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Nano-selenium has a great potential to be used in chemical, biological, medical and environmental fields.
Biological methods for nano-selenium synthesis have attracted wide interests, because they can be
operated at ambient temperature and pressure without complicated equipments. In this work, a pro-
tozoa, Tetrahymena thermophila (T. thermophila) SB210, was used to in vivo synthesize nano-selenium.
The biosynthesized nano-selenium was characterized using transmission electron microscopy, energy
dispersive X-ray spectroscopy and Raman spectroscopy. The synthesized amorphous spherical sele-
nium nanoparticles had diameters of 50-500 nm with the coexistence of irregular nano-selenium.
The expressions of glutathione (GSH) synthesis related gene glutathione synthase, cysteine-rich protein
metallothionein related gene metallothionein-1 and [2Fe-2S] cluster-binding protein related gene were
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Biosynthesis up-regulated in the nano-selenium producing group. Also, the subsequent GSH detection and in vitro syn-
Glutathione (GSH) thesis experimental results suggest the three proteins were likely to be involved in the nano-selenium
Proteins synthesis process.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Nano-selenium is widely used due to its unique optical, spec-
tral and other properties [1]. In biological and medical fields,
nano-selenium has a great potential for practical applications. For
example, nano-selenium showed an excellent antibacterial activity
against Staphylococcus aureus compared with commercially avail-
able drug Ampicillin [2-4], and antifungal activity against several
important clinical test strains [5]. In recent years, nano-selenium
have been used for cancer therapy [6,7] and cancer-targeted nano-
drug delivery [8]. Furthermore, nano-selenium also plays a positive
role in wound healing, anti-oxidant and anti-Dengue virus [9].

To date, nano-selenium with desired sizes can be synthesized by
chemical approaches [10], but they are usually expensive, environ-
mentally contaminative, and require complicated equipments [11].
However, biological methods for nano-selenium synthesis are rel-
atively simple, environmentally friendly and easier to be operated
at ambient temperature and pressure [3]. Various types of organ-
isms including bacteria [12,13], fungi [14] and plants [15] have
been used for producing nano-selenium under mild conditions. Dif-
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ferent species produced nano-selenium with distinct shapes and
various sizes. However, there is no report about the synthesis of
nano-selenium by animals yet.

Tetrahymena is a genus of protozoa, the simplest animals. It has
cellular structural and functional complexity comparable to that
of human [16], and has been proven to be a very valuable biologi-
cal model in molecular biology, genetics [17-19] and toxicological
studies [20]. Additionally, Tetrahymena has a rapid growth rate with
a doubling time of less than two hours, which enables quick results
and low maintenance costs [21]. These advantages make Tetrahy-
mena an excellent surrogate model for animal research [22]. As a
cost-effective animal, Tetrahymena is an ideal model to be explored
for the synthesis of nano-selenium. The complete genome sequence
of T. thermophila SB210 is available, enabling us to conduct mech-
anism studies on nano-selenium synthesis.

Therefore, in this work, nano-selenium was synthesized using T.
thermophila SB210 in a simple, cost-effective and green way. Also,
the prepared nano-selenium inside cells was characterized with
various methods. Additionally, real-time polymerase chain reac-
tion (PCR) and in vitro synthesis experiments were carried out to
explore the underlying mechanism behind the nano-selenium syn-
thesis in Tetrahymena.
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Table 1
Primers for targeting genes.

Target gene Primer sequence

Product size (bp)

Tubulin Forward 5'-GTTCGGGAATGGG-3’ 396
Reverse 5'-TTGAATAACTAGGAGCA-3'

Glutathione Synthase Forward 5'-ATAAGAAGCAGGGTAG-3' Reverse 5'-TCTCAAGGAAAGGGT-3' 215

mtt-1 Forward5'-GCGTAAGTAAGACTGATAAT-3’ 145
Reverse 5'-AAGCAGCAGGGTTTAG-3’

2Fe2Sp Forward 5-CCACCATCATCACGC-3' 235

Reverse 5'-GCAGAAAGGACCATAAGT-3’
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Fig. 1. Biosynthesis of the nano-selenium by T. thermophila SB210. (A) Control,
selenite-dosing cells and purified nano-selenium; (B) SDS-PAGE electrophoresis of
the purified nano-selenium; and (C) FTIR of purified nano-selenium.

2. Materials and methods
2.1. Nano-selenium synthesis and purification

T. thermophila (SB210) was kindly provided by Prof. Miao from
the Institute of Hydrobiology, Chinese Academy of Sciences, China.
The cells were grown in proteose peptone medium containing
1% (w/v) proteose peptone (BD, USA), 0.1% yeast extract (OXOID,
UK), 0.2% glucose (Sinopharm Chemical Reagent Co., China), 0.003%
ethylenediaminetetraacetic acid ferric sodium salt (Sigma-Aldrich,
USA), and maintained at 27 °C in an orbital shaker (160 rpm).

When cells grew into the late log phase, 150 .M Na,SeOs3
(Sigma-Aldrich, USA) was added into the medium. After additional
48-h cultivation, cells were centrifuged at 12,000 rpm for 5 min. The
precipitate was washed twice with 10 mM Tris-HCI (pH 7.4) and
re-suspended in the lysis buffer containing 2% (w/v) SDS (sodium
dodecyl sulfate) and 0.2M NaOH. Then, the cells were further
treated by ultrasonic cell disruptor (Ningbo Scientz Biotechnology
Co., China) for 10 min at a power output of 120w in ice bath in
order to release nano-selenium from cell components as much as
possible. Finally, the homogenate was centrifuged at 12,000 rpm for
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Fig. 2. Electron microscopy observation of the nano-selenium synthesized by T.
thermophila SB210. (A) In situ dark-field electron microscopy; (B) corresponding Se
element mapping of (A); (C) EDX of the nano-selenium; (D) SEM of the purified nano-
selenium; (E) TEM of the purified nano-selenium; (F) EDX of purified nano-selenium
indicated by arrow in (E).
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Fig. 3. Raman spectrum of the purified nano-selenium synthesized by Tetrahymena.

5min to collect the precipitates, which contained nano-selenium
and were washed more than three times with deionized water.

Inductively coupled plasma atomic emission spectrometry (ICP-
AES, Thermo Jarrell Ash Co., USA) was used to determine the content
of selenium. The samples were treated with 5 ml of nitric acid and
heated until no more brown gas was produced and the solution
containing nano-selenium turned colorless. After cooling the col-
orless solution to ambient temperature, hypochloric acid of 1.5ml
was added to the solution and heated to boil for several mins. After
the treated samples were cooled to ambient temperature again,
distilled water was added to set the volume to 5 ml.

2.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis

Purified nano-selenium samples were mixed with 5 x SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer,
which contained 250 mM Tris-HCI (pH 6.8), 10% SDS, and 50% glyc-
erol (Sangon Biotech Co., China) without bromophenol blue. After
adding 6% [3-Mercaptoethanol (Amresco Co., USA) to solution, it
was heated at 100°C for 5min. Then, the samples and Spectra
Multicolor Low Range Protein Ladder (Thermo Scientific Inc., USA)
were loaded onto a 12% SDS-PAGE. The gel was immediately elec-
trophoresized at 120V till the red band run to the bottom of the
gel.

2.3. Characterization of nano-selenium

After 48-h cultivation with Na,SeOs, T. thermophila cells were
centrifuged at 4000 rpm for 5min and washed three times with
10mM Tris-HCI (pH 7.4). Cells were fixed with 2.5% glutaralde-
hyde (Alfa Aesar, USA) for 2 h and dehydrated successively using
50%, 70%, 80%, 90%, 95% and 100% ethanol. Then, the cells were
dropped on a copper grid with a carbon amorphous film, and dried
under ambient conditions. The chemical composition of the sam-
ples was characterized by energy dispersive X-ray spectroscopy
(EDX) and element mapping using scanning transmission electron
microscope (STEM, JEM-ARM200F, JEOL Co., Japan). The morphol-
ogy of the purified nano-selenium was observed by transmission
electron microscope (TEM, JEM 2100F, JEOL Co., Japan) and scan-
ning electron microscope (SEM, Supra 40, Zesiss Co., Germany).
High-resolution transmission electron microscope (HRTEM) and
selected area electron diffraction (SAED) patterns analyses were
performed on the same TEM. Chemical composition of purified
bio-selenium was characterized by EDX (AZtec X-MAX 80, Oxford
Instruments, UK). Nano-selenium produced by glutathione (GSH)
or cysteine in vitro was observed using TEM and analyzed using
EDX.
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Fig. 4. Real-time PCR results of expression levels in the control and nano-selenium
producing group. (A) Glutathione synthase gene, (B) metallothionein-1; and (C) [2Fe-
2S] cluster-binding protein. Data are expressed as mean =+ SE, n =3.*p <0.05, **p < 0.01,
**p<0.001 compared to respective control.

Purified nano-selenium was diluted and put into quartz cuvettes
of 1-cm width. The UV-vis spectroscopy analysis was performed on
Aqualog (Horiba Co., Japan) in the spectral region of 240-600 nm.

Purified nano-selenium was dried by vacuum freeze dryer Free-
Zone 2.5P1us (LABCONCO, USA). The spectra was recorded by a
Raman microspectrometer (XploRA, Horiba JobinYvon Co., France)
equipped with a 532 nm laser and an Olympus 50 x long working
distance lens.

The freeze dried, purified bio-selenium mixed with KBr was
pressed into pellet for Fourier transform infrared (FTIR) detection.
The spectrum was recorded on Vertex 70 (Bruker Co., Germany) at
wavenumber range 4000-400 cm~! with a resolution of 4.0 cm™!.
Atmosphere compensation, baseline correction and smoothing cor-
rection were performed on the FTIR spectra.

2.4. Real-time PCR analysis

Cells were collected and washed with 10 mM Tris-HCI (pH7.4).
Total RNA of Tetrahymena cells of both control groups and nano-
selenium producing group were extracted by RNAiso Plus (TAKARA
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Fig. 5. GSH detection in the control and nano-selenium producing group. (A) The content of total GSH in cell mass; (B) Ratio of reduced GSH in total GSH. Data are expressed

as mean + SE, n=3. *p<0.05, **p<0.01, ***p<0.001 compared to respective control.

Co., Japan). Then, the total RNA was purified with Recombinant
DNase I (Takara Co., Japan) under the protection of Recombinant
RNase Inhibitor (Takara Co., Japan). Finally, total RNA was reversed
to cDNA by PrimeScript RT reagent Kit Perfect Real Time (Takara
Co., Japan). Real-time PCR was performed using SYBR Premix Ex
Taq™ 1I (Takara Co., Japan) on Step One™ Real-Time PCR Sys-
tem (Life Technologies, USA). Cysteine-rich proteins related genes,
glutathione synthase, metallothionein-1 (mtt-1) and [2Fe-2S] cluster-
binding protein (2Fe2Sp), were tested. The gene-specific primers are
described in Table 1 with tubulin as the control. Fold change was
normalized to control group. Test for each sample was repeated
three times and three independent tests were operated.

2.5. GSH detection

The control and nano-selenium-producing Tetrahymena cells
were collected by centrifugation and washed with 1 x PBS
(phosphate-buffered saline). The GSH and GSSG (oxidized GSH)
were detected following the protocol of GSH and GSSG Detec-
tion Assay Kit (Beyotime Biotechnology Co., China). Total protein
content of each sample was determined by BCA Protein Assay Kit
(Sangon Biotech Co., China).

2.6. In vitro synthesis test

Glutathione and cysteine were resolved in 1 x PBS to the final
concentration of 1 mM separately. 150 wM Na,SeO3 was added to
the solution and both the systems reacted at 27 °C for 15 min until
they turned red. Then, the two solutions were dried by vacuum
freeze dryer to concentrate nano-selenium and dropped on copper
grids for TEM observation.

2.7. Statistical analysis

Mean values and standard errors of gene expressions were cal-
culated and analysis of variances was carried out with Microsoft
Office Excel 2007. The P values less than 0.05 were considered
statistically significant.

3. Results and discussion
3.1. In vivo biosynthesis of nano-selenium

T. thermophila was cultivated in the medium containing selen-
ite when it grew into late log phase toform nano-selenium. The
whole medium turned red slightly after being incubated with selen-
ite, but the control group did not show such a color change. The
selenite concentration was optimized by treating the cells with dif-
ferent concentrations of selenite for 48 h. As shown in Fig. S1A,
the homogenate of the 150-pwM-dosed group was much redder

than the homogenate of the 100-pM-dosed group. The protozoa
treated with 150 M selenite exhibited the highest nano-selenium
yield and 150 wM selenite was selected in the subsequent exper-
iments (Fig. S1A). As for the time optimization, the homogenate
exhibited no big difference in color between the 48-h and 72-h
treatments. Thus, 48 h was chosen as the incubation time in the
subsequent experiments (Fig. S1B). When Tetrahymena was treated
with 150 wM selenite and incubated for 48 h, the homogenate color
of the selenite-dosed group was obviously more red than that
of the control group, and the further purification and concentra-
tion made it much more red (Fig. 1A). The purified red materials
were loaded in Lane 1 and Lane 2 of the SDS-PAGE gel and pro-
tein ladder was loaded in the last lane. The electrophoresis result
shows that the nano-selenium was attached to the biomolecules.
FTIR analytical result confirms the binding of the nano-selenium
with proteins (Fig. 1C). Peaks of O—H, C—H, Amide I (1655cm™1),
Amide II (1535cm~1), C—0—C (1040cm~') were obtained from
the bio-selenium spectrum [23], indicating the presence of pro-
teins and carbohydrates on the purified bio-selenium, which is
consistent with the SDS-PAGE results. Nano-selenium produced
by bacteria, fungi and plant extracts also exhibites interactions
with proteins and other biomolecules [24,25]. Proteins that adhere
to nano-selenium might stabilize it in their formation or might
act as a capping agent to control the size of nano-selenium [26].
Furthermore, these proteins may increase biological activity of
nano-selenium [9]. In addition to proteins, carbohydrates can also
act as “template” for nano-selenium nucleation and control its
shape and size [26].

3.2. Characteristics of the synthesized nano-selenium

To verify the generation of nano-selenium in T. thermophila,
several methods were used to characterize the red materials men-
tioned above. Firstly, STEM was used to explore the cells exposed
to selenite (Fig. 2). Dark-field image shows that the materials pro-
duced in T. thermophila were anisotropic particles with small sizes
(Fig. 2A). Fig. 2C shows their EDX microanalytical results. Pres-
ence of Se peaks confirmed the production of nano-selenium. The
strong absorption peaks of copper were attributed to the TEM sup-
porting copper grid, while the iron, sulfur, chlorine and potassium
should be associated with the biomolecules like proteins. The cor-
responding Se element mapping of Fig. 2A further confirm the
formation of nano-selenium (Fig. 2B). The STEM, element map-
ping and EDX results are consistent with each other, indicating
the formation of nano-selenium. Detailed properties of the purified
nano-selenium were further investigated using electron micro-
scopes. Various sizes of nano-selenium were observed with SEM
(Fig. 2D) and TEM (Fig. 2E). Despite of the absorptions of carbon,
copper and other elements that were from the TEM support-
ing grid and organic biomolecules, the EDX exhibited very strong
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Fig. 6. In vitro synthesis experimental results. (A) Control (left) and selenite-adding
(right) group of GSH; (B) TEM of selenium nanoparticles produced by GSH; (C) EDX
of selenium nanoparticles produced by GSH; (D) Control (left) and selenite-adding
(right) group of cysteine; (E) TEM of selenium nanoparticles produced by cysteine;
and (F) EDX of selenium nanoparticles produced by cysteine.

absorption of selenium, indicating that the purified material was
bio-selenium (Fig. 2F). The crystal structure of the purified nano-
selenium was examined by HRTEM and SAED, which show that
the nano-selenium synthesized by Tetrahymena was amorphous
(Fig. S2). Diameters of the most amorphous selenium nanoparti-
cles were in a range of 50-500 nm and the length of the irregular
nano-selenium was less than 1 wm. 120 nano-selenium particles
were observed using TEM. Among them, 27.5% nano-selenium had
irregular shape with length less than 500 nm and width not less
than 50 nm. The rest were selenium nanoparticles. As shown in Fig.
S3, the diameters of most of them were less than 200 nm. The size

of the selenium nanoparticles is of a similar level to those produced
by aerobic and anaerobic bacteria reported previously [26].

As for the irregular nano-selenium, a similar phenomenon was
reported by Gates et al. [27]. In their work, in the absence of
stabilizing ligand, amorphous selenium became aggregated, result-
ing in the irregular nanoparticles in the nano-selenium formation
process. Other species like Bacillus megaterium and Pseudomonas
alcaliphila also produced nano-selenium with similar morphology
to the nano-selenium synthesized by Tetrahymena [28,29]. How-
ever, these species formed crystalline nano-selenium or nanorods
[28,29]. An important step of forming nanorods is that the sele-
nium should precipitate as nanocrystallites of t-Se [27]. The reason
why Tetrahymena did not produce crystalline nano-selenium like
other species might be attributed to the low concentration of
selenite used in our work. Obviously, further modification of the
biosynthesis method is needed to control the shape and size of the
nano-selenium formed in T. thermophila SB210.

Raman spectroscopic analysis of the purified materials was used
to confirm the synthesis of nano-selenium by T. thermophila. As
shown in Fig. 3A, a peak at 254 cm~! was observed, which is con-
sistent with the specific Raman peak of amorphous nano-selenium,
instead of trigonal selenium, whose peak is located at 234cm™!
[30]. The above characterization results demonstrate the formation
of nano-selenium in T. thermophila SB210.

3.3. Mechanism of nano-selenium formation by T. thermophila

Thiol-containing compounds play important roles in many bio-
chemical reactions because they are oxidized and regenerated
readily [31]. They are involved in the detoxification of cellular
stresses including metals [32] and reactive oxygen stress (ROS)
[33]. GSH, as the most abundant thiol (SH) found in the eukary-
otic cells, presents at concentrations up to 12mM in mammalian
cells [34], and is suspected to be involved in selenium metabolism
[35]. The RNA detections of the suspected genes were performed
by real-time PCR to uncover the mechanism of selenite reduction
in T. thermophila. Glutathione synthase expressed by glutathione
synthase gene is one of the enzymes that catalyze the GSH forma-
tion reactions [36]. As shown in Fig. 4A, mRNA expression level of
glutathione synthase was enhanced in the nano-selenium forming
group compared with the control group. This result suggests that
GSH might play an important role in the selenite reduction pro-
cess. Considering that thiol of GSH is from amino acid cysteine,
cysteine-rich proteins related genes metallothionein-1 and [2Fe-
2S] cluster-binding protein were also detected. Metallothioneins are
small cysteine-rich proteins, which always play detoxification roles
in cells through binding heavy metals [32]. [2Fe-2S] cluster binding
protein possesses a cysteine-rich center, which can coordinate with
iron and sulfide ions [37]. Both of them were also up-regulated in
the nano-selenium forming group compared with the control group
(Fig. 4B and C). The over expressed metallothioneins and [2Fe-2S]
cluster-binding proteins might be also involved in the reduction of
selenite to nano-selenium.

The real-time PCR result was further confirmed by the GSH
detection. Total content of GSH increased in the selenium-
producing group compared to the control (Fig. 5A). The increased
expression of glutathione synthase gene resulted in the elevation
of GSH in cells. As for the ratio of GSH/total GSH, a slight decrease
was observed in the nano-selenium-producing group (Fig. 5B). The
reason for this reduction might be the fast consumption of GSH in
the nano-selenium producing process.

In order to confirm the roles of the expressed GSH and the
cysteine-rich proteins in reducing selenite to nano-selenium,
in vitro experiment was conducted. The solution turned red after
adding selenite into 1mM GSH, compared with control group
(Fig. 6A), and the red color was similar to that of the nano-selenium
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synthesized using Tetrahymena (Fig. 1). This solution was directly
loaded onto copper gird for TEM observation. Well dispersed spher-
ical nanoparticles, which are similar to those in Fig. 2E, were
observed (Fig. 6B). The diameters of most of these particles were in
a range of 50-500 nm, which are also similar to those of the sele-
nium nanospheres synthesized by Tetrahymena. However, irregular
nano-selenium was not found in this case. This difference between
the in vivo and in vitro produced nano-selenium might be attributed
to the complexity of living organisms. Instead in the in vitro sys-
tem, GSH might stabilize the nano-selenium and prevent it from
aggregating and rupturing into irregular shapes. However, some of
the in vivo synthesized nano-selenium might not be stabilized by
any ligand. As shown in Fig. 6C, strong Se absorption peaks were
detected by EDX. Peaks of chlorine should be from GSH and PBS
in solution, while strong absorption peaks of copper and carbon
belonged to the copper grid. The TEM and EDX results verify the
formation of nano-selenium by GSH, suggesting that GSH had the
ability of reducing selenite into nano-selenium.

Similar results were obtained when selenite was added into
1mM cysteine (Fig. 6D-F). Spherical selenium particles synthe-
sized using cysteine were relatively larger than the above two
samples, suggesting that various sizes of nano-selenium produced
by Tetrahymena might be attributed to different synthesis mech-
anisms. The diameter of the largest one exceeded 900 nm, but
no irregular nano-selenium was observed in the GSH system.
Also, carbon, oxygen, sodium, sulfur, chlorine (elements of cys-
teine and PBS) and iron, copper (from the TEM supporting grid)
were detected (Fig. 6F). These results demonstrate the formation of
nano-selenium using cysteine and the reduction ability of cysteine.
Real-time PCR, GSH detection and the in vitro synthesis experi-
ments suggest that GSH and cysteine-rich proteins were involved
in the synthesis of nano-selenium by T. thermophila SB210.

4. Conclusions

In this work a simple, cost-effective and eco-friendly method
for synthesizing nano-selenium using T. thermophila SB210 was
developed. Red spherical selenium nanoparticles with diameters
of 50-500 nm were synthesized in vivo, as demonstrated by the
electron microscopy, energy dispersive X-ray spectroscopy and
Raman spectroscopy results. The real-time PCR, GSH detection and
in vitro synthesis experimental results indicate that GSH and the
cysteine-rich proteins could reduce selenite into nano-selenium
and that the three proteins were likely to be involved in the nano-
selenium synthesis process. Tetrahymena thermophila, a protozoa,
was demonstrated to be efficient in the synthesis of nano-selenium.
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