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We  report  on  a  green  procedure  for the  stabilization  of  selenium  nanoparticles  (SeNPs)  by  a naturally
occurring  �-glucan  with  triple  helical  conformation  known  as Lentinan  (t-LNT)  in water  after  denaturing
into  single  chains  (s-LNT)  at 140 ◦C. The  results  demonstrated  that  the s-LNT  can  interact  with SeNPs
through  Se  O  H interaction.  Transmission  electron  microscopy  (TEM),  energy  dispersive  X-ray  (EDX)
spectra,  UV/vis,  X-ray  diffraction  (XRD)  and  dynamic  light  scattering  (DLS)  showed  that  s-LNT  coated
SeNPs  to  form  a  stable  nano-composite  Se/s-LNT,  leading  to  good  dispersion  of SeNPs.  Especially,  the
elenium nanoparticles
riple helical lentinan
ntitumor activity

as-prepared  Se/s-LNT  composite  in  the solution  could  remain  homogeneous  and  translucent  for  30  days
without  any  precipitates.  Different  size  distribution  of  SeNPs  was  prepared  by  simply  controlling  the
concentrations  of  selenite  sodium  and  the  corresponding  reducing  agent  ascorbic  acid.  The size effect
of SeNPs  on  anti-tumor  activity  was  revealed  that the  SeNPs  with  more  evenly  particle  size distribution
show  the  higher  anticancer  activity.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Selenium (Se) is not only the essential trace element for
aintaining the health of mammalian animals because of its anti-

xidative and pro-oxidative effects (Bao & Williamson, 2000; Lu,
ao, & Komarneni, 2006), but also, as the active center of various
nzymes in the human body, plays an important role in the dis-
ase resistance, antitumor and immunomodulating activity (Brown

 Arthur, 2001; Huang, Zhang, Hou, & Chen, 2003; Zhang, Gao,
hang, & Bao, 2001a). Se could suppress the growth of tumor cells
uch as prostate, lung and colorectal in several forms (Cho, Jung, &
hung, 1999; Clark et al., 1996; Fang, Han, Bi, Xiong, & Yang, 2010;
enter, Sabichi, & Lippman, 2000). But Se has a very narrow margin

etween its lowest acceptable levels of intake and its toxicity (Lin &
hris Wang, 2005), so we should take risk to the supplement of Se
lement. It has been reported that selenium nanoparticles (SeNPs)
ould reduce the risk of Se toxicity and be widely used in all areas
f life due to its high biological activity and less toxicity tested both
n vitro and in vivo, compared to the Se element (Ramamurthy et al.,

013; Wang, Zhang, & Yu, 2007; Zhang et al., 2001a; Zhang, Wang,

 Xu, 2008). As an antioxidation, SeNPs can be used as a protec-
ive agent against cisplatin-induced nephrotoxicity (Li, Zhang, Xu, &

∗ Corresponding author. Tel.: +86 27 68754188; fax: +86 27 68754188.
E-mail address: xuxj@whu.edu.cn (X. Xu).

ttp://dx.doi.org/10.1016/j.carbpol.2014.09.088
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Zhang, 2011a). However, the SeNPs were also prone to aggregation
into large clusters in aqueous solution, leading to a lower bioactivity
and bioavailability. Zhang, Wang, Bao, and Zhang (2004) observed
that red SeNPs, formed in the redox system of selenite and GSH or
other reducing agents, was  unstable, and could further aggregate
into gray and black elemental Se if there were no controlling factors
(Zhang et al., 2004). Much effort has thus been devoted to devel-
oping “green” method for the feasible synthesis and dispersion of
SeNPs. BSA (Zhang et al., 2004) and folic acid (FA) (Pi et al., 2013)
have been reported to be used for protecting SeNPs from aggre-
gating together. Jiang Pi et al. reported the pathway of cytotoxicity
induced by FA modified SeNPs in MCF-7 cells. They found that FA-
SeNPs entered into mitochondria, increased the ROS production,
finally caused the damage of mitochondria and induced MCF-7 cell
cycle arrest (Pi et al., 2013). Clearly, good dispersion of SeNPs will
enhance the bioactivity.

As we  all know, the size of nanoparticles plays an important
role in their biological activity (Kashiwada, 2006; Lin & Chris Wang,
2005; Peng, Zhang, Liu, & Taylor, 2007). It has been reported that
the average size of SeNPs prepared by introducing l-cysteine and
Undaria pinnatifida polysaccharide into the water-phase redox sys-
tem ranged from 59 to 220 nm (Chen, Wong, Zheng, Bai, & Huang,

2008; Li, Chen, Yang, Liu, & Zheng, 2010). Shen et al. (2008) used
a polysaccharide of dextran to prepare SeNPs with average size
of 36 nm through a simple method without any surfactant (Shen
et al., 2008). Zhang, Wang, and Zhang (2010) also prepared SeNPs

dx.doi.org/10.1016/j.carbpol.2014.09.088
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.09.088&domain=pdf
mailto:xuxj@whu.edu.cn
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ith average size of 24.1 nm using a hyperbranched polysaccharide
HBP) as a stabilizer (Zhang et al., 2010). In viewing these litera-
ures, biomolecules are a good candidate to disperse and stabilize
eNPs. In particular, polysaccharides will have potentials as a sta-
ilizer of SeNPs because of the good water-solubility and excellent
ioactivities such as anti-tumor, anti-inflammation, and so forth.
ut it is unfortunate that most of the authors focused on the method
f synthesis and dispersion of SeNPs, and that few works on the
ioactivity and the size effect of SeNPs have been reported.

Very recently, we have successfully used a �-glucan named
s Lentinan (LNT) to disperse Ag (AgNPs) and Au nanoparticles
AuNPs) (Jia, Xu, & Zhang, 2013; Li et al., 2011b). LNT as a special
ind of �-glucan from Lentinus edodes,  is well known to possess
ignificant biological and physiological activities such as in vivo
nti-tumor (Sasaki & Takasuka, 1976), anti-viral (Wang et al., 2010),
nti-inflammatory and immunomodulating activities (Xu, Chen,
hang, & Ashida, 2012; Xu, Pan, Zhang, & Ashida, 2011; Xu, Yasuda,
akamura-Tsuruta, Mizuno, & Ashida, 2012). LNT adopts �-(1,3)-
-glucan as a backbone and two �-(1,3)-dlinked glucoses as side
roups every five �-(1,3)-d-glucoside (Xu et al., 2012a), and it
akes the triple-helical structure in water (denoted as t-LNT) and

 single chain in dimethylsulfoxide (DMSO) or high temperature
reatment (140 ◦C) in water (denoted as s-LNT) (Liu, Xu, & Zhang,
012; Wang, Xu, & Zhang, 2008; Wang, Zhang, Xu, & Zhang, 2012;
u, Wang, Cai, & Zhang, 2010). The s-LNT chains can be rena-

ured into the triple helix (r-LNT) upon changing the DMSO content
r dropping the temperature to achieve suitable conditions (Liu
t al., 2012; Wang et al., 2008; Xu et al., 2010). The guests such
s AuNPs can be entrapped into the reformed helical center of
-LNT with an adjustable size due to the specific character of
enaturation–ranaturation for LNT in water (Jia et al., 2013). Addi-
ionally, s-LNT could interact with the DNA of poly (dA) to form a
ew triple helix, and was demonstrated to be used as a gene car-
ier (Liu, Wang, Cao, Xu, & Zhang, 2013). All our previous results
ndicate that LNT has strong affinity with guests including nanopar-
icles and DNA. Therefore, LNT will possibly be a good candidate to
isperse and stabilize SeNPs. In this work, we thus used LNT to dis-
erse and stabilize SeNPs with different size for enhancement of
he bioavailability and bioactivity of elemental Se. This work will
herefore provide an alternative method of stabilization of SeNPs
nd demonstrate the size effect of SeNPs on its antitumor activity.

. Experimental

.1. Materials

Na2SeO3 and ascorbic acid was purchased from Shanghai Chem-
cal Reagent and used without any additional purification. Lentinan
LNT), one branched �-(1,3)-d-glucan, was isolated from the fruit-
ng bodies of Lentinus edodes by extraction with 1.25 M NaOH/0.05%
aBH4. The detailed procedures have previously been reported

Zhang et al., 2001b). As described in the Introduction, LNT occurs
s a triple helical chain in water and so it was  herein coded as
-LNT. The weight-average molecular weight (Mw) of t-LNT was
etermined as 8.0 × 105 by laser light scattering. Deionized water
Millipore) was utilized in all of the following experiments.

.2. Preparation of a single chain of t-LNT

The sample t-LNT was dissolved in the deionized water and then

eated at 140 ◦C for half an hour to break the intra- and intermolec-
lar hydrogen bonds supporting the triple helical structure. A single
hain of t-LNT (coded as s-LNT) was thus obtained in accordance
ith our previous work (Wang et al., 2008). It was immediately
sed in the subsequent experiments.
ers 117 (2015) 434–442 435

2.3. Preparation of SeNPs

SeNPs was  prepared following by the procedure described by
Li et al. (2011b). In brief, the aforementioned freshly prepared s-
LNT (2 mg/mL) aqueous solution (20 mL)  was  stirred continuously
in a temperature-controlled bath of 25 ◦C, and it was then mixed
with 500 �L selenite sodium (0.1 M)  and stirred for 1 min. 1 mL of
aqueous ascorbic acid solution (0.2 M)  was  added dropwise into
the resulting mixture, and it was stirred for 24 h at room tem-
perature. The reacted product was  dialyzed by using regenerated
cellulose tubes (Mw cutoff 8000) against ultrapure water for 2 days.
The finally resulting solution was freeze-dried with a lyophilizer
(Christ Alpha 1–2, Osterode am Harz, Germany) to obtain the Sele-
nium nanoparticle (SeNPs)/s-LNT composites (red powder), coded
as Se/s-LNT.

Three Se/s-LNT composites with different particle size distribu-
tion were prepared as described above. In brief, different volumes
of sodium selenite solution (0.1 M,  1 mL,  500 �L and 200 �L) and the
corresponding reducing agent ascorbic acid (0.2 M,  2 mL,  1 mL  and
400 �L) with the fixed ratio of sodium selenite and ascorbic acid
(1:2) were added into s-LNT (2 mg/mL) aqueous solution (20 mL).
Three kinds of complexes were labeled in order as Se/s-LNT-1, Se/s-
LNT-2, Se/s-LNT-3.

2.4. Characterization

The morphology of the dilute solution of Se/LNT nanocom-
posites was observed by transmission electron microscopy
(TEM, JEM-2010HT) and high-resolution transmission electron
microscopy (HRTEM, JEM-2010FEF) operating at 200 kV. Samples
for TEM observation were obtained by dropping the reaction solu-
tions of 2 �L without dialysis onto carbon-coated copper grids
without any purification or inspissation. A filter paper was used
for rapid removal of the liquid. The reaction solution was  dispersed
onto a V3 TEM grid with a holey carbon support film to obtain the
energy dispersive X-ray (EDX) spectroscopy.

Fourier-transform infrared spectra (FT-IR) of the samples were
recorded on a Nicolet 170SX FT-IR (Spectrum One, Perkin-Elmer
Co.) spectrometer in the range 4000–400 cm−1 using the KBr-disk
method.

A UV–vis spectrophotometer (Perkin-Elmer Lambda Bio 40
UV/VIS spectrometer, USA) with 800 �L cells was used to measure
the ultraviolet absorbance of SeNPs, Se/t-LNT, Se/s-LNT and t-LNT
in solution at room temperature.

Wide angle X-ray diffraction (WAXD) measurements of SeNPs,
Se/t-LNT, Se/s-LNT and t-LNT were carried out on a WAXD diffrac-
tometer (D8-Advance, Bruker, USA). The patterns with Cu K�
radiation (� = 0.15406 nm)  at 40 kV and 30 mA  were recorded in
the region of 2� from 5 to 70◦.

Intrinsic viscosities ([�]) of the lentinan solutions were mea-
sured at 25 ◦C by using an Ubbelohde capillary viscometer. The
kinetic energy correction was  assumed to be negligible.

In all of the light scattering measurements, an ALV/DLS/SLS-
5000E light scattering goniometer (ALV/CGS-8F, ALV, Germany)
with vertically polarized incident light of wavelength 632.8 nm
from a He-Ne laser equipped with an ALV/LSE-5003 light scattering
electronics, and a multiple tau digital correlator was used to mea-
sure the molecular weight and the size of Se/s-LNT nanocomposites.
All the dilute solutions were prepared by mixing the required
amounts of the samples and ultrapure water in a flask by stirring
gently at room temperature over night. All of the dilute solutions
were finally filtered directly into the cylindrical light-scattering

cuvettes using 0.22 �m pore size syringe filters (PTFE, Whatman,
Inc., England).

Zeta potential measurements of three complexes were mea-
sured using a Nano-ZS ZEN3600 (Malvern Instruments, UK) at 25 ◦C.



4  Polym

T
S
d

2

w
g
s
t
f
p
o

2

a
d
t
2
4
2
i
T
a
v

c

F
f

36 X. Jia et al. / Carbohydrate

he complexes were prepared by adding obtained three kinds of
e/s-LNT complexes into water solution with a storage time of 1
ay at ambient temperature.

.5. Cell culture

The human cervix carcinoma (HeLa) cells (ATCC, Rockville, MD)
ere kept in Dulbecco’s Modified Eagle’s Medium (DMEM, 4.0 g/L

lucose) supplemented with 10% FBS, penicillin (100 U/mL) and
treptomycin (100 �g/mL). Subculturing was done by dislodging
he cells with trypsin (0.25%) and 2Na (EDTA·2Na·2H2O) (0.02%),
ollowed by centrifugation and seeding into the culture flask or
late, which was incubated at 37 ◦C under a humidified atmosphere
f 95% air and 5% CO2.

.6. MTT  assay

The cytotoxicities of Se/s-LNT and t-LNT were evaluated by MTT
ssay. Briefly, the HeLa cells were seeded in a 96-well plate at a
ensity of 6000 cells per well, and incubated in 100 �L DMEM con-
aining 10% FBS for 24 h. After the medium had been replace with
00 �L fresh medium, the Se/s-LNT was added and incubated for
8 h. The medium was then discarded, and 200 �L fresh DMEM and
0 �L MTT  (5 mg/mL) agents were added to each well. After further

ncubation for 4 h, the medium was replaced with 150 �L DMSO.
he absorbance was measured at a wavelength of 570 nm using

 microplate reader (Bio-Rad, Model 550, USA) to determine cell
iability as follows:
ell viability (%) =
(

ODsamples − ODDMSO
)

(ODcontrol − ODDMSO)
× 100

ig. 1. (a) TEM image of SeNPs in the s-LNT aqueous solution. (b) Size distribution of SeNP
rom  HRTEM.
ers 117 (2015) 434–442

herein, ODsamples and ODcontrol were obtained in the presence and
absence of the complex, respectively.

2.7. Measurement of ROS generation

Intracellular ROS accumulation was  evaluated by DCF fluores-
cence assay. Briefly, cells were centrifugation at 600 × g, washed
twice with PBS and then suspended in PBS (1 × 106 cells/mL) con-
taining 10 �M DCFH-DA. Cells were incubated for 30 min  at 37 ◦C
as described by the manufacturer. Then, the stained cells were
collected and resuspended in PBS. 20,000 cells were analyzed by
flow cytometer with excitation wavelength of 488 nm and emission
wavelengths of 529 nm,  respectively.

3. Results and discussion

3.1. Formation of SeNPs

In the preparation of Se, with an excess of the reducing agent
of ascorbic acid, the color of the reaction solution slowly turned
from achromatic color to yellow, and finally turned into orange-red
indicating that redox reaction occurred in the solution.

To confirm the SeNPs generated in the solution, the reaction
solution was  added dropwise and dried on a copper grid for TEM
and EDX observation after reaction for 5 h. Fig. 1 shows the TEM
image and the size distribution of the reduced Se. Clearly, Se
was uniformly dispersed as SeNPs with spherical shape (Fig. 1a).
Through counting 200 particles, the mean diameter of SeNPs

was estimated to be ca. 28 nm.  The HRTEM image of SeNPs
(Fig. 1c) clearly shows the selenium crystal lattice fringes and fringe
spacing, and the corresponding EDX (Fig. 1d) proved that these
nanoparticles were made up of Se element. All the above results

s. (c) HRTEM image of an individual Se nanoparticle. (d) EDX spectrum of Se/s-LNT
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ig. 2. Photographs of SeNPs in water in the presence (a) and absence (b) of s-LNT,
ictures of SeNPs in water after adding NaOH and DMSO into Se/s-LNT dispersion, r

emonstrated that SeNPs were successfully prepared in the s-LNT
queous solution.

.2. Dispersion of SeNPs in the aqueous medium by s-LNT

As we know, the particles of elemental Se (Se0) formed from the
edox system of selenite and ascorbic acid or other reducing agents
re unstable and can further aggregate into gray or black elemental
e if there was  not any stabilizer, and the brick-red particles will be
recipitated at the bottom of the cuvette. In the present work, the
eNPs with a weight-average diameter of ca. 28 nm were seen to be
ell dispersed in aqueous solution. As described in the Experimen-

al, t-LNT after denaturation into s-LNT was added into the mixture
f sodium selentie and ascorbic acid. To clarify the necessity of
-LNT in this system, dispersion of SeNPs by the carbohydrates
ncluding s-LNT and t-LNT was observed as shown in Fig. 2. It can
e seen that the orange-red solution is still transparent without
ny precipitates in the presence of s-LNT (Fig. 2a), while the SeNPs
ggregated into brownish black clusters and precipitated at the
ottom of the vial resulting in the colorless supernatant in the
bsence of s-LNT (Fig. 2b). When adding t-LNT instead of s-LNT in
he redox system, the orange-red SeNPs formed, but would not be
ompletely dispersed into water and precipitate at the bottom of
he vial after 3 d-storage (Fig. 2c), implying that the dispersion of

eNPs was not dependent on the high viscosity of polysaccharide
ecause t-LNT has much higher viscosity than s-LNT. Obviously,
-LNT played an important role in the dispersion of SeNPs, which
as further confirmed by adding NaOH and DMSO into Se/s-LNT

Fig. 3. The FT-IR spectra of t-LNT and Se/s-LNT(A), UV/vis spectra
the presence of t-LNT in the redox reaction after storage for 3 days. (d) and (e) The
tively.

dispersions. NaOH and DMSO are solvents with strong polarity,
which can break the hydrogen bonding and Van der Waals’s inter-
action. As shown in Fig. 2d and e, the SeNPs formed black aggregates
and precipitated out within several hours after adding DMSO or
NaOH into the Se/s-LNT solution. We  thus could speculate that
s-LNT chains interacted with SeNPs to form Se/s-LNT composites
through hydrogen-bonding or Van der Waals’s interaction.

To confirm this speculation, the Se/s-LNT composites were char-
acterized by IR, and UV/vis as follows. As shown in Fig. 3A, t-LNT and
Se/s-LNT had very similar spectra, and the characteristic absorption
peak of hydroxyl group (OH) of t-LNT (3416 cm−1) shift to a lower
wave number of 3388 cm−1 for Se/s-LNT, indicating the hydrogen
bonding interaction between the OH groups on the LNT chain and
SeNPs. The results suggested that the LNT with the large number
of hydroxyl groups could band to SeNPs through hydrogen bond-
like interaction (Se O H) to avoid the aggregation of SeNPs. When
DMSO or NaOH was added, the interaction of Se O H was dis-
rupted, and SeNPs aggregated together resulting in precipitation
as shown in Fig. 2d and e. Fig. 3B shows the UV/vis absorption
of SeNPs, t-LNT, Se/s-LNT and Se/t-LNT dispersions or solutions at
room temperature. Clearly, Se/s-LNT and Se/t-LNT show different
UV/vis spectra from those of LNT and SeNPs, indicating interaction
between SeNPs and LNT occurred. All the results from IR and UV/vis
demonstrated the formation of Se/LNT composites in the presence

of s-LNT.

In our previous published work (Jia et al., 2013), we have
reported that s-LNT can renatured into triple helix with a
hydrophobic cavity at concentration higher than 0.4 mg/mL. Gold

 (B) and XRD pattern (C) of Se, LNT, Se/s-LNT and Se/t-LNT.
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F
a
a

Fig. 4. Scheme of SeNPs disper

ig. 5. (a) Solution color of Se/s-LNT aqueous solution (2 mg/mL) at room temperature for
nd  intrinsic viscosity ([�]) for the Se/s-LNT aqueous solution at a fixed concentration of 2
nd  the corresponding hydrodynamic radius distributions [f(Rh)] of the Se/s-LNT aqueous
sion by s-LNT and t-LNT.

 3 and 30 days. (b) Time dependences of the apparent hydrodynamic radius (Rh,app)
 mg/mL and 25 ◦C. (c) and (d) Intensity–intensity time correlation functions [G(2)(�)]

 solution (2 mg/mL) with increasing storage time at � = 90◦ and T = 25 ◦C.
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ig. 6. TEM images (a1–3) and size distribution (b1–3) of selenium nanoparticles in

anoparticles (AuNPs) can be entrapped into the cavity of the rena-
ured LNT to form stable aqueous solution through hydrophobic
nteraction as the major driving force (Jia et al., 2013). As for sil-
er nanoparticles (AgNPs), they are dispersed by t-LNT but not by
-LNT through AgNPs–O H interaction. Once the t-LNT was bro-
en by NaOH, the AgNPs aggregated into big clusters (Li et al.,
011a). The completely different dispersion mechanism is deter-
ined by the properties of the metal nanoparticles. AuNPs has

tronger hydrophobicity than AgNPs, leading to difficult dispersion
y t-LNT. Therefore, t-LNT was firstly broken into s-LNT, and AuNPs
ere entrapped into the hydrophobic cavity during the renatura-

ion into triple helix. In this work the s-LNT concentration was near
 mg/mL  much higher than 0.4 mg/mL, and the renaturation will
hus occur to form the ordered triple helix within ∼4 h (Liu et al.,
012). According to the above results, we deduced the mechanism
f SeNPs dispersion by s-LNT but not by t-LNT similar to AuNPs.
amely, SeNPs after synthesis were entrapped into the hydrophic-

ty of the renatured triple helix. To confirm this dispersion of SeNPs
y s-LNT, XRD experiments were performed. Fig. 3C shows a typi-
al XRD pattern of the four samples including Se, LNT, Se/s-LNT and
e/t-LNT. All the reflection peaks of Se are similar to those reported
n the literature (An, Tang, Liu, & Qian, 2003) demonstrated that
he pure Se is successfully produced from this redox system. The

trong and sharp reflection peaks at 2� of 24◦ and 30◦ corresponded
o the lattice planes of 100 and 101, respectively. After addition
f t-LNT into the redox system, the two strong reflection peaks of
00 and 101 still occurred, suggesting the presence of the crystallic
LNT-1, Se/s-LNT-2 and Se/s-LNT-3 aqueous solution (the reaction time was  3 days).

Se. However, the two typical peaks completely disappeared in the
presence of s-LNT and showed the same pattern as that of the amor-
phous t-LNT, confirming the SeNPs were coated by the triple helix
reformed by s-LNT, leading to the occurrence of amorphous SeNPs.
Based on all the results described above, the schematic mechanism
of dispersion of SeNPs by LNT was thus proposed as shown in Fig. 4.

3.3. Stability of the Se/s-LNT nanocomposites

The stability of the Se/s-LNT nanocomposites in the aqueous
solution was  investigated by DLS measurements and viscometry.
The Se/s-LNT solution obtained by redissolving the as-prepared
product of Se/s-LNT into water described in the experimental could
remain homogeneous and translucent for 30 days (Fig. 5a), indica-
tive of excellent stability. Fig. 5b shows the time dependence of the
reduced viscosity (ln �r/c) of Se/s-LNT in water at 25 ◦C, along with
the value of t-LNT. As a result, the ln �r/c values in water hardly
changed with increasing the storage time, revealing a strong sta-
bility because viscosity of the polymer in a solvent is an indication
of molecular size and polymer chain extension of important param-
eters. Additionally, the ln �r/c values of Se/s-LNT were higher than
that of the original t-LNT, suggesting a larger size of Se/s-LNT than
t-LNT. Fig. 5c shows the scattering light intensity–intensity correla-

tion function [G(2)(�)] of Se/s-LNT in aqueous solution. It exhibited
single exponential decay and only one relaxation mode with the
same relaxation time. Namely, the correlation functions at differ-
ent storage time indeed overlapped with each other, showing no
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ignificant dependence on the standing time. It indicated that the
bserved mode of the scattering objects in the solution unchanged
nd the Se/s-LNT aqueous solution was a stable homogeneous sys-
em. By the Stokes–Einstein equation, the apparent hydrodynamic
adius Rh,app can be calculated (Fig. 5d). As a result, the Rh,app of
e/s-LNT maintained at ca. 100 nm at scattering angle of 90◦ and
ardly changed with time. Moreover, the Rh,app of Se/s-LNT was a

ittle higher than that of the original t-LNT, indicating formation of
omposite of Se/s-LNT, leading to the increase of the size. It was
onsistent with the viscosity result that the ln �r/c values of Se/s-
NT were higher than that of the original t-LNT. All the above results
emonstrated that SeNPs were well stabilized by s-LNT by forming
anocompite of Se/s-LNT.

In view of the above findings, we provided a method of dis-
ersing and stabilizing SeNPs. When Na2SeO3 was dispersed in the
-LNT aqueous solution, it was reduced by ascorbic acid to gener-
te element Se and the atoms would aggregate into SeNPs. As the
ydroxyl groups of the s-LNT bind to the selenium atoms and the
-LNT renatured into a triple helical chain, Se/s-LNT nanocompos-
tes was generated protecting SeNPs from further accumulation.
urthermore, the different size of SeNPs can be easily controlled by
djusting the oxidation–reduction reaction rate or the concentra-
ion of s-LNT.

.4. SeNPs with different particle size distribution

Three samples of Se/s-LNT-1, Se/s-LNT-2, and Se/s-LNT-3 were
repared as described in the experimental section. According to the
mount of added sodium selenite, we could calculate the final mass
atio of s-LNT and Se in three kinds of nanocomplexes Se/s-LNT-1,
e/s-LNT-2 and Se/s-LNT-3 is 5:1, 10:1 and 25:1, respectively. Fig. 6
hows the TEM images and size distribution (200 nanoparticles) of
hree complexes in aqueous solution. It can be seen as an increase in
he proportion of s-LNT, the average size of the SeNPs decreased and
he size distribution narrowed. Lin et al. proved that an increases
f nano-selenium particle size will lead to the color change from
ight yellow to dark reddish brown. The inset images indicated the
hange of color for SeNPs. Thus we have successfully prepared three
ano-selenium particles with different sizes.

In the two cases, SeNPs formation and renaturation of s-LNT
ccurred at the same time. The more is the Se content, is the redox
eaction speed higher. Se/s-LNT-1 changed into red-brown after
0 min  reaction, and Se/s-LNT-2 turned yellow in half an hour
nd gradually deepened. As analyzed above, SeNPs formed were
ntrapped into the reformed helical cavity of s-LNT. As the redox
eaction speed was fast, the resulting SeNPs would have not enough
ime to enter into the renatured triple cavity, leading to aggrega-
ion of small SeNPs into large ones with broad size distribution as
hown in Fig. 6a. With decreasing content of Se, more SeNPs could
e wrapped by s-LNT, leading to smaller SeNPs dispersion with rela-
ively narrow distribution. The little higher Rh,app of Se/s-LNT than
hat of the original t-LNT implied that reformation of t-LNT and
omplexation between SeNPs and s-LNT, and the much better dis-
ersion of Se/s-LNT than Se/t-LNT revealed that SeNPs entered into
he reformed helical cavity of s-LNT.

The zeta potential of the three complexes was shown in Fig. 7. All
he complexes showed the negative zeta potential, and Se/s-LNT-3
as the largest negative zeta potential in contrast to the other two
omplexes, indicating that Se/s-LNT-3 was more stable in aqueous
olution. As is well known, the positive charges in the surfaces of
omplexes are essential for transfection into the cell because of
he negative charges on the surfaces of cells. However, it has been

eported in our previous work that s-LNT used as a gene carrier
nd the gene delivery system with negative zeta potentials could
lso be transfected into macrophages with high transfection effi-
iency (Liu et al., 2013). Negative zeta potential was also found to
Fig. 7. Zeta potentials of Se/s-LNT-1, Se/s-LNT-2 and Se/s-LNT-3 in aqueous solution
with concentration of 1.0 mg/mL at 25 ◦C.

be favorable for the nanoparticles uptake in the A549 cells (Patil,
Sandberg, Heckert, Self, & Seal, 2007). So, the positive zeta potential
of Se/s-LNT complexes is not the essential factor.

3.5. Antitumor activity of Se/s-LNT

The anti-tumor activity of the Se/s-LNT with different size dis-
tribution was tested by Hela cells using MTT  assay described in the
experimental part. Fig. 8 shows the effect of particle size on the apo-
ptosis of Hela cells. It is clear that, with increasing concentration of
s-LNT basically did not show the inhibition of Hela cells, which can
be considered as s-LNT in the complex Se/s-LNT only play the role of
dispersing SeNPs, not on the antitumor activity in vitro. Without the
protection of s-LNT, selenium nanoparticles gathered and settled in
the cell culture, leading to a lower bioactivity and cause it did not
show antitumor activity in vitro. The half inhibitory concentrations
(IC50), which was defined as the Se concentration in the complex
at which half of the cells growth are inhibited, of three complexes
Se/s-LNT-1, Se/s-LNT-2, Se/s-LNT-3 were estimated to be 85, 37,
and 19 �M.  That is, with decreasing size and size distribution of
SeNPs, the antitumor activity increased, indicating that the aggre-
gated SeNPs with large size had lower ability to kill tumor cells.
Taken together, SeNPs with small uniform size largely enhanced
the antitumor activity and bioavailability.

3.6. ROS generation

Reactive oxygen species (ROS) are chemically reactive
molecules containing oxygen such as superoxide anion, hydroxyl,
peroxyl, and alkoxyl radicals. Cancer cells exhibit greater ROS
stress than normal cells do, partly due to that the anti-oxidant
capability of normal cells is stronger than that of the tumor cells
(Zhang et al., 2013). ROS is a double-edged sword. On one hand,
at low levels, ROS facilitates cancer cell survival since cell-cycle
progression driven by growth factors and receptor tyrosine kinases
(RTK) require ROS for activation and chronic inflammation (Irani,
1997). On the other hand, high levels of ROS could cause cellular
damage depending on the duration of ROS stress to mediate
apoptosis by regulating the expression of various apoptosis
regulatory proteins, and could therefore function as anti-tumor
growth through the sustained activation of cell-cycle inhibitor
and induction of cell death as well as senescence by damaging
macromolecules (Ramsey & Sharpless, 2006). In fact, a lot of the
chemotherapeutic and radio-therapeutic agents kill cancer cells
by increasing ROS stress. So there is a novel therapy for anti-cancer

that preferentially eradicates cancer cells by targeting the ROS
stress response pathway. ROS generation also acted as an impor-
tant role in Se compounds, especially in SeNPs-induced cancer cell
apoptosis. As shown in Fig. 8c, the mean fluorescence intensity of
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Fig. 8. Effects of Se, t-LNT and Se/s-LNT-1,2,3 on the growth of Hela cells (a), values expressed are means ± SD of three replicates. (b) IC50 of SeNPs in different composites of
Se/s-LNTs. 1, 2 and 3 denoted by the different mass ratios of s-LNT and Se as 5:1, 10:1, and 25:1, respectively. (c) Flow cytometric analysis of ROS levels in Hela cells treated
b and 2
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y  different complexes Se/s-LNT. Hela cells were treated with t-LNT (200 �g/mL) 

22  �g/mL) and Se/s-LNT-3 (52 �g/mL).

e/s-LNT treated cells ranged from 40.0 to 78.8 with decreasing
he size of SeNPs, much higher than that of control group (23.1)
nd t-LNT-treated group (25.6), showing the potential role of ROS
n Se/s-LNT induced HeLa cell apoptosis. Additionally, SeNPs with
he same content of 2.0 �g in the complex but different particle
ize showed different ability of ROS generation. The smaller is the
ize of SeNPs, the higher is the ROS production. The increasing
OS induced by Se/s-LNT demonstrated that SeNPs could disturb
he balance of ROS in Hela cells to induce cell death as shown in
ig. 8a.

. Conclusions

In this work, we discovered a new approach for dispersion and
tabilization of SeNPs in aqueous medium. SeNPs was successfully
ynthesized from Se4+ by the acid and dispersed using the single
hain (s-LNT) of a triple helical �-glucan coded as t-LNT. It was
roved that hydroxyl groups of LNT interacted with SeNPs con-
ributing to the dispersion of SeNPs in water. Especially, the coating
f SeNPs by the hydrophobic cavity of the renatured triplex from
-LNT contributed to the stable dispersion of SeNPs in water. We
lso successfully synthesized SeNPs with different size by adjusting
he oxidation–reduction reaction rate or the content of s-LNT. In-
itro experiments indicated that the SeNPs with smaller size could
e distributed uniformly in complexes and showed higher anti-
umor activity. Lentinan basically did not show the inhibition of
ela cells in vitro, which can be considered that lentinan in the
omplex Se/s-LNT only played the role of dispersing SeNPs.
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