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Abstract. This work describes a novel process for the fabrication of hybrid nanostructured particles showing
intense tunable photoluminescence and a simultaneous ferromagnetic behavior. The fabrication process involves
the synthesis of nanostructured porous silicon (NPSi) by chemical anodization of crystalline silicon and subsequent
in pore growth of Co nanoparticles by electrochemically-assisted infiltration. Final particles are obtained by
subsequent sonication of the Co-infiltrated NPSi layers and conjugation with poly(ethylene glycol) aiming at
enhancing their hydrophilic character. These particles respond to magnetic fields, emit light in the visible when
excited in the UV range, and internalize into human mesenchymal stem cells with no apoptosis induction.
Furthermore, cytotoxicity in in-vitro systems confirms their biocompatibility and the viability of the cells after
incorporation of the particles. The hybrid nanostructured particles might represent powerful research tools as
cellular trackers or in cellular therapy since they allow combining two or more properties into a single particle.
C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3533321]
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1 Introduction
Semiconductor based nanostructures with controlled compo-
sition and dimensions are increasingly being used in several
biological applications such as cellular and molecular imag-
ing, cell labeling and tracking, multiplexed analyses, and DNA
detection as recently reviewed.1, 2 The typical size of nanoparti-
cles, comparable to that of many common biomolecules, makes
them appropriate for the development of hybrid nanostruc-
tured systems.3, 4 In this frame, quantum dots possess many
advantages over organic fluorophores; size tunable fluorescence
emission, large absorption across a wide spectral range, nar-
row emission spectra, and high levels of brightness and
photostability.5, 6

In addition to this, magnetic nanoparticles are receiv-
ing increased attention given their potential use in medicine.
Nanoparticles with tailored magnetic properties have found
functionality in the manipulation of biological materials in
immunoassays,7 targeted delivery of therapeutic compounds,7

controlling cell–cell interactions,8 hyperthermia treatments,3 or
as magnetic resonance imaging contrast agents.9 Aiming at the
integration of nanostructures into biological systems, chemical
modifications can be induced in order to boost biocom-
patibility and/or to enhance aqueous solubility. Chemical
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grafting groups, such as amines or carboxylic groups10 can be
used to bind selected biomolecules (proteins,11 polypeptides,12

oligonucleotides,13 etc.) to nanoparticle surfaces. Such chemical
grafting groups can be alternatively conjugated through an hy-
drophilic poly(ethylene glycol) (PEG) complex thus providing
new hybrid multifunctional nanostructures.14

Within this context, porous nanostructures offer the advan-
tage of increased surface area, resulting in enhanced surface
activity.15 This property enormously facilitates bioconjugation
for targeting or directed delivery16 and biosensing.17 Nanostruc-
tured porous silicon (NPSi) formed by photoelectrochemical
etching18 has emerged among the functional porous semicon-
ductors, whether as a gas sensor,19 a photoluminescent probe,20

or as a therapeutic agent through near infrared irradiation.21

Furthermore, nanoparticles can be infiltrated into NPSi, thus
imparting additional properties to the resulting hybrid system
(magnetic metals in NPSi for designing storage devices,22 or
high conductivity transition metals for electronic contacts23).
In this work, Co-infiltrated NPSi particles are prepared with
the aim of providing multifunctional magnetic/fluorescent ma-
terials with a PEG coat. Though II-VI semiconductors have
been previously proposed for this multifunctional purpose, we
herein introduce a scheme based on NPSi, a form of silicon with
reputed biocompatibility in several tissues.4, 24, 25 Furthermore,
to open the path for biofunctionalization through PEGylation
cascades, a PEG–NPSi conjugate is formed leading to hybrid
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Fig. 1 Schematic process followed for the preparation of hlmNPs.

luminescent/magnetic nanostructured particles (hlmNPs). To
assess on their biocompatibility and nontoxicity, internal-
ization assays are performed in human mesenchymal stem
cells (hMSCs), which are afterward the subject of a MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide) cytotoxicity assay. This assay is based on the ability of
viable cells exposed to different types of nanoparticles5, 6, 26 to
convert in the mitochondria a tetrazole yellow salt into a re-
duced purple formazan. This reduction takes place only when
succinate dehydrogenase enzymes are active so that only viable
cells with no alterations induced by nanoparticles exhibit a color
change.

2 Experimental
2.1 Fabrication of Hybrid Luminescent/Magnetic

Nanostructured Particles
The complete procedure for the fabrication of hlmNPs
is schematically represented in Fig. 1. Silicon substrates
(p-type boron-doped, orientation <100> and resistivity
0.01–0.02 � cm) were prepared for the subsequent electro-
chemical processing by depositing an Al contact by electron
beam evaporation and rapid thermal annealing (Fig. 1, step 1).
NPSi layers were fabricated by the electrochemical etch in 1:1

Table 1 Composition of the Watts bath used for the electroin-
filtration of Co into NPSi.

Component Concentration

CoSO4 · 7H2O 0.2M

CoCl2 0.05M

Na-Sacharine 5 g/l

H3BO3 0.4M

H2SO4 1mM

water ——

HF (48 wt%):ethanol (98 wt%) solutions of the Si wafers. NPSi
layers with thickness ranging from 40 to 50 μm were obtained
under illumination (100 W halogen lamp) using current densities
from 80 to 110 mA/cm2 (Fig. 1, step 2) during 400 s.

Subsequent electroinfiltration of Co in the current-
equilibrium pulsed mode was performed by immersion of the
NPSi layers in a Watts bath using Co salts and suited catalytic
converters (Fig. 1, step 3).27, 28 The composition of the Watts
bath is shown in Table 1.

Co-infiltered NPSi particles were obtained by 20 min sonica-
tion and dispersion. The final conjugation step was immediately
carried out by immersion in a poly(ethylene glycol)-600/toluene
(1% vol) solution (Fig. 1, step 4) as previously illustrated.20

These particles were exposed to the atmosphere for over 1 h for
stabilization of their physico-chemical properties before char-
acterization.

Finally, four cycles of centrifugation (12 krpm, 5 min), su-
pernatant removing and re-dispersion in ethanol solution (soni-
cation, 10 min) were applied to the resulting particles.

2.2 Characterization
Morphological characterization was performed by a combina-
tion of scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM characterization was per-
formed in a Hitachi S-3000N SEM equipped with a conven-
tional thermionic filament and an operating voltage of 20 keV.
Qualitative chemical information was retrieved by energy dis-
persive X-ray analysis (EDX). TEM images were acquired using
a JEOL-JEM1010 (100 KV) microscope.

Magnetic characterization by Alternating Gradient Field
Magnetometry (AGFM) was performed in a Micromag 2900
AGFM System (Princeton Measurements Corporation). Nine
measurements were taken for each sample. Measurements were
carried out applying a magnetic field from − 100 mT to 100 mT,
a time pass of 100 ms, and a field pass of 800 μT.

Luminescence spectra were acquired in an AMINCO
Bowman Series 2 Luminescence Spectrometer (SLM Instru-
ments INC), equipped with a 250 W Xenon Lamp. Measure-
ments were obtained with a detector voltage of 700 V and an
excitation wavelength of 400 nm. Spectra at successive atmo-
sphere exposure times were acquired, from freshly conjugated
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Fig. 2 (a) Morphology of hlmNPs immediately after PEG conjugation showing spherical nanostructured particles as observed by SEM. (b) A typical
EDX spectrum from a pre- tore layer of the Co-infiltrated NPSi. (c) TEM micrograph of hlmNPs showing a NPSi shell and a multicore of Co
nanoparticles.

hmlNP samples to 72 h atmosphere exposed in intervals of
24 h.

2.3 Cell Culture
The hlmNPs were further treated for the different bioassays as
follows. Aliquots of 300 μl (concentration 25 g/l) of hlmNPs

were centrifuged for 10 min and rinsed in Phosphate buffered
saline (PBS)(0.5 ml) three times to remove any traces of toluene
and to equilibrate pH. Then, rinsing was repeated three times
using 1 ml of Dulbecco’s Modified Eagle Medium (DMEM,
Gibco) and centrifugations as above. Finally, samples were
left overnight immersed in DMEM without centrifugation to
improve pH stability. Particles were then exposed to hMSCs
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Fig. 3 AGFM hysteresis loop of hlmNPs obtained at 298K. Values have
been normalized for an average weight of hlmNPs in solution. The inset
shows the coercivity field.

plated on 0.5% gelatin-coated cover slips. Two to four ml of
human bone marrow was extracted from healthy donors for the
isolation and expansion of hMSCs.29, 30 Cells were collected by
centrifugation on 70% Percoll gradient and seeded at 200,000
cm− 2 in DMEM-low glucose (LG) supplemented with 10%
Fetal Bovine Serum (FBS) (Sigma). The hMSCs were used to
analyze whether or not particles are internalized by cells and if
so, determine their potential toxicity. To this end 15,000 cells
were seeded on 0.5% gelatin-coated cover slips (bovine skin,
Sigma). The hMSCs were incubated with DMEM-LG plus 10%
FBS for 24 h and then exposed (except for controls) to 0.15
mg/ml hlmNPs at 37oC in 5% CO2 atmosphere, during pe-
riods of 4 and 72 h. Then, adhered cells were washed twice
with PBS and fixed in 3.7% formaldehyde in PBS for 20 min
at room temperature. After fixation, cover slips were washed
twice with PBS, samples dehydrated with absolute ethanol
(Merck) and mounted with Mowiol/Dabco (Calbiochem). Cells
were visualized in a fluorescence vertical microscope (OLYM-
PUS IX81, UV excitation at 350 nm) coupled to a CCD
camera.

2.4 Cytotoxicity Assay
The possible cytotoxicity of particles in the culture of hMSCs
was determined after 4 and 72 h incubation in DMEM-LG eval-
uating cell viability by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) colorimetric assay (Sigma). A
solution of 20 μl of 5 mg/ml MTT in PBS was added to each
well of a M96 plate where the cells were cultured with the hlm-
NPs. After 4 and 72 h incubation at 37oC, medium was removed
and 150 μl of MTT solution added [4 mM HCl, 0.1% Nonidet
P-40 (NP40) in isopropanol (Merck)]. After 15 min of solubi-
lization the absorbance of each sample was determined using a
SmartSpec Plus BIO-RAD spectrophotometer at 590 nm with a
reference filter of 620 nm. Each sample was tested in triplicate.

Fig. 4 (top) Fluorescence microscopy images of PEG conjugated, Co
infiltrated hlmNPs after 24 h atmospheric aging (excitation 350 nm).
(bottom) Evolution of luminescence of PEG conjugated, Co infiltrated
hlmNPs (excitation 400 nm).

3 Results and Discussion
3.1 Morphology and Composition
The morphology of the hlmNPs was initially probed by
using SEM. Figure 2(a) shows the morphology of hlmNPs
immediately after PEG conjugation. The efficiency of NPSi-
PEG conjugation has been previously demonstrated by using
x-ray photoelectron spectroscopy.20 These show a characteristic
spherical shape with typical sizes ranging from 0.5 to 3 microns.
In previous works,31 we determined that porous silicon is com-
posed of rounded Si nanocrystals with characteristic sizes
ranging from 20 to 80 Å, embedded into an amorphous
matrix and with no preferential orientation. Furthermore, we
determined that the size distribution of the nanocrystals can
be fitted to a Gaussian distribution centered at about 46 Å.
Additionally, it was verified that the spherical shape of the
hlmNPs is unaffected by the PEG conjugation process.20

The composition of pre-tore Co infiltrated NPSi layers was
analyzed by EDX in cross sections in order to obtain an esti-
mation of the Co infiltration homogeneity. Figure 2(b) reveals
the presence of Si, O, and Co emerging from the NPSi host.
Furthermore, cross-sectional EDX analysis shows that there is
an in-depth Co concentration gradient from over 10% in weight
close to the external surface to 1–2% in weight at the bottom of
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Fig. 5 Fluorescence images of internalized hlmNPs into hMSCs after (a) 4 and (b) 72 h (excitation 350 nm).

the layer (depths around 40 to 50 microns). The Co concentration
was in average 3% in weight within the layer. Such low concen-
tration is of significance for applications in the biomedical field
given the potential toxicity of Co in the form of nanoparticles or
in the ionic state.32

Additionally, the presence of electroinfiltrated Co structures
into the NPSi particles is verified by TEM [Fig. 2(c)]. The micro-
graph shows a NPSi network with preferentially oriented along
the horizontal direction. Relevantly, spherical Co nanoparticles
with sizes ranging from 5 to 30 nm are formed into the pores.
Furthermore, it is observed that the Co nanoparticles are ar-
ranged in a particular direction, in coincidence with the pore
orientation. It is presumed that such orientation in the particle
pores is originally normal to the Si wafer surface. TEM analy-
sis confirms that the hlmNPs formed are in fact a composite of
NPSi with a multicore of well dispersed Co nanoparticles. The
shell role of NPSi is again considered as an attractive structure
in order to reduce the potential toxicity of Co nanoparticles or
ions.

3.2 Magnetic Properties
Dry hlmNPs were characterized in the AGFM. In order to study
their magnetic properties independently of their concentration
in solution, weight-normalized curves were obtained as shown
in Fig. 3. The measured coercivity was about 9.3 Oe, a value
comparable with low coercivity of bulk Co. Thus a nonsuper-
paramagnetic behavior is expected for hlmNPs in solution.33 By
comparing this value with that corresponding to Co thin films,34

Co nanotubes,35 or other Co structures and composites36 it can be
inferred that the dilution of Co in the NPSi leads to low coerciv-

ity values. This property is especially favorable for hyperthermia
applications.5, 6 Regarding the magnetization, an average mag-
netic saturation of about 1.852 · 10-2 A.m2.gr− 1 was measured
for the dried hmlNPs. Comparing this value with other satura-
tion values of conjugated magnetic particles3, 37, 38 it is clear that
hlmNPs have a comparable saturation magnetization.

3.3 Luminescence
Luminescence from hmlNPs was initially observed by optical
fluorescence microscopy for a qualitative determination of
fluorescence emission (Fig. 4, top). A spectrometric analysis of
luminescence was also carried out on PEG-conjugated samples
in view of previous results demonstrating quenching inhibition
in aged particles.20 The aging of the samples under atmospheric
exposure was studied by identifying the maximum emission
wavelength and the intensity decay under optimized excitation
at 400 nm (Fig 4, bottom). It is noted that the hmlNPs emit in
the red region of the visible spectrum with emission maxima
at 675 nm and 700 nm for 24 and 72 h atmospheric exposure,
respectively. The emission peak shifts toward the infrared pro-
gressively and the emission in completely quenched after 72 h.
Previous research39, 40 confirms that such quenching process is
due to an oxidation of the emitting centers in NPSi. Simultane-
ously, surface silanol formation is the origin of the appearance
of a new blue emission band centered at 490 nm. This secondary
emission band, although less intense is more stable and can
be exploited for environmental sensor engineering.41 Such
luminescence from hlmNPs will be the subject of further
discussion in Sec. 3.4.
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Fig. 6 (a) MTT cytotoxicity test results for the PEG-conjugated and
PEG-free hlmNPs after 4 and 72 h of exposure. (b) Cell viability his-
togram relative to controls.

3.4 In vitro Assays: Internalization of hlmNPs and
Cytotoxicity Analysis

hMSCs cultured in the presence of hlmNPs were observed by
fluorescence microscopy. The experimental results show that
hMSCs assimilate the particles present in the medium as derived
from the preferential blue luminescence associated to hMSCs
outlines observed in Fig. 5. The time required for particle-cell
association is relatively low since images obtained after 4 h
in culture allow a clear identification of the cell boundaries
[Fig. 5(a)]. The localization of the nanoparticles is not homoge-
neous all over the cell. The fact that hlmNPs are depleted around
the nuclear region (observe dark areas in the center of each cell)
suggests that they are internalized and repulsively interacting
with intermediate nuclear proteins. The different cultures inter-
vals of 4 and 72 h [Fig. 5(b)] reveal that cells remain surface
adhesive and show no apoptotic signs upon internalization of
the particles. As we pointed out in Sec. 3.3, an important fact is
that light emitted by the internalized particles is shifted with re-
spect to as-prepared particles showing blue luminescence. These

Fig. 7 Schematic representation of nanostructured porous silicon-
based hlmNPs after conjugation. These comprise a nanostructured
porous silicon (PSi) shell (striped particles) with a multicore of Co
nanoparticles (solid blue particles). The hlmNPs have subsequently
been conjugated with poly(ethylene glycol).

changes in luminescence are attributed to the rapid oxidation of
NPSi in PBS medium, as described in Sec. 3.3.

In terms of biocompatibility, internalization is not the only
parameter that needs to be considered. To determine the suitabil-
ity of the hlmNPs for cellular studies, cytotoxicity in an in-vitro
system was assessed to take into account the potential damage
induced by delivery of Co nanoparticles or dissolved Co ions.
With this objective MTT cytotoxicity assays were performed
using concentration of 5 mg/ml of hlmNPs. The experimental
results (Fig. 6) corroborate the viability of the cells in pres-
ence and incorporation of particles. In this case PEG-free and
PEG-conjugated particles were studied.

The absorbance magnitude at the reference wavelength
(620 nm, see section 2.4) is proportional to the viability of
each sample. The absorbance of as-cultured hMSCs (Cell-MTT
columns) is measured and used as a reference to compare with
hMSCs cultured for 4 and 72 h in the presence of PEG-free
hmlNPs (Cells-MTT-f-hmlNPs columns) and in the presence
of PEG-conjugated hmlNPs (Cells-MTT-c-hlmNPs columns)
[Fig. 6(a)].

The resulting percentage of viability rate (the absorbance
reflects the viability of the cells) can be observed in
Fig. 6(b). Both the conjugated and PEG-free particles showed
positive viability rates near to those obtained for untreated con-
trol cells.

4 Conclusions
Nanostructured particles have been fabricated by the electroin-
filtration of Co into porous silicon. Such combination attributes
dual luminescent/magnetic behavior with intense luminescence
as well as magnetic response. The resulting nanostructured par-
ticles have been subsequently conjugated with PEG, aiming at
increasing the hydrophilic properties of the particles and open-
ing the way to PEGylation mechanisms for the formation of
targetable biomolecular-particle complexes. An overall graphic
scheme of the synthesized particles is shown in Fig. 7. Dispersed
Co cores within a NPSi shell conjugated with PEG respond to
magnetic fields and emit in the visible when excited in the UV
range. Such particles get internalized into hMSCs in less than
4 h of culture and can be considered as biocompatible as derived
from cytomorphometric analysis.

Furthermore, MTT cytotoxicity assays in hMSC cultures
prove the low toxicity of the particles, at least until working
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concentrations of 5 mg/ml and up to 72 h of culture. Though ini-
tially red luminescence is quenched while a blue band appears by
storing in solution, the particles remain functional photo emit-
ters presumably in a longer time scale. Such time is considered
to be enough to allow establishing protocols for cellular manipu-
lation with external magnets and the possibility of simultaneous
fluorescence control.

The possibility to fabricate silicon-based particles with dual
magnetic/luminescent properties opens a wide range of pos-
sibilities for new research. On the one hand the versatility
of the particles for biomedical applications could be in-
creased by varying the size and/or composition of nanos-
tructured porous silicon to obtain customizable luminescence
(i.e., variable color) and magnetic behavior. Furthermore,
given the versatility of silicon chemistry, several functional
groups can be attached to the nanostructured porous sili-
con particles and various biomolecules immobilized in order
to provide internal specificity within the cell (selective or-
ganelle labeling) or even applications in combined deep-tissue
imaging.
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