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a b s t r a c t

The applicability of ultrasmall uncapped and amino silanized oxidized silicon nanoparticles (SiNPs and 
NH2-SiNPs) as radiosensitizer was studied by internalizing these nanoparticles into human breast cancer 
(MCF-7) and mouse fibroblast cells (3T3) that were exposed to X-rays at a single dose of 3 Gy. While SiN- 
Ps did not increase the production of reactive oxygen species (ROS) in X-ray treated cells, the NH2-SiNPs
significantly enhanced the ROS formation. This is due to the amino functionality as providing positive 
surface charges in aqueous environment. The NH2-SiNPs were observed to penetrate into the mitochon- 
drial membrane, wherein these nanoparticles provoked oxidative stress. The NH2-SiNP s induced mito- 
chondrial ROS production was confirmed by the determination of an increased malondialdehyde level 
as representing a gauge for the extent of membrane lipid peroxidation. X-ray exposure of NH2-SiNPs
incubated MCF-7 and 3T3 cells increased the ROS concentration for 180%, and 120%, respectively. Com- 
plementary cytotoxicity studies demonstrate that these silicon nanoparticles are more cytotoxic for MCF- 
7 than for 3T3 cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

In the recent past intense research activities were focused onto 
the development of silicon nanoparticl es as photosensit izer of sin- 
glet oxygen generation for photodyn amic therapy [1,2]. The appli- 
cability of the photodyn amic therapy is limited to the treatment of
superficial tumors due to the small penetration depth of visible 
light as well as the short diffusion path and short lifetime of singlet 
oxygen [3].

In case of ionizing radiation, such as X-rays or gamma rays, the 
penetration depth can be easily optimized to the range of 8–14 cm.
Therefore, approximat ely half of the patients, who develop cancer,
receive radiotherapy as a main component of their treatment.
Radiotherapy uses X-rays for targeted destruction of malignant 
cells. X-rays may act directly on cellular material through either 
ionizing or exciting or indirectly, via interactions with molecules 
by generating free radicals that in turn can damage DNA or cellular 
organelles. However, there are various tumors that are hardly 
responsive or even resistant to radiotherapy . One goal of radiother- 
apy is to enhance the radiotherapeut ic efficacy for cancer to
minimize its harmful effects on normal tissues. Therefore radiosen- 
ll rights reserved.
sitizers have been developed which increase the sensitivit y of tu- 
mor cells to X-ray radiation [3]. A recent in vitro study revealed 
that surface-oxidize d silicon nanoparticl es may increase the im- 
pact of X-radiation on the formation of reactive oxygen species 
(ROS) for clinically relevant doses [4]. Under ambient conditions 
silicon nanoparticl es form an amorphous SiO x shell (with x < 2).
The SiO x shell is considered to enhance X-ray induced generation 
of oxygen radicals (OH�, HO�2, O�2 ) in aqueous solutions. Moreove r,
singlet oxygen is generated in X-ray treated solutions containing 
surface-stab ilized, oxidized silicon nanoparti cles [5].

Silica nanoparticles (SiO2NPs) were reported to induce oxidative 
stress in a dose-depend ent manner which was proven by the for- 
mation of ROS, lipid peroxida tion (LPO) and depletion of glutathi- 
one (GSH) [5,6]. Molecular oxygen was observed to react with 
the fractured silica surface, where both, homolytic (Si�, SiO �) and 
heterolyt ic (Si+, SiO �) cleavage of the silicon–oxygen bond may 
take place [7]. The mechanis m of intracellul ar ROS generation in
the presence of SiO 2NPs presumabl y involves both, the mitochon- 
drial respiration and the NAD(P)H oxidase system [8].

Coating of SiO 2NPs surfaces or those of oxidized silicon nano- 
particles with suited organic groups was observed to suppress 
the SiO 2 or SiO x induced ROS generation and is hence required 
for the developmen t of biocompatible and biodegradable silicon 
nanoparti cles for medical application [6]. Therefore they may be
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covered with detergents [9] or phospho lipid micelles [10]. Other- 
wise, silicon nanoparticl es can be functionalized with ethenyl 
derivatives that provide surface charges in aqueous environment 
due to their terminal amino (NH2), azide (N3) and carboxylic acid 
(COOH) groups [11]. The influence of surface charges on the cyto- 
toxicity of such functionalized silicon nanoparticles was examined 
by Bhattacharj ee et al. [12]. Positively charged silicon nanoparti- 
cles were observed to exhibit the highest cytotoxicity, since they 
significantly increase the intracellular ROS production.

In this contribution, the cellular uptake and influence of ultra- 
small amino-silanize d oxidized silicon nanoparticles (NH2-SiNPs)
and uncoated oxidized silicon nanoparti cles (SiNPs) on the cell via- 
bility and oxidative stress were studied. The applicability of NH2-
SiNPs and SiNPs as radiosens itizer for X-rays in tumor cells was 
examined. Therefore these nanoparticl es were internalized in hu- 
man breast cancer (MCF-7) and mouse fibroblast (3T3) cells, which 
were exposed to X-radiation at a single dose of 3 Gy. The radio- 
enhancement effect was assessed by measuring the intracellular 
ROS concentratio ns.
2. Materials and methods 

2.1. Chemicals and instruments 

Silicon tetrachloride (Aldrich, 99%), tetraoctylamm onium bro- 
mide (TOAB, Aldrich, 98%) Aminopropyltr iethoxysilan e (APTES, Al- 
drich, P98%,), LiAlH 4 (Fluka, >97%), toluene (VWR, 99.5%),
cyclohexane (VWR, 100%) and methano l (VWR, p. a.) were used 
as received. KH2PO4 (p. a.) and K2HPO4 (99%) were purchased from 
Merck, NaCl (99.5%) from Fluka and Triton X-100 from Riedel-de 
Haën. DMEM, L-glutamine, FCS, penicillin–streptomycin-sol ution,
sodium pyruvate, PBS, MEM, trypsin/EDT A, MTT (98%), trypan- 
blue-solution (0.4%), sodium dodecylsulfate (SDS) (90%), Tris–HCl
(99%), disodium EDTA (99%), trichloroace tic acid (TCA) (99%), 2-
thiobarbitur ic acid (TBA) (98%), 5,5 0-dithiobi s(2-nitrobenzoic acid)
(DTNB) (98%), 20,70-dichlorofluorescein diacetate (DCFH-DA) (95%)
were purchased from Sigma–Aldrich and glutaraldeh yde (25%) and 
potassium pyrophosphate from Roth. DCFH-DA was dissolved in
dimethyl sulfoxide (DMSO) (99.7%, Baker) to obtain a stock solu- 
tion (0.01 M) and was kept frozen at �20 �C. For loading the cells 
with DCFH-DA the stock solution was mixed with DMEM at a con- 
centration of 100 lM.

The photolumin escence spectra of the NH2-SiNP and SiNP col- 
loids and DCF assay were recorded on a Horiba Jobin-Yvon Fluoro- 
Max-3 spectrofluorometer. Transmission electron microscopy 
(TEM) images of SiNPs were taking using a Zeiss EM 900 instru- 
ment that was operated at 80 kV accelerating voltage, and the cells 
were imaged using a Zeiss 906 transmis sion electron microscope 
(LEO, Oberkochen, Germany). The concentrations of the NH2-SiNP
and SiNP sample solutions were determined using ICP-AES, in or- 
der to prepare a cell culture medium that contains silicon at the 
concentratio n of 0.1 mg/ml. The MTT assay was measure d at
590 nm using an Elisa microplate reader (Dynatech Laboratories ,
Inc.). The different cells experiments were irradiate d using a
120 kV X-ray tube (Isovolt, Seifert, Ahrensberg , Germany ). UV–
Vis measure ments were carried out using a Perkin Elmer Lambda 
2 in the range of 300–700 nm.
2.2. Syntheses of SiNPs and NH2-SiNPs

Silicon nanoparti cles were synthesized using a reverse-mic elle 
wet-chemis try procedure [13]. 0.63 g of TOAB was dispersed for 
20 min in toluene using an ultrasonicat ion bath. 0.63 mL of SiCl 4
was added to the solution and the sonicatio n was maintained for 
another 20 min. Then 0.76 g of LiAlH 4 was added to the solution.
After 30 min sonicatio n, 30 mL of MeOH was slowly incorporate d
to the suspension to eliminate the excess of the reductant. In order 
to break the micelles, the mixture of solvents was evaporated, and 
the particles were dispersed in 30 mL of cyclohexane. Three liquid–
liquid extractions were performed with 30 mL of water. Finally, the 
organic phase was evaporated and the particles were dispersed in
20 mL of toluene or water for the cell experime nts.

The SiNPs were functionalized via silanization. The toluene sus- 
pension of the SiNPs was stirred for 24 h at reflux with 1.5 mL of
APTES. Afterwards the suspension was evaporated, and 20 mL of
water was added. The purification of the functionalized SiNPs 
was performed via dialysis. The aqueous suspensi on was put into 
a Serva Membra-Cel l MWCO 7000 membran e, and the dialysis tub- 
ing was submerged in distilled water. After 4 h, the water was 
changed twice and the suspension was left overnight. Finally, the 
suspensi on was evaporated and the aminosilani zed SiNPs (NH2-
SiNPs) were dispersed in toluene or water.

2.3. Cell culture 

The MCF-7 and 3T3 cells were cultured in DMEM containing 
4500 mg glucose/L, which was enriched with 10% fetal calf serum 
(FCS), 1 mM sodium pyruvate, 100 U/mL penicillin, 100 lg/mL
streptomy cin, 2 mM L-glutamine and 1% MEM nonessential amino 
acids. In a humidified environm ent of 5% CO2 at 37 �C the cells 
were incubated and subcultiv ated twice a week.

2.4. Transmiss ion electron microscopy (TEM)

MCF-7 and 3T3 cells were incubated with cell culture medium 
containing SiNPs or NH2-SiNPs at a concentratio n of 0.1 mg Si/ 
mL. Cells were washed with PBS and fixed with 2.5% glutaralde- 
hyde overnight at 4 �C and then postfixed in 1% osmium tetroxide 
and 3% potassium ferricyani de at room temperature . Through- 
graded alcohols cells were dehydrated , embedded in Epon and 
mounted on Epon blocks. Uncontras ted silver-grey ultrathin sec- 
tions were imaged.

2.5. Cell viability assay 

The mitochond rial function and cell viability of the NH2-SiNPs
and SiNPs, TOAB and APTES were evaluated using the 3-(4,5-
dimethyl thiazol)-2-diphenyltetrazolium bromide (MTT) assay.
The two different cell lines were seeded in a 96 well-plate at a den- 
sity of 103 cells per well. After 3 days the cell culture medium was 
replaced with one containing TOAB (0.1 mg/mL), APTES (0.1 mg/ 
mL), SiNPs or NH2-SiNPs both at a concentratio n of 0.1 mg Si/mL.
After 24, 48 and 72 h incubation 50 lL of MTT solution (0.5 mg/ 
mL in PBS) was added. The solution was carefully removed after 
1 h, and the formazan crystals were solubilized with 100 lL SDS 
(0.2 mg/mL)-HCl (0.02 M)-solution. The metabolic activity was 
determined by measuring the absorbance of the formazan solution 
at 550 nm.

2.6. Intracellu lar ROS measurem ent 

MCF-7 or 3T3 cells were cultivated in 96 well-plates at a density 
of 103 cells per well and were allowed to grow over 3 days. After 
removing the medium, the cells were incubate d for 24 h with cell 
culture media that contains SiNPs or NH2-SiNPs (0.1 mg Si/mL).
Afterwar ds the cells were washed with PBS and loaded with 
100 lM DCFH-DA in DMEM for 30 min. Each well was loaded with 
PBS. One half of the plate was irradiated at a single dose of 3 Gy.
Since the ROS oxidize intracellular DCFH to the fluorescent DCF 
dye, the DCF fluorescence intensity is taken as being directly pro- 
portional to the ROS concentratio n. The fluorescence emission 
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was excited at 480 nm, and its spectrum was recorded in the range 
of 500–700 nm. The relative fluorescence intensity was deter- 
mined by integrati ng the spectra. The fluorescence intensity values 
were related to those obtained from fluorescence measureme nts of
cells in culture medium.
2.7. Preparation of the cell extract 

Both cell lines were cultured in 25 cm2 flasks, exposed to SiNPs 
or NH2-SiNPs (0.1 mg Si/mL) for 24 h. One half of the cell culture 
flasks were irradiated at a single dose of 3 Gy. The cells were har- 
vested by treating with trypsin–EDTA at room temperature . The 
cell pellets were then lysed in cell lysis buffer (20 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1% Triton, 2.5 mM potas- 
sium pyrophos phate). After centrifugation (15,000g, 10 min, 4 �C)
the cell extract (supernatant) was maintain ed on ice.
2.8. Membrane lipid peroxidation 

The level of membran e lipid peroxidation (LPO) was determined 
by measuring the formatio n of malondialde hyde (MDA) as a prod- 
uct of membran e LPO [14]. A mixture of 0.1 ml cell extract, 0.4 ml
0.1 M potassium phosphate buffer (pH 7.4), 0.75 ml 5% TCA and 
0.75 ml 1% TBA was heated at 65 �C for 30 min. After cooling to
room temperat ure the mixture was centrifuged (2300g, 15 min)
to collect supernat ant. The absorbance of the supernatant was 
measured at 532 nm and the concentr ation of MDA in nmole/mg 
protein was determined using the molar extinction coefficient of
1.56 � 105 M�1 cm�1.
2.9. Intracellular glutathione level 

The gluthatione (GSH) concentratio n was determined using Ell- 
man’s method [15]. 0.1 mL cell extract was mixed with 0.9 mL 5%
TCA and subsequent ly centrifuged (2300g, 15 min, 4 �C). 0.5 mL
of the supernat ant was added into 1.5 mL 0.01% DTNB solution.
The absorption was measured at 412 nm and the amount of GSH 
was calculated in terms of nmole/mg protein.
2.10. Statistical analysis 

Data are presented as arithmetic mean values ± standard error 
(SE). Statistical analysis was performed using the analysis of vari- 
ance (ANOVA) with post hoc Bonferroni correction for multiple 
comparisons . A value of p < 0.05 was considered to be statistical ly
significant.
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Fig. 1. Photoluminescence emission and excitation spectra of toluene colloids of SiNPs (
colloid were obtained from a Gaussian fit of the experimental data (right panel, red lin
referred to the web version of this article.)
3. Results 

Fig. 1 shows the photolumin escence emission (PL) and excita- 
tion (PLE) spectra of toluene colloids of SiNPs (left) and NH2-SiNPs
(right). The PL spectrum of the SiNPs excited at 300 nm exhibits a
broad band at 370 nm with a full width at half maximum of about 
1 eV. The structura l features of the PL and PLE spectra as well as the 
small PL quantum yields (<10%) of the SiNPs indicate both, a broad 
size distribut ion centered around 1 nm and sparsely oxidized sur- 
faces that are presumably composed of Si–H, Si–OH, unsaturated Si
atoms and SiO x layer fragments [13,16]. In contrast, the PL spec- 
trum of the NH2-SiNPs has a multi-peak structure beginning at
405 nm with a mean peak separation of 1380 cm�1 (Fig. 1, right).
This multi-peak structure appears independen tly of the excitation 
waveleng th and is thus attributed to a vibronic structure due to a
mixture of LO and TO Si–O–Si surface phonons [17]. This is consis- 
tent with the excitation-e nergy independen t PL lifetime of about 
1 ns. These particular spectral features imply perfect monodisper- 
sity of the NH2-SiNP sample. The NH2-SiNPs were allowed to age 
for several weeks under ambient condition s. An amorphous SiO x
shell was formed on expense of the core [13], until the core size 
had reached a magic number of Si atoms [18]. The zero-phonon 
PL peak at 405 nm corresponds to a band gap of 3.06 eV and there- 
with to a nanoparticl e size of 1 nm that matches the Si29 cluster
[18]. The aminosil ane ligands of the NH2-SiNPs provide positive 
surface charges and high solubility in aqueous environment.

Fig. 2 depicts the TEM images of 3T3 cells and MCF-7 cells 
which were incubated with SiNPs or NH2-SiNPs. Apparently, no
TEM micrograph exhibits any evidence for an uptake mechanis m
such as endocytos is or pinocyto sis. Because of their ultrasmall 
sizes the nanoparticl es may cross the cell membrane either by dif- 
fusion or through carriers and transporters . The positively charged 
NH2-SiNPs were embedded in the membranes of most cell struc- 
tures such as the endoplasm atic reticulum, mitochondr ia or vesi- 
cles (Fig. 2A3 and B1). Inside the MCF-7 cells the NH2-SiNPs
accumulate d also in the cytoplasm. On the other hand, SiNP 
agglomer ates were visualized in the cytoplasm as well as in the 
membran e of cell organelles of both cell lines (Fig. 2A1). The SiNPs 
even reached the cell nucleus (Fig. 2A2).

The biocompatib ility of the NH2-SiNPs and SiNPs for the 3T3 
(Fig. 3A) and MCF-7 cells (Fig. 3B) was assessed using the MTT as- 
say. The relative cell viability (%) of the cells, incubated with either 
SiNPs or NH2-SiNPs, was compared with medium containing APTES 
or TOAB. The surfactant APTES (92% for MCF-7 and 97% for 3T3) ex- 
erted no influence on the cell viability. In contrast, the detergent 
TOAB caused larger cellular damage (23% for MCF-7 and 38% for 
3T3) as provoking cell-membr ane permeabilit y. The smallest val- 
ues of cell viability were obtained for SiNP incubated 3T3 and 
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Fig. 2. TEM images of 3T3 (A) and MCF-7 (B) cells: SiNP agglomerates in the cytoplasm and cell organelle membranes (A1), the SiNPs reach the cell nucleolus (A2). NH2-SiNPs 
in membranes of different cell structures (A3, B1), in the cytoplasm of MCF-7 cells (B1).
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MCF-7 cells. This is explained with the penetration of the SiNPs 
into the cell nucleus, where they presumably damaged the DNA.
The NH2-SiNPs are insignificantly cytotoxic for 3T3 (Fig. 3A: 95%
at 72 h) cells but less biocompatible for MCF-7 cells (Fig. 3B: 70%
at 72 h).

To obtain complemen tary information of cytotoxic ity for the sil- 
icon nanoparti cles, the ROS and GSH concentratio n in MCF-7 and 
3T3 cells were measured (Fig. 4A–C). The ROS may damage mem- 
branes through lipid peroxidation (LPO), in particular , when their 
formatio n takes place nearby membran es. Therefore the relative 
concentr ation of malondialdehy de (MDA), as being a LPO product,
is determined for MCF-7 and 3T3 cells containing the silicon nano- 
particles and for those without nanoparticl es (Fig. 4D). The capabil- 
ity of the silicon nanoparticl es to function as radiosensitizer was 
investiga ted by exposing SiNP and NH2-SiNP incubated cells to
X-radiati on at a single dose of 3 Gy. The intracellular ROS concen- 
tration was subsequent ly measured using the DCF fluorescence dye 
assay (Fig. 4A and B). Even in non-irradiat ed cells the nanoparticl es
were observed to enhance the ROS formation: the SiNPs and NH2-
SiNPs raised the ROS concentr ation in 3T3 cells for 10% and in MCF- 
7 cells for 23% and 48%, respectively (Fig. 4A and B, blank columns).
Obviously the increase of ROS formatio n is larger for the NH2-SiNPs
than for the SiNPs, and the NH2-SiNP induced ROS formatio n is
more efficient in tumor cells than in tissue cells. This is consistent 
with the results obtained from measuring the GSH concentration in
MCF-7 and 3T3 cells (Fig. 4C). Compared to cells without nanopar- 
ticles (100%) the GSH level is drastically reduced for MCF-7 cells 
containing SiNPs (ca. 30%) or NH2-SiNPs (ca. 30%) and significantly
larger in 3T3 cells with SiNPs (55%) or NH2-SiNPs (ca. 70%). Since a
lowered GSH level is associated with an increased ROS concentr a-
tion, these results clearly demonstrate that both, SiNPs and NH2-
SiNPs, enhanced the ROS production to a considerably larger extent 
in MCF-7 cells than in 3T3 cells. Under X-ray exposure the NH2-
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SiNP incubated 3T3 and MCF-7 cells exhibited a rise of ROS concen- 
tration to 120% and 180%, respectivel y, whereas the impact of X-
radiation on the ROS formation was negligibly small for these cells 
with internalized SiNPs (Fig. 4A and B, black columns). This may 
arose from differences in the surface architectures and charges of
the SiNPs and NH2-SiNPs. The SiNPs agglomerated in the cytoplasm 
and various cell organelle membran es. In contrast, the NH2-SiNPs
were predomin antly incorporate d in the mitochondrial membran e,
where they may induce oxidative stress and thereupon, provide 
the ROS formation when interacting with X-rays. In order to exam- 
ine the effect of the silicon nanoparticle-ind uced ROS production 
on the membranes in X-ray treated cells, the relative MDA concen- 
tration, as scaling the LPO, was measured (Fig. 4D). For both, the 
MCF-7 and 3T3 cells, when containing NH2-SiNPs, the MDA level 
rose to 200%. This significant increase most likely resulted from 
efficient membrane LPO due to mitochondr ial ROS formatio n. By
comparison, the SiNPs raised the MDA level for 50% in 3T3 cells,
and did not affect the membranes in MCF-7 cells.
4. Discussion 

The applicability of SiNPs and NH2-SiNPs as radiosensitizer in
tumor cells was assessed by examining the impact of X-rays on
the ROS formation in MCF-7 and 3T3 cells. Informati on of the 
nanoparticl e sizes were obtained from PL spectroscop y data. The 
NH2-SiNP sample is monodisper se. The Si core size is about 1 nm
and is therewith assigned to the Si29 cluster. The amino groups of
the NH2-SiNPs provide positive surface charges in the cytosol,
which facilitate their accumulation in membranes of the endoplas- 
matic reticulum, mitochondria and vesicles. On the other hand, the 
freshly synthesized SiNPs exhibited a broad size distribution 
around 1 nm. The SiNPs formed agglomerates in the cytosol and 
membranes as well as were visualized to reach the cell nucleus,
where they caused DNA-damag e induced apoptosis . The latter is
evident from cell viability measure ments: the 72 h value of the rel- 
ative cell viability is decreased to 23% and 30% for 3T3 and MCF-7 
cells, respectivel y. By comparison, the NH2-SiNPs, as being ob- 
served to accumulate in mitochondrial membranes, are expected 
to provide an increased mitochondr ial metaboli sm that should 
provoke oxidative stress and thus the generation of ROS. Cancer 
cells like MCF-7 cells have in general a higher metabolic activity 
than normal cells like 3T3. This explains the observed higher ROS 
concentr ation for NH2-SiNPs loaded MCF-7 cells in comparison 
with 3T3 cells that contained these nanoparticl es. This result was 
confirmed by the measureme nt of the intracellular concentr ation 
of GSH which is considerabl y smaller for the MCF-7 cells than for 
the 3T3 cells. Addition al validation was obtained from cell viability 
measure ments using the MTT assay as assessing the mitochondr ial 
function via the mitochondrial dehydrogenase . Under X-ray expo- 
sure the NH2-SiNPs increased the ROS concentr ation in 3T3 cells 
for 120% and in MCF-7 cells for 180%. The impact of X-rays onto 
the mitochondrial membrane is the depolarization of the latter.
Membrane depolarizati on may open the permeabilit y transition 
pores and thereupon, enables the cytochrom e-c release into the 
cytoplasm . The release of cytochrome-c triggers the accumulation 
of ROS, which increases the oxidation state of the cell. Additionally 
inhibition of the respiratory chain raises the ubisemiquinon e free 
radical level in the catalytic mechanis m of complex III (ubiqui-
nol/cytochrom e-c oxido-reduc tase). The ubiquinone site in com- 
plex III catalyzes the conversion of molecular oxygen to the 
superoxi de anion radical [19]. The NH2-SiNPs, as being embedded 
in the outer mitochondrial membrane and definitely increasing the 
ROS formatio n, evidently enhance the depolarizing effect of the X-
radiation on the mitochondria. This implies that the radiosens itiz- 
ing effect of the NH2-SiNPs principally arises from their active 
involvem ent in the mitochondr ial metabolism. We may conclude 
that ultrasmal l NH2-SiNPs negligibly affect the cell viability and 
are thus suited as radiosensitizer for X-radiation in tumor cells,
even though the enhancin g effect is limited to the mitochond rial 
ROS production.
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