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Novel use of silicon nanocrystals and nanodiamonds in biology*
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The presented work is aimed at the development of nontoxic nanocrystalline silicon fluorescence
labels, biodegradable in living body and long-term stable, and of fluorescent nanodiamonds mainly
for in vitro use. These novel fluorescence labels could be very good substitutes for commercially
used quantum dots (e.g. cadmium compound quantum dots) which can be toxic according to the
latest results. In this work, manufacturing of porous nanocrystalline silicon (por-Si) is described,
several basic optical properties of por-Si are presented and the influence of Si nanocrystals, nan-
odiamonds, and milled silicon on the growth of a cell culture of 1929 mouse fibroblast and HelLa
cells is compared. Bio-interaction of nanoparticles was studied by optical transmission microscopy,
time-lapse microphotography of cell culture evolution, fluorescence microscopy, fluorescence micro-
spectroscopy, and scanning electron microscopy. The size and shape of nanocrystals were determined
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using atomic force microscopy (AFM).
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Introduction

First report on photoluminescence (PL) of porous
silicon (por-Si) appeared in 1990 (Canham, 1990).
It initiated extensive investigation of light-emitting
silicon nanostructures with high application poten-
tial. Light-emitting silicon nanocrystals (Si-NCs) have
a crystalline core of the size between 1-5 nm and
their surface is most often covered by SiOs. The PL
properties depend not only on the Si-NC size but
the surface of nanocrystal also plays a crucial role.
Several PL emission bands of Si nanocrystals rang-
ing from ultraviolet to near infrared spectral regions
are described in literature. We are mostly interested
in the yellow-orange luminescence band with slow
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stretched-exponential decay (lifetime of excited state
10-100 us at room temperature). There are several
models explaining the microscopic origin of the ef-
ficient PL of Si-NC (Canham, 1990; Valenta et al.,
2008).

The second material studied in this work was
nanocrystalline diamond which exhibits luminescence
over the whole visible range of the electromagnetic
spectrum in dependence upon various dopings. Nan-
odiamonds have a core of around 8 nm with its sur-
face covered by various carboxy-, keto-, hydroxyl-, and
oxygen groups (Eidelman et al., 2005). Nanodiamonds
can be functionalized after silanization and they can
be used e.g. in various bio-studies in cells (Vial et al.,
2008; Osawa, 2005).
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Material and methods
Preparation of nanoparticles

Por-Si was obtained by electrochemical etching of
p-type [100] Si wafers, doped with boron to decrease
the resistivity to 0.075-0.100 2 cm. The etching solu-
tion consisted of hydrofluoric acid, hydrogen peroxide,
and ethanol. The etching current density was set to 2.6
mA cm~2 to obtain fine porosity and size of nanocrys-
tals between 2-5 nm (for the theoretical background
see (Ossicini et al., 2003)). The freshly etched wafer
was dipped into hydrogen peroxide for 5-10 min. The
etched wafer with a por-Si layer on its surface was left
to age for 12-48 h in a chamber with controlled tem-
perature and air humidity. Por-Si powder (i.e. mixture
of Si-NCs) was obtained by mechanical pulverization
of the por-8Si film from the Si wafer.

Rough powder of Si crystallites was prepared by
dry milling of small pieces of Si wafer in a ball mill.
The powder was mixed with deionized water and sed-
imented in order to remove big crystallites. The re-
sulting size distribution had the peak at around 1 um
(< 80 vol. %), the size of microcrystals was determined
by SEM experiments.

Nanodiamonds were prepared by combustion and
then purified using acids (Osawa, 2005). Our samples
were produced by NanoCarbon UDD-TAH, Diamond
Centre, St. Petersburg, Russia. The product consisted
of a mixture of 10 nm (56.6 vol. %) and 460 nm
(43.4 vol. %) diamonds in deionized water, the size
being measured by dynamic light scattering (DLS).
After three days of sedimentation, an upper transpar-
ent part was formed. Only nanodiamonds with sizes
of 10 nm were left in this supernatant, so they could
be easily separated from the precipitate consisting of
460 nm diamonds. In case of biological studies, the
supernatant part of the suspension was mixed into bi-
ological nutrient media.

Characterization of por-Si and nanodiamods

The por-Si powder was mixed with various solvents
(preferentially ethanol, water, and xylene). In order to
eliminate huge aggregates of interconnected nanocrys-
tals, the colloid was left to settle for a few hours (up
to two days) and the supernatant of the sedimented
colloidal suspension was used in further experiments.

The photoluminescence emission and excitation
spectra of por-Si colloidal suspensions were mea-
sured with a fluorescence spectrometer FluoroMax®-
3. Spectra were corrected for the solvent influence
(Raman scattering, impurities). Luminescence of por-
Si grains (possibly down to single nanocrystals) was
studied by a PL micro-spectroscopy apparatus con-
sisting of an optical microscope Olympus IX-71, an
imaging spectrograph SpectraPro 2150i, and a liquid-
nitrogen-cooled CCD camera Spec-10 from Prince-

ton Instruments. The sample was excited by a laser
beam (458 nm from Ar-ion laser) through the objec-
tive (epifluorescence) or directly. For some measure-
ments, the diluted suspension of Si-NCs was deposited
on a quartz prism and excited by an evanescent wave
of a laser beam totally reflected inside the prism.

The size of por-Si nanocrystals was studied using
an AFM microscope (Agilent 5500 AFM/SPM Micro-
scope) by depositing a highly diluted suspension on
the HOPG graphite (Valenta at al., 2008) and an-
alyzing the nanocrystal dimensions using oscillating
mode AFM (AAC mode; 3 N m~! spring constant and
60 kHz resonance frequency cantilevers from Nanosen-
sors, Switzerland).

Interaction of nanostructures with cell cultures

Powder of the nanomaterials was sterilized by il-
lumination with a UV lamp (254 nm) for 25 min
and then added to a standard nutrient solution for
each cell line (L929 mouse fibroblast and HeLa cells).
The nutrient solution for 1929 consisted of: 92 %
MEM with Eagle stealth, 5 % newborn calf serum,
1 % antibiotics and antimicotics, 1 % L-glutamine,
1 % NaHCOj3 For HeLa cells, the nutrient solu-
tion consisted of: 86 % EMEM, 10 % newborn
calf serum, 1 % antibiotics and antimicotics, 1 %
L-glutamine, 1 % non essential amino acids, 1 %
NaHCOg (all components from PAA company). The
evolution of cell cultures with and without the addi-
tion of nanomaterials was studied by optical transmis-
sion microscopy, time-lapse, fluorescence microscopy,
micro-spectroscopy, and scanning electron microscopy
(SEM). In case of fluorescence observation of Si-NCs
and nanodiamonds in biological samples, a safe ex-
citation wavelength not inducing irreversible damage
to cell cultures had to be used (Veselskd & Janisch,
2000). The shortest safe wavelength of 360 nm was
chosen.

Results and discussion

The AFM image (Fig. 1) shows that Si-NCs sam-
ples with the PL peak at around 600 nm contains
nanocrystals with the diameter of approximately 2
nm (Valenta et al., 2008), nanocrystals prepared with
an only slightly modified method exhibit the size of
approximately 2.7 nm (HRTEM) (Dohnalova et al.,
2008). Such nanocrystals are well suited to be used
as labels in bio-environment, because animal cells do
not have strong autofluorescence in this range of the
optical spectrum.

The PL lifetime was found to be 7 ~ 30 us at the
emission wavelength of 600 nm for por-Si (maximum
PL at around 600 nm) in ethanol (Fuéikovd et al.,
2007). This relatively long PL decay time can be in
principle used to differentiate the faster autofluores-
cence of cells from the slower PL of the por-Si labels
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Fig. 1. (a) AFM image of 750 nm X 750 nm area of HOPG surface with several Si nanocrystals. (b) Profile taken along the white
line. (The size of nanoparticles (~2 nm) can be obtained from the height of peaks, while the lateral dimension of peaks is
much larger than the real size of particles due to convolution with the AFM tip shape).
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Fig. 2. PL spectra of several nanocrystal grains (passivated
with SiO2) in L929 cells (grey line) and in ethanol
(black line). Excited with 325 nm from a continual wave
Argon ion laser.

when pulsed excitation and time correlated detection
are used.

A small shift of the PL spectra of por-Si in cells was
observed (Fig. 2) using the micro-spectroscopy set-up.
The position of por-Si inside the cell was proved by z-
scanning (changing the focal plane of the objective in
vertical zaxis). The surface of por-Si reacts with re-
active chemicals in cells and it is probably capped by
some of them. The exact mechanism of the surface
influence on the PL peak position needs further inves-
tigation. No shift in the peak position was observed
after adding por-Si to the pure nutrient solution with-
out cells. A similar shift (see Fig. 2) of the lumines-
cence peak was observed when por-Si was treated in
xylene (Kiisova et al., 2008).

Nanodiamonds, according to the last results, emit
in the visible part of the spectrum with a PL peak be-
tween 600-800 nm (Yu et al., 2005). PL spectra of our
nanodiamond samples consisted of two wide emission
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Fig. 3. PL spectra of nanodiamond colloidal suspension in wa-
ter under various excitations wavelengths, A: 280 nm
(black line) and 300 nm (grey line).

bands in the UV and visible ranges (Fig. 3).

The evolution of cell cultures with and without
nanostructures in the nutrient medium was observed
by time-lapse microphotography. The number of cells
was calculated from the sequence of images and plot-
ted against time, Figs. 4a and 4b. This number of cells
was counted from three different spots in one counting
compartment, four different compartments were ex-
amined (altogether 12 measurements). For HeLa cells,
Fig. 4b, the growth curves show that cultures con-
taining por-Si and nanodiamonds evolve only slightly
slower (difference in the growth from 5-10 % for HeLa
cells) than in the control sample for the concentration
of nanoparticles of about 1 pug in 1 mL of nutrient
media. On the other hand, the 1 um Si particles and
micro-diamonds in high dosages caused considerable
stress to cells (100 times higher than por-Si) and the
observed cultures exhibited necrosis after a few hours.
In case of 1,929 cells in Fig. 4a, the growth curves show
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Fig. 4. (a) Grow curves of L929 cells incubated with por-Si (circles), milled Si (triangles up), and control (triangles down). (b)
Grow curves of HeLa cells incubated with por-Si (circles), nanodiamonds (squares), control (triangles down), and high

concentration of milled Si (triangles up).

Fig. 5. (a) SEM of a cell of the L929 culture with high dosages of milled Si. (b) SEM detail of the L929 cell outer membrane with

milled Si.

that cultures containing por-Si and 1 pm Si particles
in very low dosages (10 times lower than por-Si) evolve
without any noticeable difference in grow. The effect
of nanodiamonds on the 1929 cell line has not been
studied yet.

It has to be noted that Si-NCs interacting with the
medium tends to aggregate. This is due to a nonspe-
cific interaction with the nutrient media. Growth of
small floating clusters with time was observed; these
clusters contain Si-NCs according to the results from
fluorescence microscopy. Clustering was also observed
when nanodiamonds were used but the presence of

nanodiamonds on the surface of cells or inside them
was not proved. When lum particles were studied,
heavy clusters which did not move in the media were
observed. This nonspecific binding could be overcome
by a specific activation of the surface (Kumar, 2005).
Optical (transmission and fluorescence) microscopy
and SEM revealed that the maximal concentration of
por-Si and lum particles is on the outer cell mem-
brane (Figs. 5a and 5b), however, some por-Si parti-
cles were observed also inside the cell by fluorescence
microscopy. The presumable way of their entering the
cell is phagocytosis.
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Conclusions

A series of por-Si (nanocrystals of 2 nm to 6 nm)
with different fluorescence spectra do not have signifi-
cant negative effect on the evolution of the cell culture;
the accuracy of growth curves is around 8 %. A pre-
cise study on the toxicity using biochemical assays is,
however, needed as well as a comparison study with
commercially used quantum dots. On the other hand,
particles of about 1 pm (milled silicon or diamond
micro-crystals) are toxic in high concentrations. If the
cell culture is observed, meronecrosis can be seen be-
ing caused by strong mechanical stress of the outer
cell membrane caused by the incorporation of micro-
particles.

Por-Si was also observed to have a mild negative
effect on the evolution of the cell culture at very high
concentrations (more than 5 pg in 1 mL of nutrient
media), but the cells are viable and cell division pro-
ceeds normally — the next cell generation shows nor-
mal behavior. Nanodiamonds have less negative effect
compared to that of por-Si described above (in case
of HeLa cells). Fluorescence microscopy applied on or-
ange emitting por-Si shows that por-Si grains are con-
centrated on cell membranes, however, their presence
in the internal cell environment was also observed.

Optical properties described above show promising
application potential of por-Si and nanodiamonds as
fluorescent labels. The size of these nanoparticles is
smaller than that of the commercially used CdS-based
quantum dots (e.g. EviTag® of around 25 nm). The
next step towards applicable fluorescent labels is the
development of bioactivation procedures (Medintz et
al., 2005; Murcia & Neumann, 2005) and technology
for large scale production of por-Si and nanodiamond
particles.
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