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a b s t r a c t

This work presents a highly efficient, broad spectrum and self-delivery anticancer agent, which is the
hyperbranched polydiselenide (HPSe) consisting of alternative hydrophobic diselenide groups and
hydrophilic phosphate segments in the backbone framework. The data of systematic evaluations
demonstrate that HPSe is very potent to inhibit the proliferation of many forms of cancer cell. The dose of
HPSe required for growth inhibition of 50% (IC50) in all of the tested cancer cell lines is within the
concentration range between 1 and 2.5 mg mL�1 with the incubation time of 72 h. Furthermore, the
amphiphilic HPSe can self-assembly into nanomicelles with an average diameter of 50 nm and spon-
taneously enter into tumor cells by the enhanced permeability and retention (EPR) effect. Besides, other
hydrophobic anticancer drugs such as doxorubicin (DOX) can be encapsulated into HPSe micelles for
combining therapy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Up to date, great efforts have been paid to the synthesis of
potent anticancer drugs and their prodrugs, respectively [1e3].
Prodrugs made of hydrophobic anticancer drugs with a hydrophilic
polymer (for instance, polyethylene glycol) delivered into tumor
cells with more effective cancer treatment [4e8]. However, the
polymer itself has no direct therapeutical effect, and its metabolites
might lead to unexpected side effects, such as toxicity and
inflammation [9]. It would be significant to search a highly efficient,
broad spectrum and self-delivery drug for cancer therapy. This
work synthesized a macromolecular anticancer agent consisting of
alternative hydrophobic diselenide and hydrophilic phosphate
groups in the dendritic backbone. Interestingly, this polydiselenide
exhibits a very potent anticancer effect in a broad spectrum.
Benefiting from its amphiphilicity, the obtained macromolecular
anticancer agent can self-assemble into nanomicelles, and then
self-deliver into tumor cells through the enhanced permeability
and retention (EPR) effect [10].

During last decades, selenium compounds have been proved to
be a category of good anticancer agents because of their remarkable
ability to enhance the immune response and produce anticancer
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metabolites which can efficiently perturb cancer cell metabolism,
inhibit angiogenesis and induce apoptosis of cancer cells [11e18]. A
great number of selenium compounds including inorganoselenium
and organoselenium compounds have been reported as anticancer
agents [19e21]. However, previous work in this research area
focused on the design and synthesis of small-molecular-weight
selenium drugs, probably due to the limited solubility and poor
stability of the macromolecular selenium compounds.

Macromolecular compounds, such as proteins, genes, anti-
bodies, peptides, oligonucleotides and some special synthetic
polymers, have emerged as efficient medicines for various types of
human diseases [22e27], and this research field has grown expo-
nentially in recent years [28e31]. Due to the existence of many
binding entities per molecule, macromolecular drugs exhibit
multivalent interactions which can be found throughout the bio-
logical systems and can lead to a synergistic enhancement of
a certain activity compared to the corresponding monomeric
interaction [32]. It has been demonstrated that macromolecular
drugs possess highly efficient and special pharmaceutical proper-
ties not found in small-molecular-weight drugs. Furthermore, their
high-molecular-weight characteristics make them systemically
non-absorbed, providing many advantages over small-molecular-
weight drugs, for example, the long-term safety profiles. There-
fore, the synthesis and application of macromolecular selenium
anticancer agents would provide a favorable platform to develop
potent drugs for cancer therapy. Last year we reported the

mailto:py-1985@sjtu.edu.cn
mailto:hw66@sjtu.edu.cn
mailto:dyyan@sjtu.edu.cn
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2012.07.003
http://dx.doi.org/10.1016/j.biomaterials.2012.07.003
http://dx.doi.org/10.1016/j.biomaterials.2012.07.003


J. Liu et al. / Biomaterials 33 (2012) 7765e77747766
preparation of the hyperbranched polydisulfide (HPS) through self-
condensing ring opening polymerization, which is a smart redox-
responsive drug carrier without any therapeutic activity for anti-
cancer therapy [33]. In present work, we synthesized the hyper-
branched polydiselenide (HPSe) through (A2 þ B3) type
polycondensation, which is an extensively efficient anticancer
agent. The systematic evaluations of HPSe, i.e., the cytotoxicity
effect, the cancer cell proliferation inhibition and the related
apoptosis mechanism, were well performed. Meanwhile, the self-
assembly of HPSe in water as well as the self-delivery and co-
delivery of other drugs such as doxorubicin (DOX) for combining
therapy were investigated carefully.

2. Materials and experimental methods

2.1. Materials

Chloroform and methylene chloride were dried by refluxing with calcium
hydride and distilled just before use. Triethylamine (TEA) was refluxedwith phthalic
anhydride, potassium hydroxide, and calcium hydride in turn and distilled just
before use. Tetrahydrofuran (THF) was dried by refluxing with the fresh
sodiumebenzophenone complex under nitrogen and distilled just before use.
Phosphorus oxychloride (POCl3) was distilled just before use. Nile red, p-toluene
sulfonylchloride (TsCl), glutathione (reduced) (GSH), 3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI), Se powder, triethylene glycol (TEG),
and sodium borohydride were purchased from Sigma and used as received. Doxo-
rubicin hydrochloride (DOX$HCl) was purchased from Beijing Huafeng United
Technology Corporation and used as received. Alexa fluor� 488 annexin V/dead cell
apoptosis assay kit was purchased from Invitrogen and used as received. Bradford
protein assay kit and caspase-3 activity assay kit were purchased from Beyotime
Instituted of Biotechnology and used as received. Clear polystyrene tissue-culture-
treated 12- and 96-well plates were obtained from Corning Costar. All other
reagents and solvents were purchased from the domestic suppliers and used as
received.

2.2. Measurements

Nuclearmagnetic resonance (NMR) analyses were recorded on a VarianMercury
Plus 400 MHz spectrometer with deuterated chloroform (CDCl3) as solvent. The
number-average molecular weight (Mn), weight-average molecular weight (Mw),
and Mw/Mn were measured by gel permeation chromatography (GPC). GPC was
performed on a PerkineElmer series 200 system (10 mmPL gel 300� 7.5 mmmixed-
B and mixed-C column, linear polystyrene calibration) equipped with a refractive
index (RI) detector. DMF containing 0.01 mol L�1 lithium bromide was used as the
mobile phase at a flow rate of 1 mL min�1 at 70 �C. Fourier transform infrared
spectrometer (FTIR) spectra were recorded on a Paragon 1000 instrument by KBr
sample holder method. Differential scanning calorimeter (DSC) was performed on
a PerkineElmer Pyris 1 in nitrogen atmosphere. Both In and Zn standards were used
for temperature and enthalpy calibrations. First, all the samples (about 5.0 mg in
weight) were heated from room temperature to 150 �C, held at this temperature for
3 min to remove the thermal history and quenched to �80 �C. The samples were
heated from �80 �C to 150 �C at 10 �C min�1 to determine the glass transition
temperature (Tg). Dynamic light scattering (DLS) measurements were performed in
aqueous solution using a Malvern Zetasizer Nano S apparatus equipped with
a 4.0 mW laser operating at l ¼ 633 nm. The samples of 0.25 mg mL�1 were
measured at 20 �C and at a scattering angle of 173� . Transmission electron
microscopy (TEM) studies were performed with a JEOL 2010 instrument operated at
200 kV. The samples were prepared by directly dropping the solution of micelles
onto carbon-coated copper grids. The samples were frozen by liquid nitrogen
quickly and lyophilized by a freeze-dryer system (Martin Christ, a1-4) at �20 �C
overnight before measurement.

2.3. Synthetic procedures

2.3.1. Synthesis of 2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate
In a typical procedure: TsCl (49.57 g, 0.26 mol) in 100 mL of methylene chloride

was added dropwise over 2 h to a solution of TEG (195 g, 1.5 mol) and TEA (26.26 g,
0.26 mol) in 100 mL of methylene chloride at 0 �C. Then, the solution was stirred
overnight at room temperature. The organic layer was washed with saturated
NaHCO3 solution and dried over anhydrous MgSO4. After the evaporation of solvent,
the crude product was purified by flash column chromatography (SiO2, chloroform/
methanol 98:2) to yield a colorless oil, yield 62%. 1H NMR (CDCl3, ppm): 7.80 (2H,
ArH), 7.34 (2H, ArH), 4.17 (2H, OCH2CH2OTs), 3.71 (2H, OCH2CH2OTs), 3.61 (4H,
OCH2CH2O), 3.57 (2H, OCH2CH2OH), 2.44 (3H, ArCH3). The 1H NMR spectrum of 2-(2-
(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate was shown in Fig. S1.
2.3.2. Synthesis of NaSeSeNa
The chemical equation is shown below:

2 NaBH4 þ 2 Seþ 6 H2O/NaSeSeNaþ 2 H3BO3 þ 7 H2[

In a typical procedure: Sodiumborohydride (4.921 g,130mmol) in 50mL ofwater
was addedwithmagnetic stirring to selenium (5.132 g, 65 mmol) suspended in 50mL
of water at room temperature. After the initial vigorous, reaction had subsided
(20min), and additional equiv of selenium (5.132 g, 65mmol) was added. Themixture
was stirred for 10 min and then warmed briefly to dissolve selenium. The resulting
brownish red aqueous solution of NaSeSeNa was then ready for further use.

2.3.3. Synthesis of 2-(2-(2-hydroxyethoxy)ethoxy)ethyl diselenide
In a typical procedure: NaSeSeNa (65 mmol) solution was added with magnetic

stirring to 300 mL of THF solution of 2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (39.562 g, 130 mmol) with nitrogen protection. The
mixture was stirred for 48 h at 50 �C. Then, the solvent was removed, and the crude
product was redissolved in methylene chloride. The organic layer was washed twice
withwater and then dried over anhydrousMgSO4. The product was purified by silica
gel column chromatography eluting with 1:1 hexane/ethyl acetate. The evaporation
of solvent gave a brown oil product, yield 65%. 1H NMR (CDCl3, ppm): 3.77 (4H,
SeCH2CH2O), 3.72 (4H, OCH2CH2OH), 3.67 (4H, OCH2CH2OCH2CH2OH), 3.65 (4H,
OCH2CH2OCH2CH2OH), 3.59 (2H, OCH2CH2OH), 3.12 (4H, SeCH2CH2O). 77Se NMR
(CDCl3, ppm): 289.20. The (a) 1H NMR and (b) 77Se NMR spectra of 2-(2-(2-
hydroxyethoxy)ethoxy)ethyl diselenide were shown in Fig. S2.

2.3.4. Synthesis of hyperbranched polydiselenide
In a typical procedure: 20 mL of chloroform solution of 2-(2-(2-hydroxyethoxy)

ethoxy)ethyl diselenide (2.12 g, 5.00 mmol) and TEA (0.841 g, 8.33mmol) was added
to a 50 mL round-bottomed flask with nitrogen protection. A mixture of POCl3
(0.426 g, 2.78 mmol) and 5 mL of chloroformwas slowly added to the above flask at
0 �C using an ice bath and then kept at room temperature for 24 h. The by-product of
triethylamine hydrochloride salt was removed by filtration. The obtained filtrate was
twice extracted by HCl (1 M), NaHCO3 (10%) and NaCl (saturated) aqueous solution,
respectively. After drying over anhydrous MgSO4, the solvent was removed under
vacuum, obtaining a brown solid product, named HPSe, 72% yield. 1H NMR (CDCl3,
ppm): 4.19 (2H, POCH2CH2O), 3.76 (4H, OCH2CH2Se), 3.72 (2H, OCH2CH2OH), 3.65
(12H, POCH2CH2O, OCH2CH2OCH2CH2OH), 3.10 (4H, SeCH2CH2O). 31P NMR (CDCl3,
ppm): 1.27 (P in dendritic units), 0.16 (P in linear units), �11.72 (P in terminal units)
[34]. 77Se NMR (CDCl3, ppm): 290.44. The FTIR spectrum and DSC curve of HPSe
were shown in Fig. S3.
2.4. Cytotoxicity measurement

2.4.1. Cell culture
L929 cell (a murine fibroblasts cell line), NIH-3T3 cell (a mouse embryonic

fibroblast cell line), HeLa cell (a human cervical carcinoma cell line), Cal-27 cell (a
human head and neck squamous carcinoma cell line), HN-6 cell (a human primary
squamous carcinoma of tongue cell line), MCF-7 cell (a human breast adenocarci-
noma cell line), and Bel-7402 cell (a human hepatocellular carcinoma cell line) were
cultured in DMEM. MGC-803 cell (a human gastric carcinoma cell line) and 95-D cell
(a highly metastatic lung carcinoma cell line) were cultivated in RPMI-1640. LoVo
cell (a human colon carcinoma cell line) was cultured in F-12K. MDA-MB-231 cell (a
human breast adenocarcinoma cell line) was cultured in L-15. The culture mediums
contain 10% FBS (fetal bovine serum) and antibiotics (50 units/mL penicillin and
50 units/mL streptomycin). MDA-MB-231 cells were incubated at 37 �C under
a noneCO2eequilibrated humidified atmosphere. The other cells were incubated at
37 �C under a humidified atmosphere containing 5% CO2.

2.4.2. MTT assay
The cells were seeded into 96-well plates at 8 � 103 cells per well in 200 mL of

culture medium. After 12 h of incubation, the medium was removed and replaced
with another 200 mL of culture medium containing serial dilutions of HPSe or HPS
from 0.25 to 25 mg mL�1. HeLa cells without the treatment were used as control. The
cells were grown further for different incubation times from 6 to 72 h. Then, 20 mL of
5 mg mL�1 MTT assay stock solution in PBS was added to each well. After the cells
were incubated for 4 h, the medium containing unreacted MTT was carefully
removed. Then, the obtained blue formazan crystals were dissolved in 200 mL well�1

DMSO, and the absorbance was measured in a BioTek Synergy H4 hybrid reader at
a wavelength of 490 nm. The blank was subtracted to the measured optical density
(OD) values, and the cell viability was expressed as % of the values obtained for the
untreated control cells.

2.4.3. Apoptosis assay
HeLa cells were seeded in six-well plates at 5 � 105 cells per well in 1 mL of

complete DMEM and cultured for 12 h, followed by removing culture medium and
adding 1 mL HPSe solution of DMEM at various concentrations from 0.25 to
25 mg mL�1. HeLa cells without the incubation of HPSe were used as control. After
12 h incubation, cells were rinsed by PBS twice and treated with trypsin. Then, 2 mL
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of cold PBS was added to each culture well, and the solutions were centrifugated at
1000 rpm for 5 min at 4 �C. After the removal of supernatants, the cells were
resuspended in 1X annexin-binding buffer at about 1 �106 cells mL�1. Then, 5 mL of
Alexa Fluor� 488 annexin V and 1 mL of 100 mg mL�1 PI working solutions were
added to each 100 mL of the cell suspension. After 15 min incubation at room
temperature, 400 mL of 1X annexin-binding buffer was added. The samples were
kept on ice and analyzed by flow cytometry. Data for 5000 gated events were
collected, and the analysis of live and dead cells was performed by means of a BD
FACSCalibur flow cytometer and CELLQuest software. In confocal laser scanning
microscopy (CLSM) measurements, the cells were further fixed with 4% formalde-
hyde for 30 min at room temperature, and the slides were rinsed with PBS for three
times. The slides were mounted and observed by an LSM 510META.

2.5. Caspase-3 activity

2.5.1. Caspase-3 protein activity assay
HeLa cells were seeded in six-well plates at 1.0 � 106 cells per well in 1 mL of

complete DMEM and cultured for 12 h, followed by removing the culture medium
and adding 1 mL HPSe solution of DMEM at various concentrations from 0.25 to
10 mg mL�1. HeLa cells without the incubation of HPSe were used as control. After
12 h incubation, cells were rinsed by PBS twice and treated with trypsin. Then, 2 mL
of cold PBS was added to each well, and the solutions were centrifugated at
1000 rpm for 5 min at 4 �C. After the removal of supernatants, the cells were
resuspended in 100 mL of lysate and kept on ice for 15 min. Lysates were transferred
in micro-centrifuge tubes and centrifuged at 12,000 rpm for 10 min at 4 �C. The
protein content in the supernatant was determined by Bradford protein assay and
then adjusted to the same concentration. 90 mL of the protein solution were
distributed in each well of a 96-well plate, and 10 mL of the Ac-DEVD-pNA caspase-3
substrate was added to reach a final concentration of 200 mM. The absorbance at
405 nm was read after 2 h of incubation at 37 �C with a BioTek Synergy H4 hybrid
reader at a wavelength of 405 nm. The blank was subtracted to the measured OD
values, and the activity was expressed as fold of the values obtained for the
untreated control cells.

2.5.2. Caspases-3 mRNA expression level assay
HeLa cells were seeded in six-well plates at 1.0 � 106 cells per well in 1 mL of

complete DMEM and cultured for 12 h, followed by removing the culture medium
and adding 1 mL HPSe solution of DMEM at various concentrations from 0.25 to
10 mg mL�1. HeLa cells without the incubation of HPSe were used as control. After
12 h incubation, cells were rinsed by PBS twice and treated with trypsin. Total
cellular RNA in the treated or control cells were isolated by RNeasy kit (Qiagen)
according to the manufacturer’s instructions. About 1 mg of total RNA was used for
reverse transcription by using a one-step real-time quantitative reverse transcrip-
tion polymerase chain reaction (RT-PCR) kit (Invitrogen) in a thermocycler (Bio-rad
iQ5, Bio-rad) under the following reaction conditions: cDNA synthesis, 45 �C for
30 min; inactivation, 94 �C for 2 min; PCR amplification of 40 cycles, denature at
94 �C for 30 s, annealing at 60 �C for 30 s, chain extension at 72 �C for 45 s, and a final
chain extension at 72 �C for 10 min. Caspase-3 primer sequences were 50-
TGTCATCTCGCTCTGGTACG-30 (forward) and 50-AAATGACCCCTTCATCACCA-30

(reverse) [35]. As an internal control, glyceraldehyde-3-phosphatedehydrogenase
(GAPDH) was amplified using primer sequences 50-AACTTTGGCATTGTGGAAGG-30

(forward) and 50-GGAGACAACCTGGTCCTCAG-30 (reverse). The expression of
caspase-3 in experimental samples was determined by the comparative Ct method
(2�(D)(D)Ct method), in which Ct is the threshold cycle and DDCt ¼ (DCt caspase-
3) � (DCt reference RNA (GAPDH)).

2.6. Preparation and reduction-triggered drug release of HPSe micelles

2.6.1. Preparation of HPSe self-assembled micelles
In brief, 10 mg HPSe was dissolved in 2 mL of DMF and stirred at room

temperature for 0.5 h. Then, the solution was slowly added to 5 mL of deionized
water and stirred for another 0.5 h. Subsequently, the solution was dialyzed against
deionized water for 24 h (MWCO ¼ 15,000 g mol�1), and the deionized water was
exchanged every 4 h. Water is the good solvent for phosphate groups and the
nonsolvent for diselenide groups. The appearance of turbidity in the aqueous
solution indicated the formation of aggregations.

2.6.2. Critical aggregation concentration measurement
Pyrenewas used as the fluorescence probe to investigate the critical aggregation

concentration of HPSe. Firstly, HPSewas dissolved in the aqueous solution of pyrene.
Then, the solutionwas diluted to various desired concentrations (from 1mgmL�1 to
1.0� 10�5 mgmL�1) with a constant pyrene concentration of 6.0� 10�7 mol L�1. The
fluorescence spectra of all solutions were recorded on an LS-50B luminescence
spectrometer (Perkin Elmer Co.). The excitation wavelength was set at 335 nm. The
I3/I1 ratio values of all solutions were recorded.

2.6.3. Preparation of Nile red or DOX-loaded HPSe micelles
In a typical procedure for the preparation of Nile red or DOX-loaded HPSe

micelles [33]: 20 mg HPSe was dissolved in 2 mL of DMF, followed by the addition of
a predetermined amount of DOX$HCl (2 M equivalents of triethylamine should be
added) or Nile red, and stirred at room temperature for 2 h. Then, the mixture was
slowly added to 5 mL of deionized water and stirred for another 2 h. Subsequently,
the solution was dialyzed against deionized water for 24 h
(MWCO ¼ 15,000 g mol�1), and the deionized water was exchanged every 4 h.

To determine the total loading of drug, the DOX-loaded micelle solution was
lyophilized and then dissolved in DMF again. The UV absorbance of the solution at
500 nmwas measured to determine the total loading of DOX. Drug loading content
(DLC) and drug loading efficiency (DLE) were calculated according to the following
formula

DLC ðwt%Þ ¼ ðweight of loaded drug=weight of polymerÞ � 100%
DLE ð%Þ ¼ ðweight of loaded drug=weight in feedÞ � 100%

When the feed ratio of polymer to DOX was 20:1, the DLC and DLE of HPSe micelles
were determined to be 3.08% and 61.6% respectively.

2.6.4. Reduction-triggered drug release
The experiments of reduction-triggered intracellular drug release were per-

formed on CLSM measurements [36]. HeLa cells were seeded in six-well plates at
2 � 105 cells per well in 1 mL of complete DMEM and cultured for 12 h and then
incubated for additional 3 h with DOX-loaded HPSe micelles at a final DOX
concentration of 0.8 mg mL�1 in complete DMEM. Free DOX and DOX-loaded PEG-b-
PCLmicelles were both used as control. Then, the culturemediumwas removed, and
cells were washed with PBS three times. Thereafter, the cells were fixed with 4%
formaldehyde for 30 min at room temperature, and the slides were rinsed with PBS
for three times. Finally, the cell nuclei were stained with DAPI for 10 min, and the
slides were rinsed with PBS for three times. The slides were mounted and observed
by an LSM 510META.
3. Results and discussion

3.1. Synthesis and characterization of HPSe

Only a few successful examples have been shown, hitherto, for
the synthesis of diselenide-containing polymers, because these
systems generally involve in a low solubility and poor stability of
the polymer [37e39]. Hyperbranched polymers have demonstrated
some special characteristics, such as the three dimensional globular
architecture, non-entanglement, better solubility and so forth
[40e44]. Therefore, the hyperbranched polymer with a number of
diselenide bonds inside may possess a good solubility and better
stability. The diselenide moiety was introduced into a diol inter-
mediate. Then the hyperbranched polyselenidewas synthesized via
the polymerization of the diselenide-containing diol (in a slight
excess) with phosphorus oxychloride under an alkalescent envi-
ronment. The resulting HPSe has a highly branched structure with
alternative diselenide and phosphate groups in its backbone
framework (Scheme 1). Polyphosphate was used as the basic
component of HPSe because of its excellent biocompatibility and
biodegradability [45,46]. As expected, HPSe has a good solubility
and stability in common solvents. The resulting HPSe was charac-
terized by NMR, FTIR, DSC and GPC instruments.

Typical 1H, 31P, and 77Se NMR spectra of HPSe are shown in Fig.1.
According to 1H NMR spectrum in Fig. 1a, the resonances at 4.19,
3.76, 3.72, 3.65, and 3.10 ppm are assigned to the methylene
protons of POCH2CH2O, OCH2CH2Se, OCH2CH2OH, POCH2CH2O/
OCH2CH2OCH2CH2OH, and SeCH2CH2O, respectively. The corre-
sponding signals of phosphorus atoms of HPSe are labeled in Fig.1b.
The peaks at 1.27, 0.16, and �11.72 ppm are attributed to the
phosphorus atoms in dendritic, linear, and terminal units of HPSe,
respectively. The degree of branching (DB) of the resulting HPSe is
0.44 according to the quantitative 31P NMR spectrum [47]. The peak
at 290.44 ppm in the 77Se NMR spectrum of HPSe is the resonance
of diselenide groups (Fig. 1c). Furthermore, the FTIR spectrum and
DSC curve of HPSe are shown in Fig. S3. The absorptions at 1263,
1178 and 986 cm�1 are attributed to the asymmetrical, symmetrical
stretching of P]O and PeOeC, respectively. The peak at 3435 cm�1

is assigned to the large number of terminal hydroxyl groups. DSC
curve shows that the Tg of HPSe is located at �45 �C. Moreover, the



Scheme 1. Detailed synthetic route of HPSe.
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weight-average molecular weight of HPSe characterized by GPC is
6100 gmol�1 with the polydispersity index of 1.7. These results well
demonstrate the successful synthesis of HPSe.

3.2. In vitro cytotoxicity of HPSe

The cytotoxicity effects of HPSe were examined in two normal
cell lines (L929 cells and NIH-3T3 cells) by using a standard MTT
assay. Cells were first cultured overnight for adherence and then
treated with HPSe at various concentrations from 0.25 to
2.5 mgmL�1 for 6 and 12 h respectively. The cells without treatment
of HPSe were used as control. It was found that no evident cell
proliferation inhibition was induced by HPSe in these two cell lines
in the test concentration range after 6 h incubation (Fig. 2). With
increasing the incubation time to 12 h, HPSe only induced a limited
decrease of cell viability (<10%) at the concentration up to
2.5 mg mL�1, indicating the low cytotoxicity of HPSe against normal
cells. However, viabilities of human cancer cells were significantly
reduced when the cells were treated with HPSe under the same
conditions. After 6 h of incubation, the viability of cervical carci-
noma cell line HeLa was decreased to 73% at the concentration of
HPSe up to 2.5 mg mL�1. With the increase of incubation time to



Fig. 2. Cell viabilities of mouse fibroblasts cell line L929, mouse embryonic fibroblast
cell line NIH-3T3 and human cervical carcinoma cell line HeLa incubated with HPSe at
various concentrations from 0.25 to 2.5 mg mL�1 for (a) 6 h and (b) 12 h respectively.
The cells without the treatment of HPSe were used as controls. The data are presented
as average � standard deviation (n ¼ 6).

Fig. 1. (a) 1H NMR, (b) 31P NMR and (c) 77Se NMR spectra of HPSe in CDCl3.
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12 h, the viability of HeLa cells was further reduced to 64%. It has
been reported that a selective mechanism of selenium makes
cancer cells prone to undergo apoptosis, while normal non-cancer
cells remain unaffected [48]. Therefore, the difference in cell
viability between normal cells and cancer cells can be ascribed to
the anticancer action of HPSe. Namely, HPSe specifically inhibits the
proliferation of cancer cells, but induces no evident toxicity effects
on the viability of normal cells.

3.3. In vitro anticancer effect of HPSe

The anticancer abilities of HPSe were systematically tested
in vitro in a series of human cancer cell lines. Typically, cells were
first cultured overnight for adherence and then incubated with
HPSe at different concentrations from 0.25 to 25 mg mL�1 for 24, 48
and 72 h, respectively. The cells without treatment of HPSe were
used as control. It was observed that HPSe exhibited highly efficient
abilities of proliferation inhibition in all of the tested human cancer
cells. Meanwhile, HPSe inhibited the proliferation of cancer cells in
a dose- and time-dependent fashion (Fig. 3). After 24 h incubation,
the dose of growth inhibition of 50% (IC50) was observed in the
concentration range between 2.5 and 5 mgmL�1 in colon carcinoma
cell line LoVo, primary squamous carcinoma of tongue cell line HN-
6, breast adenocarcinoma cell line MDA-MB-231, highly metastatic
carcinoma cell line 95-D, head and neck squamous carcinoma cell
line Cal-27 and breast adenocarcinoma cell line MCF-7. The dose of
IC50 was shown in a slightly elevated concentration range between
5 and 10 mg mL�1 in gastric carcinoma cell line MGC-803, cervical
carcinoma cell line HeLa and hepatocellular carcinoma cell line Bel-
7402. Interestingly, with increasing the incubation time to 72 h, the
dose of HPSe required for IC50 in all of the tested cells significantly
decreased to the concentration range between 1 and 2.5 mg mL�1.
HPSe displayed markedly improved abilities of proliferation inhi-
bition in human cancer cells compared to the conventional small-
molecular-weight selenium anticancer agents. It has been repor-
ted that one of the most potent derivatives of benzisoselenazolone
(a representative alkyl aryl selenide anticancer agent) has the IC50
values of 42.7 and 10.6 mg mL�1 in HeLa cells and Bel-7402 cells
respectively [49]. The results given above confirm the highly effi-
cient and broad spectrum nature of HPSe to inhibit the proliferation
of human cancer cells.

We speculated that the strongly enhanced anticancer abilities of
HPSe might be attributed to the synergistic effect of diselenide
groups distributed along the dendritic framework. In our previous
report, a sulfur analog of HPSe (disulfide-containing hyperbranched
polyphosphate, HPS) was synthesized as a biocompatible drug
carrier [33]. Because of its redox and enzyme dual responsibility,
HPS is excellent in drug delivery. However, it shows no ther-
apeutical effect in anticancer therapy. In this work, the proliferation
inhibition of HPS against HeLa cells was further checked by using
MTT assay. It reveals that HPS exhibits a very low cell proliferation
inhibition against HeLa cells in the identical test concentration
range of HPSe (Fig. S4). When the incubation time was extended to
72 h, the viability of HeLa cells still kept above 95% at the HPS
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Fig. 3. Cell inhibitions of (a) LoVo cell, (b) HN-6 cell, (c) MDA-MB-231 cell, (d) 95-D cell, (e) Cal-27 cell, (f) MCF-7 cell, (g) MGC-803 cell, (h) HeLa cell and (i) Bel-7402 cell incubated
with HPSe at various concentrations from 0.25 to 25 mg mL�1 for 24, 48 and 72 h, respectively. Cell viability was measured by MTT assay and the cells without the treatment of HPSe
were used as controls. The data are presented as average � standard deviation (n ¼ 6).
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concentration up to 25 mgmL�1, suggesting no anticancer activity of
HPS against HeLa cells. It is evident that the potent anticancer
activities of HPSe come from diselenide groups.

3.4. Apoptosis of cancer cell induced by HPSe

It is known that selenium compound-induced cancer cell death
is mainly apoptotic (programmed cell death). Here, FITC-Annexin
V/propidium iodide (PI) method was used to verify whether the
cancer cell death caused by HPSe was associated with apoptosis.
HeLa cells were first incubated with HPSe at different concentra-
tions from 0.25 to 25 mg mL�1 for 12 h and then subjected to FITC-
Annexin V/PI staining. The cells without treatment of HPSe were
used as control. Flow cytometry data show that HPSe is able to
induce apoptosis in HeLa cells and the number of apoptotic cells
increases in a dose-dependant manner (Fig. 4a and b). When
exposed to 0.25 mgmL�1 of HPSe for 12 h, the ratio of apoptotic cells
in whole tested HeLa cells reached to 34.74%. With the concentra-
tion of HPSe up to 25 mg mL�1, the ratio of apoptotic cells
dramatically increased to 99.16%. However, almost no apoptotic
cells (<0.40%) were observed in the control cells. Furthermore,
CLSM images show that the number of early apoptotic cells (green
fluorescence of FITC-Annexin V) and late apoptotic cells (red fluo-
rescence of PI) increased with the incubation concentration of HPSe
(Fig. 4c). Both flow cytometry and CLSM data support our previous
MTT analysis, confirming that HPSe can significantly induce
apoptosis of human cancer cells.

Caspases are well known to be required for cell apoptosis
induced by various stimuli. Among the caspase family members,
caspase-3 is thought to be themain effector and has been identified
as being activated in response to cytotoxic drugs [50]. The activa-
tion of caspase-3 is an important step in the execution phase of
apoptosis and its inhibition blocks cell apoptosis. To better under-
stand themechanism of apoptosis triggered by HPSe in cancer cells,
wewanted to know if the effector of caspases-3 was being activated
to play a role in cell death. The caspase-3 protein activity andmRNA
expression level in Hela cells were analyzed respectively by color-
imetry using the substrate of Ac-DEVD-pNA and real-time quanti-
tative reverse transcription polymerase chain reaction (RT-PCR)
using the referred primers. The cells were treated with HPSe at
different concentrations from 0.5 to 10 mg mL�1 for 12 h and the
cells without treatment of HPSe were used as control. It was found
that caspase-3 protein activity in HeLa cells increased upon the
treatment of HPSe and showed a dose-dependent increase (Fig. 5a).
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After the cells incubated with HPSe for 12 h at the concentration of
0.5 mg mL�1, the caspase-3 protein activity increased to 2.3-fold of
the control cells. When the concentration increased to 10 mg mL�1,
the activity further increased to 4.5-fold of the control cells, sug-
gesting the role of caspase-3 activation in HPSe-induced cancer cell
death. Similar results of caspase-3mRNA expression level were also
obtained in HeLa cells (Fig. 5b). With increasing the concentration
of HPSe from 0.5 to 10 mg mL�1, the caspase-3 mRNA expression
level remarkably increased from 1.8 to 22.8-fold of the control cells,
further indicating this type of apoptosis was dependent on caspase-
3 activity. In general, HPSe significantly induces the apoptosis of
cancer cells in a dose-dependantmanner and the apoptosis is based
on the caspase-3 mechanism.
3.5. Self-assembly and GSH-responsiveness of HPSe micelles

Macromolecular drugs including proteins and genes often
encounter several challenges, such as fast degradation in the
physiological milieu, lack of targeting ability and inefficient trans-
location into the cell cytoplasm. Advancement in nanotechnology
has now allowed for development of various efficient delivery
systems. Polymer micelles are recognized as promising nano-
carriers because of the unique advantages including the enhanced
bioavailability of drugs, preferential accumulation at the tumor
sites by EPR effect and efficient cell internalization [51]. HPSe is an
amphiphilic macromolecule with alternative hydrophobic dis-
elenide and hydrophilic phosphate groups in the highly branched



Fig. 5. (a) Caspase-3 protein activity in HeLa cells activated by HPSe at various
concentrations from 0.5 to 10 mg mL�1 for 12 h. (b) Caspase-3 mRNA expression level of
HeLa cells treated with HPSe at various concentrations from 0.5 to 10 mg mL�1 for 12 h.
Cells without the treatment of HPSe were used as controls and the data are presented
as average � standard deviation (n ¼ 3).

Fig. 6. (a) Schematic representation of self-assembly of HPSe in water and the multi-
core/shell aggregating structure of resulting micelles. (b) Size and size distribution of
HPSe micelles measured by dynamic light scattering (DLS). Data are presented as
average � standard deviation (n ¼ 3). Representative TEM images of (c) HPSe micelles
and (d) the unique multi-core/shell aggregating structure.
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backbone, which can self-assemble into unique multi-core/shell
spherical micelles in water with an average size of 50 nm and
a critical aggregation concentration of 5 mg mL�1 (Fig. 6). The
mutual repulsion stemming from the immiscibility of the two type
groups drives the system to segregate and induces the microphase
separation in water, forming the core/shell structure. Due to the
limited sizes of the large amount of hydrophobic and hydrophilic
groups in HPSe, it seems impossible to form amicelle of 50 nmwith
only one hydrophobic core. The enlarged TEM image clearly shows
the micelle is composed of a lot of small black domains (attributed
to the aggregated hydrophobic diselenide groups), and the hydro-
phobic micro-domains are surrounded by the continuous hydro-
philic phase (attributed to the aggregated polyphosphate groups)
(Fig. 6d). So the multi-core/shell structure of the micelle is formed.
Meanwhile, HPSemicelles display a sensitive redox-responsiveness
because of the existence of many diselenide groups. It was found
that the fluorescence emission intensity of Nile red encapsulated
inside HPSe micelles rapidly declined within 60 min in the pres-
ence of 10 mM GSH (Fig. 7a), while the micelles without GSH were
remained unchanged, suggesting the fast destabilization of the
micellar structure as well as the triggered release of dye molecules.
77Se NMR spectrum further verified the cleavage of diselenide
bonds under the reduction environment. The peak at 290.2 ppm
assigned to the resonance of diselenide groups was reduced with
increasing incubation time of GSH (Fig. 7b). On the other hand, the
newly emerged peak at 286.5 ppm attributed to the signal of
selenol groups was evidently grown, indicating the cleavage of
diselenide bonds as well. Thus, the self-assembly and redox-
responsiveness endow HPSe with the properties of self-delivery,
co-delivery of other drugs and triggered drug release.
3.6. Self-delivery and co-delivery of HPSe micelles

As a model hydrophobic anticancer agent, DOX was encapsu-
lated inside HPSe micelles with the drug loading content of 3.08%
and the drug loading efficiency of 61.6%, respectively. The
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Fig. 8. (a) CLSM images of HeLa cells incubated with free DOX, DOX-loaded HPSe
micelles or DOX-loaded PEG-b-PCL micelles for 3 h. The cell nuclei were stained by
DAPI. (b) Illustration of HPSe micelles for intracellular drug release triggered by GSH.
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intracellular GSH-mediated drug delivery of DOX-loaded HPSe
micelles was then investigated in HeLa cells. It has been reported
that free DOX quickly enters nuclei after cell uptake, whereas DOX
transported by nonresponsive micelles accumulates in nuclei very
slowly [52]. Free DOX and DOX-loaded nonresponsive micelles
based on diblock copolymer of poly(ethylene glycol)-b-poly( 3-
caprolactone) (PEG5k-b-PCL2k) were employed as positive and
negative controls respectively. It was found that DOX fluorescence
located at perinuclear region instead of the nucleus for PEG5k-b-
PCL2k micelles, while fast accumulation of DOX in nuclei of HeLa
cells was observed for both free DOX and DOX-loaded HPSe
micelles (Fig. 8a). These results suggest that intracellular GSH
induces the destabilization of HPSe micelles and triggers rapid
release of the loaded drugs (Fig. 8b). Here HPSe plays the dual roles
of highly efficient anticancer agent and smart drug carrier, which
provides a new approach for combining therapy.
4. Conclusion

A hyperbranched polydiselenide with good solubility and
stability has been successfully designed and synthesized. It consists
of alternative hydrophobic diselenide and hydrophilic phosphate
groups in the backbone framework. The HPSe exhibits a very potent
anticancer effect for all sorts of cancer cells available here. The IC50
dose of HPSe in all of the tested cancer cell lines is within the
concentration range between 1 and 2.5 mg mL�1 with the incuba-
tion time of 72 h. The cancer cell death induced by HPSe is attrib-
uted to the caspase-3 dependant apoptosis. It is demonstrated that
the potent anticancer activities of HPSe come from the diselenide
groups in the dendritic backbone. On the other hand, the amphi-
philic HPSe can self-assembly into nanomicelles with an average
diameter of 50 nm, and then spontaneously enter into tumor cells
by EPR effect. So HPSe is a highly efficient, broad spectrum and self-
delivery anticancer agent. In addition, HPSe micelles can be used as
a drug carrier to encapsulate other hydrophobic anticancer drugs
for combining therapy.
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