the cell compared to the
larger ones. Therefore, we speculate that colloidal Se parti-
cles may not act intracellularly to inhibit the LPS-stimulated
responses. It is then plausible to hypothesize that the colloi-
dal Se particles take effect extracellularly by interfering with
the LPS binding to the LPS receptor complex, which results
in a blocking of the LPS signalling pathways. Furthermore,
this binding interference may be accomplished by direct
binding to either LPS, and/or a LPS receptor complex. In ad-
dition, the possibility of the colloidal Se particles on the di-
rect scavenging of NO cannot be ruled out, since they have
been reported to possess free radical scavenging activity.
Contrary to our results, the scavenging effects favour smaller
nano-Se particles than in one report.* Verification of these
possibilities needs to be further investigated.

SUMMARY

We have demonstrated that, in our experimental condi-
tion, colloidal Se particles in the range from 45~220 nm
showed better potency than the bulk Se in suppressing LPS-
induced NO production in mouse RAW 264.7 macrophages.
The inhibition potency decreases as the particle size de-
creases. This clear proportion between the NO inhibition and
the particle size of colloidal Se may be due to possible ex-
tracellular interference. It shows a negative biological effect
by reducing the particle sizes into nanoscale regime. The re-
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Fig. 4. Effects of different sized nano-Se particles on cell growth in LPS-stimulated RAW 264.7 cells. Cells were co-treated
with LPS (100 ng/mL) and different sized nano-Se (1 ppm) for 24 h. Cytotoxicity was measured by MTS assay kit.
Values represent the mean SD from four measurements. An asterisk (*) indicates a significant difference from the

LPS group (p <0.05).
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sults obtained from this study provide information on poten-
tial use of colloidal Se on nutrition supplementation, taking

the advantage of its effectiveness at lower doses. However, 3.

the detailed mechanism by colloidal Se particles on the inhi-

bition of NO production in activated RAW 264.7 cells is still 4.

not fully understood. Further effort is underway to explore
the cell-nanoparticle interactions of this system.
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